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PREFACE

This book is mainly aimed towards students and researchers investigating new
strategies to be used to combat cancer, stroke, myocardial infarction, or various
autoimmune diseases. It should assist in the transfer of knowledge as well as shaping new
ideas between different fields of pharmacologic research. Due to its compactness and
partitioning into small, self-explanatory units, it may serve policy makers well when
seeking a compact overview of recent developments of new therapeutics in selected
medical fields. The format of this book may also be of benefit to educated patients and
their families willing (or seeking) to learn more about current and upcoming clinical trials
mvolving specific groups of diseases. Thus, readers who do not work in the field of
programmed cell death, students, and those with proficiency in selected subjects will be
able to find quickly the information they are looking for. The sizable index and tabular
summary of the strategies being pursued by the pharmacologic industry are meant to
assist fast location of specific information.

To achieve the goal we were assisted by experts from various areas of biology and
molecular medicine known for their excellence. These experts conducted research
involving clinical and pharmacologic aspects of the apoptotic process. At this point we
would like to thank them for their creative involvement and patience while handling our
queries and emendations. We would also like to extend our thanks to the publishing team
for their assistance and rapidity in publication.

Recent deciphering of human and a number of other mammalian genomes, in concert
with the tremendous progress in our understanding of intracellular signaling pathways,
fuels the current development of new pharmacologic strategies in an array of research
fields. Apoptotic cell death is indispensable for the development and homeostasis of
complex organisms, as well as for immune defense and immunoregulation. Therefore, it
is not surprising that the vast majority of tested strategies used to combat cancer, stroke,
myocardial infarction and even some autoimmune diseases, target apoptotic pathways.
The key developments in this field was the discovery of membrane receptors that when
triggered, induce cell death and the identification cysteine-dependent aspartases
(caspases) as important downstream signaling molecules. Both findings helped to
elucidate important questions in various areas of biology, especially the morpho-,
organogenseis, oncogenesis and the regulation of the immune system. Caspase family
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proteases participate in the key signaling and executioner events of apoptosis (see
chapters I-III, IV-VI, IX, X and XV). Thus, together with the battery of kinases that
regulate cell growth and cell death processes (portrayed mainly in chapter VIII), and an
array of transcription factors and their regulators (chapters VII, XII and XIV), they are
among the "hottest” targets for pharmacologic intervention in an array of pathologies.
The prototype of the caspase family, Interleukin-1f3 converting enzyme (ICE, now termed
caspase-1), had been originally identified as a cytokine maturating enzyme, provides a
clear link between apoptotic processes and the regulation of the immune system. This
link is discussed mainly in chapter IX, particularly how both processes can be targeted to
treat autoimmune diseases.

Some chapters possess a more tutorial/supportive role. The first chapter serves
as an introduction. It compactly covers most of the research being performed in the
apoptotic field. Therefore, even readers unfamiliar to the subject can obtain a solid
foundation and become accustomed with the basic terms used in further parts of the book.
Special attention is given to the usage of antibodies (chapter XI) or RNA-interference
(chapter XIII) as therapeutic approaches. However, not only are novel targets discussed,
but also tumor specific drug targeting, the “magic bullet approach” has been illustrated
in this book (chapter XVI). The last two chapters follow conceptually along the same
line, but from the opposite direction. They broadly discuss old and new aspects and
strategies that (may) achieve specific toxicity of therapeutic interventions when applied
to fight cancer. These two chapters not only tackle the important aspects of adverse
effects, but also largely substantiate the current strategies and the obstacles faced in
cancer therapy. Finally chapter XV provides basic information and “cooking
prescriptions” for the detection of apoptosis and the monitoring of drug sensitivity both in
vitro and in vivo.

We hope that this efficiently written compendium will be of use to researchers
from various fields of biology, pharmacology and medicine, helping to familiarize or
broaden the knowledge of drug targets offered by programmed cell death in diverse
biological processes.

Marek Los and Spencer B. Gibson

Manitoba Institute of Cell Biology
CancerCare Manitoba
Winnipeg, MB, Canada
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APOPTOTIC PATHWAYS AND THEIR REGULATION
Chapter I

Greet Brouckaert"?, Michael Kalai®, Xavier Saelens!,
*
and Peter Vandenabeele'

1. SUMMARY

Many studies have led to the identification of molecules involved in the signaling to
cell death and especially to apoptosis. This cell death program is characterized by distinct
morphological changes occurring both in the cytoplasm and the nucleus, including
membrane blebbing, cytoplasm and chromatin condensation, DNA degradation and
inhibition of protein translation. Apoptosis signaling can be initiated either at the cell
surface through a receptor-induced signaling pathway, or from within the cell itself via
the release of proapoptotic factors such as cytochrome ¢ from triggered mitochondria.
Stress occurring in other organelles, including the ER, nucleus and lysosomes, is also
capable of initiating specific apoptotic pathways. The main executioners of the apoptotic
pathways are proteases of the caspase family that function in a tightly regulated
proteolytic cascade leading to the disintegration of the cell. Furthermore, apoptosis is
regulated by a family of Bcl-2 like proteins, some of which promote cell death, while
others are anti-apoptotic. Apoptosis in homeostasis and pathology is connected with
phagocytosis. Several apoptotic pathways can be considered as packaging phenomena
that allow silent, non-inflammatory removal of dying cells. The central role of apoptosis
in homeostasis and cell renewal is also illustrated by the fact that anti-apoptotic
mechanisms are crucial in tumorigenesis and therapeutic resistance. Recovery of an
apoptotic response in these tumour cells or induction of an alternative cell death pathway,
such as necrosis or autophagy, is very relevant for defining new anti-cancer treatments.
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? Institut Pasteur of Brussels, Brussels, Belgium,
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2. APOPTOTIC PATHWAYS AND THEIR REGULATION

2.1. The Apoptotic Process

Apoptosis is the major cell death pathway used to remove unneeded and harmful
cells in a clean and orderly manner during embryonic development, tissue homeostasis
and immune regulation (Cohen, 1991; Ellis, et al., 1991). It is also the preferred way for
removing cancer cells. During the apoptotic cell death programme, a group of cystein-
dependent aspartate-specific proteases, designated caspases, are activated (Enari, et al.,
1996; Hasegawa, et al,, 1996; Lamkanfi, et al., 2002; Van de Craen, et al., 1997).
Caspases are the main executioners of apoptotic cell death. They are synthesized as
inactive zymogens consisting of a prodomain of variable length, followed by a large
(p20) and a small (p10) catalytic subunit. So far, 11 human caspases have been identified.
Zymogens of long prodomain initiator caspases such as caspases-1, -2, -5, -8, -9 and -10,
exist within the cell as monomers. These caspases are activated mainly through
conformational changes and autoprocessing induced upon their recruitment to large
molecular platforms, such as the death-inducing signaling complex (DISC) (Peter &
Krammer, 2003), the apoptosome (Acehan, et al., 2002), PIDDosome (Tinel & Tschopp,
2004) and the inflammasome (Martinon, et al., 2002). Short prodomain caspases such as
caspase-3, -6 and —7 are activated by other caspases by proteolytic cleavage at specific
Asp residues located between the prodomain, p20 and p10 subunits (Salvesen & Abrams,
2004) (Fig. 1). Following cleavage, the resulting mature caspase forms a tetramere
consisting of two p20/pl0 heterodimers. Caspases cleave a variety of intracellular
proteins, including structural elements of the cytoskeleton and the nucleus, apoptosis
regulators, and proteins involved in signal transduction or in DNA replication and repair
(Fischer, et al., 2003; Lamkanfi, 2002). This disables the cell’s survival and repair
mechanisms, and most of the macromolecular DNA (Fischer, et al., 2003), RNA (Fischer,
et al., 2003) and protein (Saelens, et al., 2001) synthesis pathways are shut down.

Figure 1. Intrinsic and extrinsic apoptotic pathways. Diverse proapoptotic stimuli lead to permeabilization
of the outer mitochondrial membrane and release of apoptogenic factors from the intermembrane space,
initiating the intrinsic apoptotic pathway. These stimuli include radiation-induced nuclear DNA damage leading
to transcriptional upregulation of proaptotic genes, ceramide synthesis, and activation of pro-apoptotic Bcl-2
family members. Proteins of the BH3-only family act as sentinels for stresses induced at various subcellular
locations, and convert these into mitochondrial membrane damage in a Bax/Bak dependent way (reviewed in
Festjens et al., 2004). Cytocolic cytochrome ¢ (cyt c), one of the apoptogenic mitochondrial proteins, promotes
the formation of the Apaf-1-containing apoptosome. Omi/HtrA2 and Smac/DIABLO promote caspase
activation by releasing caspase-9 and active caspases-3 and —7 from the inhibition by XIAP, and c-IAP1 and -2.
AIF and Endonuclease G are also released from the mitochondria, translocate to the nucleus and co-operatively
initiate DNA degradation. Nuclear DNA degradation in an autonomous way is also performed by Caspase
activated DNase (CAD). The extrinsic apoptotic pathways are initiated by ligand-mediated clustering of death
domain receptors. For example, binding of Fas ligand to its receptor leads to recruitment of FADD and pro-
caspase-8, and signals to apoptosis via a caspase cascade and/or a mitochondrial amplification loop propagated
by the cleavage of Bid. Binding of TNF to TNF Receptor I initiates the recruitment of TRADD, RIP1 and
TRAF?2 resulting in the formation of Complex I, leading to NF-xB activation. Internalization of Complex I is
accompanied by the release of the TRADD/RIP1/TRAF2 complex that is now able to recruit FADD and pro-
caspase-8, forming Complex II. Complex II signals to apoptosis if pro-caspase-8 homodimers are engaged, or to
cell survival depending on sufficient levels of ¢-FLIP, expression.
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During apoptosis, the permeability of mitochondrial membranes changes, leading to
the release of proapoptotic factors such as cytochrome ¢, Smac/DIABLO, Omi/HtrA2
and AIF from the intermembrane space (Kroemer & Reed, 2000; Saelens, et al., 2004;
van Loo, et al,, 2002b) (Fig. 1). Cytoplasm and chromatin condense, and organelles
shrink (Wyllie, et al., 1980). Due to the depolymerization or cleavage of actin,
cytokeratins, lamins and other cytoskeletal proteins, the cytoskeleton collapses (Bursch,
et al., 2000; Hengartner, 2000). As a result, cells detach from the extracellular matrix,
loose intercellular contacts and round up. Early in the apoptotic process the cellular
membrane looses its aminophospholipid asymmetry (Denecker, et al, 2000).
Phosphatidylserine (PS) flips from the inner membrane leaflet to the cell surface, and
functions as a recognition signal for the phagocytes or surrounding cells that express the
PS receptor (Bruckheimer & Schroit, 1996; Fadok, et al., 1992; Martin, et al., 1995). The
disassembled cellular contents are concentrated into blebs formed by the plasma
membrane, which are shed from the dying cell as apoptotic bodies. These ‘bite-size’
packages of cellular particles presenting PS are then easily recognized and engulfed by
phagocytes or surrounding cells.

The most notable nuclear events occurring during apoptosis are DNA degradation,
chromatin condensation and disappearance of the nuclear membrane. In most cells, apo-
ptosis involves both the activation of mechanisms leading to DNA degradation and the
inactivation of those required for DNA repair. DNA degradation is initiated by caspase-3-
mediated cleavage of the inhibitor of caspase-activated DNase (ICAD), releasing CAD,
which degrades DNA into oligonucleosomal fragments (Enari, et al., 1998). Additional
DNA degradation occurs due to the release from the mitochondria of AIF and
endonuclease G, which constitute a mitochondria-initiated apoptotic DNA degradation
pathway that is conserved between C. elegans and mammals (Wang, et al., 2002) (Fig. 1).
AIF carries both mitochondrial and nuclear localization signals. Upon the release from
mitochondria in response to apoptogenic stimuli, AIF translocates to the nucleus and
causes large-scale DNA fragmentation and peripheral chromatin condensation, distinct
from the typical oligonucleosomal CAD related DNA laddering (Susin, et al., 2000;
Susin, et al., 1999). Released endonuclease G also translocates to the nucleus, where it
cooperates with exonucleases and DNase I to generate internucleosomal DNA fragments
(Widlak, et al., 2001). Caspases cleave cytosolic Helicard, a helicase with 2 N-terminal
CARD domains, separating the helicase from the CARD domains. The helicase-
containing fragment translocates to the nucleus and accelerates DNA degradation
(Kovacsovics, et al., 2002). Moreover, during phagocytosis of early apoptotic cells,
phagosomal DNasell contributes to the breakdown of apoptotic nuclear material
(MclIlroy, et al., 2000). In parallel, detection and repair of DNA damage are prevented,
e.g. by the cleavage and inactivation of poly (ADP-ribose) polymerase-1 (PARP-1) by
caspase-3 (Tewari, et al., 1995). Targeting of proteins of the nuclear pores (NUP153),
inner nuclear membrane (LBR and Lap2) and the nuclear lamina (lamin B) by caspases
leads to disassembly of the nuclear membrane (Buendia, et al., 1999; Duband-Goulet, et
al., 1998; Gotzmann, et al., 2000). Complete condensation of DNA during apoptosis
results from cleavage of lamin A by caspase-6 and Acinus by caspase-3 (Sahara, et al.,
1999).
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2.2. Extrinsic Activation of the Apoptotic Cell Death Pathway

Apoptosis can be triggered at the cell surface through a receptor-induced signaling
pathway (extrinsic pathway), or from within the cell itself via the release of apoptogenic
factors, such as cytochrome ¢ from triggered mitochondria (intrinsic pathway) (Li, et al.,
1997). Both pathways ultimately converge at proteolytic activation of the downstream
effector caspases. A typical example of an extrinsic pathway is the activation of a death
receptor by the binding of its specific ligand. Death receptors typically consist of an
extracellular region containing varying numbers of cystein-rich domains (CRDs) required
for ligand binding, and an intracellular region with a death domain (DD). They include
tumor necrosis factor-receptor 1 (TNF-R1), Fas, death receptor (DR) 3 (APO-
3/TRAMP), DR4 (TRAIL-R1), DRS (TRAIL-R2/TRICK?2), and DR6 (Chen & Goeddel,
2002; Itoh & Nagata, 1993; Sheikh & Fornace, 2000). Some of these receptors, including
TNF-R1, Fas and TRAIL-R1, contain a preligand binding assembly domain (PLAD) that
is located within the first N-terminal cysteine-rich domain. PLAD is involved in the
homotrimeric preassociation of the receptors on the cell surface (Papoff, et al., 1999;
Siegel, et al., 2000). Upon binding, death ligands reinforce the clustering of their death
receptors, which is essential for apoptotic signaling (Beyaert, et al., 2002; Daniel, et al.,
2001; Sheikh & Fornace, 2000). Death ligands include tumor necrosis factor o (TNF),
Fas-ligand (FasL), Apo3-ligand, lymphotoxin (LTa) and TRAIL (TNF-related apoptosis
inducing ligand/Apo-2 ligand) (Chen & Goeddel, 2002; Sheikh & Fornace, 2000). The
initial apoptotic signal (ligand binding) is transduced by the death domain through
homophilic interactions that recruit adaptor molecules also containing a DD, such as
TRADD or FADD (Aravind, et al., 1999; Hofmann, 1999) (Fig. 1). FADD also contains
a death effector domain (DED), which recruits apoptotic initiator caspases containing
DED, such as pro-caspase-8 in mice and pro-caspase-8 and -10 in humans (Muzio, et al.,
1996). Other death fold domains include the caspase recruitment domain (CARD) and
PYRIN (PyD) (Lamkanfi, et al., 2002). All of these domains share a common structural
scaffold that is crucial for mediating protein-protein interactions during the signaling
towards either apoptosis or inflammation (Vaughn, et al., 1999). These domains provide a
means for recruitment of caspases into protein complexes that allow conformational
change and proximity-induced activation (Boatright, et al., 2003; Muzio, et al., 1998;
Salvesen & Dixit, 1999; Stennicke, et al., 1999).

2.2.1. Fas-induced Apoptosis

Binding of Fas-ligand or agonistic antibodies to the homotrimeric Fas receptors leads
to the intracellular aggregation of the death domains and thus the formation of a platform
for the recruitment of FADD (Chinnaiyan, et al., 1996; Hill, et al., 2004; Kischkel, et al.,
1995) (Fig. 1). Recruitment of pro-caspase-8 to FADD through its DED domain
(Thomas, et al., 2002) results in the formation of a protein complex called DISC (death
inducing signaling complex) (Kischkel, et al., 1995). Other DED-containing proteins
such as caspase-10, Flice inhibitory protein (FLIP) and Daxx can also be recruited to the
DISC (Boldin, et al., 1996; Peter & Krammer, 2003). The Fas receptor-ligand complex is
then internalized and directed towards an endosomal pathway (Algeciras-Schimnich, et
al., 2002).
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In the Fas receptor-induced apoptotic pathway, two different scenarios are possible
(Fig. 1), depending on the efficiency of DISC formation, the amount of active caspase-8,
and on the sensitivity to cell death inhibition by Bcl-2 overexpression (Algeciras-
Schimnich, et al., 2002; Scaffidi, et al., 1998). In the ‘type I’ pathway, active caspase-8 is
released from the DISC within seconds of triggering in quantities sufficient to allow
direct activation of downstream executioner caspases such as caspase-3 (Stennicke, et al.,
1998). The ‘type II’ pathway leads to mitochondrial events that amplify the apoptotic
signal, the central event being the cleavage of the BH3 domain-containing proapoptotic
Bcl-2 family member Bid by caspase-8. Cleavage of Bid induces translocation of
truncated Bid (tBid) from the cytosol to the mitochondria, and activates the mitochondrial
apoptotic pathway (Li, et al., 1998). As a result, mitochondrial cytochrome ¢ is released,
and the apoptosome, an oligomeric complex consisting of cytochrome c/Apaf-1/caspase-
9, is formed, reinforcing further downstream caspase activation (Esposti, 2002). The type
I pathway is sensitive to cell death inhibition by Bcl-2 or Bcl-x;, overexpression
(Scaffidi, et al., 1998).

2.2.2. TNF-induced Apoptosis

Clustering and trimerization of TNF-R1 receptors creates a high affinity binding site
for TRADD, and is the first essential step in TNF signal transduction (Hsu, et al., 1996).
The ensuing proapoptotic signaling pathway requires the formation of two distinct
signaling complexes (Micheau & Tschopp, 2003) (Fig. 1). The TNF-R-bound TRADD
recruits the DD-containing Ser/Thr kinase RIP1 (Ashkenazi & Dixit, 1998; Chen &
Goeddel, 2002) and forms the basis of the first complex, called complex I. This plasma
membrane-bound complex contains, among others, c-IAP1, TRAF2/5 and the IxB kinase
(IKK) a/f complex, and activates the NF-kB, p38 MAPK and JNK pathways (Baud &
Karin, 2001; Chen & Goeddel, 2002; Zhang, et al., 2000a). Within one to a few hours
after formation, the entire complex I is internalized by endocytosis (Higuchi & Aggarwal,
1994; Jones, et al., 1999; Tsujimoto, et al., 1985). While the TNF-R1/TNF receptor
ligand hexameric complex is enclosed in the endocytic vesicle and degraded, the
remaining complex dissociates and is released into the cytoplasm. The DDs of TRADD
or RIP1 are then free to recruit FADD, and subsequently pro-caspases-8 and/or —10,
resulting in formation of complex II. Pro-caspase-8 undergoes conformational changes to
form the active caspase-8 heterotetramer. Activated caspase-8 cleaves RIP1 in the
complex, and is released to initiate both type I and type II apoptotic pathways.

2.2.3. TRAIL-induced Apoptosis

TRAIL-induced apoptosis is mediated by two receptors, DR4 (TRAIL-R1) (Pan, et
al., 1997b; Schneider, et al., 1997) and DRS (TRAIL-R2/TRICK2) (Pan, et al., 1997a;
Screaton, et al., 1997, Walczak, et al., 1997). Interest in TRAIL initially arose from its
capacity to selectively induce apoptosis in most transformed cells (Pitti, et al., 1996;
Wiley, et al., 1995). Adenovirus mediated TRAIL-expression in liver hepatoma cells
overcomes the resistance of these cells to recombinant soluble TRAIL. However, this
approach also revealed toxicity of transduced TRAIL for primary hepatocytes (Armeanu,
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et al., 2003). Recombinant TRAIL ligand was reported to instruct tumor cells to commit
suicide regardless of their p53 status and their resistance or sensitivity to
chemotherapeutics (Mitsiades, et al., 2001). Therefore, this ligand has become a focus of
interest as a potential anticancer agent, and is awaiting clinical trials. The exact
mechanism for TRAIL resistance in normal cells is not fully understood, but several
candidate mechanisms have been proposed. Normal tissues show increased resistance to
TRAIL due to the presence of two decoy receptors, DcR1/TRAIL-R3/LIT (Degli-Esposti,
et al., 1997) and DcR2/TRAIL-R4/TRUNDD (Pan, et al., 1998). These decoy receptors
are highly homologous to the extracellular domains of DR4 and DRS5. Since DcR1 lacks
the transmembrane and death domains, and DcR2 has a truncated, nonfunctional death
domain, neither is capable of transmitting an apoptotic signal. TRAIL binds these decoy
receptors with high affinity, and is sequestered away from the signaling receptors (Pan, et
al.,, 1998; Sheridan, et al., 1997). Aberrant promoter methylation and resultant silencing
of tumor suppressor genes play an important role in the pathogenesis of many tumor
types. Interestingly, the promoters of DcR1 and DcR2 genes are frequently silenced by
methylation in various tumor types (Shivapurkar, et al., 2004).

TRAIL forms a homotrimer that binds three receptors, and the TRAIL
receptor/ligand complex is internalized through the endosomal pathway (Zhang, et al.,
2000b). The composition of the TRAIL DISC appears to be more similar to that of Fas
than to that of TNF-R1, as FADD is recruited but TRADD is not (Bodmer, et al., 2002;
Kischkel, et al., 2000; Sprick, et al., 2000). Upon recruitment to the DISC, caspase-8 is
activated. Caspase-10, which is not present in mice, was also shown to interact with
FADD through homotypic association with its DED, and to be activated in the DISC
(Kischkel, et al., 2001; Sprick, et al., 2002; Wang, et al., 2001). Caspase-10 can function
independently of caspase-8 in initiating Fas and TRAIL receptor-mediated apoptosis
(Kischkel, et al., 2001; Wang, et al., 2001). Nevertheless, the substrate specificity of
caspase-10 appears to be different from that of caspase-8, e.g. RIP1, is preferentially
cleaved by caspase-8 but not by caspase-10, implying different roles in death receptor
signaling (Wang, et al., 2001).

2.3. The Intrinsic Cell Death Pathway

In the intrinsic pathway, the signal leading to cell death typically originates from
within the cell itself. It is the cell’s ultimate response to a diverse range of stress
conditions, such as DNA damage induced by irradiation or chemotherapeutics, ER stress,
heat-shock, hypoxia, growth factor withdrawal, loss of interactions with the extracellular
matrix or chemical toxins. Central to this pathway are the mitochondria, as the members
of the Bcl-2 family and proteins released from the mitochondria are the major players
(Festjens, et al., 2004; Saelens, et al., 2004; van Loo, et al., 2002a).

2.3.1. Central Role of Mitochondria in the Regulation of Apoptotic Pathways

Proteins of the Bcl-2 family govern the release of cytochrome c¢ and other
proapoptotic factors from the mitochondria, by inducing or preventing permeabilization
of the outer mitochondrial membrane. The Bcl-2 family includes both pro- and
antiapoptotic members that were classified into three classes, according to the Bcl-2



8 G. BROUCKAERT ET AL.

homology (BH) domains they contain. Four of these domains have been characterized so
far: BH1, BH2, BH3 and BH4 (Bouillet & Strasser, 2002; Liu, et al., 2003). The short (9-
16 amino acid) BH3 domain is found in all of the members of the family. This domain is
the minimal requirement for the proapoptotic function, and is essential for
heterodimerization of different members (Kelekar & Thompson, 1998).

Proteins that are pro-survival and antiapoptotic, such as Bcl-2 and its closest
structural relative Bcl-x;, contain three or four BH domains. Proapoptotic family
members contain either only the BH3 domain (‘BH3-only’ proteins), such as Bad, Bid,
Noxa and PUMA, or two or three BH domains, such as the multidomain members Bax
and Bak (Festjens, et al., 2004; Huang & Strasser, 2000). A C-terminal transmembrane
domain targets these proteins to the cytoplasmic side of the mitochondria, endoplasmic
reticulum and nucleus (Chen-Levy & Cleary, 1990; Lithgow, et al., 1994). Members of
the family can form heterodimers through interaction between the amphipathic BH3 a-
helix of the proapoptotic proteins and the hydrophobic groove on the antiapoptotic
multidomain members created by the a-helices in the BH1, BH2 and BH3 regions
(Adams & Cory, 2001; Petros, et al., 2004). BH3-only proteins are activated by post-
translational modifications that include dephosphorylation (Zha, et al., 1996) and
cleavage (Gross, et al., 1999a; Li, et al., 1998; Luo, et al., 1998), and translocate to the
mitochondria. Bid, for example, is specifically cleaved by a variety of proteases to form
tBid, and its mitochondrial translocation is enhanced by N-terminal myristoylation and
the presence of cardiolipin in the mitochondrial membrane (Lutter, et al., 2000; Zha, et
al., 2000). Bcl-2 or Bcel-x, can prevent tBid-induced release of cytochrome c, but not its
cleavage or translocation (Gross, et al., 1999b).

The exact mechanism by which mitochondrial proteins are released is still not
completely clear (overview in (Festjens, et al., 2004)). Most likely, the BH3-only proteins
cooperate with multidomain proapoptotic Bcl-2 family members. Bak is an integral
protein of the mitochondrial outer membrane, whereas Bax translocates from the cytosol
to the mitochondria upon activation. Interaction with the BH3 domains of BH3-only
proteins (Letai, et al., 2002) such as tBid (Wei, et al., 2000) and Bim (Cheng, et al., 2001)
induces Bak and Bax to undergo conformational changes, enabling them to multimerize
to form a pore in the outer mitochondrial membrane (OMM) (Antonsson, et al., 2000;
Antonsson, et al., 2001). Pore formation permeabilizes the mitochondrial membrane and
leads to release of mitochondrial proteins, such as cytochrome ¢, Smac/DIABLO,
HtrA2/Omi, endonuclease G and AIF (Fig. 1) (Antonsson, et al., 2000; Van Loo, et al.,
2002; van Loo, et al., 2001; Wei, et al., 2000).

Alternatively, BH3-only proteins and/or Bax can also interact with the permeability
transition pore (PTP), a large intrinsic mitochondrial protein complex (Zamzami &
Kroemer, 2001). The PTP consists of proteins such as ANT (adenine nucleotide
exchanger), located in the inner mitochondrial membrane (IMM), and VDAC (voltage
dependent anion channel), found in the OMM. The PTP is located at sites of contact
between the outer and inner mitochondrial membranes, and opening of the pore would
induce loss of the mitochondrial membrane potential (Ayy,), swelling of the
mitochondrial matrix and rupture of the OMM, resulting in the release of cytochrome ¢
and other proteins from the intermembrane space (Sugiyama, et al., 2002; Zamzami, et
al., 2000).
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Once cytochrome c is released from the mitochondria, it participates in the formation
of a high molecular weight proapoptotic complex, named the apoptosome, consisting of
cytochrome ¢ and Apaf-1, which specifically binds to and activates caspase-9 (Cain, et
al.,, 1999; Li, et al., 1997; Zou, et al., 1997) (Fig. 1). Binding of cytochrome ¢ induces
Apaf-1 to change from a closed to an open conformation, which is then stabilized by
binding of ATP on the nucleotide binding domain (Li, et al., 1997). This induces
heptamerization of Apaf-1, providing a platform for recruitment of pro-caspase-9 through
the N-terminal CARD domains present in both molecules (Acehan, et al., 2002; Li, et al.,
1997). As a result, caspase-9 is activated (Stennicke, et al., 1999). The process does not
require proteolysis, because uncleavable mutant forms of caspase-9 become
enzymatically active upon integration into the apoptosome. Indeed, the long interdomain
loop of pro-caspase-9 may allow the zymogen to adopt an active conformation (Acehan,
et al., 2002). Caspase-3 is also recruited to this complex and is proteolytically activated
by caspase-9. Caspase-3 in turn can cleave Apaf-1 at the CARD HI1 helix (Bratton, et al.,
2001; Lauber, et al., 2001), thereby disrupting the CARD-CARD interaction between
caspase-9 and Apaf-1, and releasing caspase-9 from the apoptosome. Since the activity of
caspase-9 is dependent on binding to Apaf-1, this results in inactivation of caspase-9
activity (Lauber, et al., 2001). On the other hand, caspase-3 can cleave caspase-9 in the
apoptosome at DQLD(330). This cleavage results in an 8-fold increase of the apoptosome
activity compared with caspase-9 autoprocessed at PEPD(315) (Zou, et al., 2003).

Besides cytochrome ¢ and Apaf-1, the apoptosome may also contain XIAP, a
member of the Inhibitor of Apoptosis Protein family. XIAP can interact with both
caspase-9 within the apoptosome and with active caspase-3, and therefore efficiently
blocks both caspase-activation and the ensuing proteolytic cascade (Fig. 1). XIAP can be
inhibited by competitors, released from the mitochondria, that contain IAP-binding motif.
One of these mitochondrial XIAP antagonists is Smac/DIABLO (second mitochondria-
derived activator of caspase/direct IAP-binding protein with low PI). In the cytosol this
protein promotes caspase-activation by selectively binding to IAPs via its IAP-binding
motif, and promoting their auto-ubiquitination and consequent degradation (Du, et al.,
2000; Verhagen, et al., 2000; Yang & Du, 2004). In addition, Omi/HtrA2, a serine
protease, is released from the mitochondrial intermembrane space, and not only interacts
with cytosolic IAP proteins, but irreversibly inactivates them by proteolytic cleavage
(Hegde, et al., 2002; Martins, et al.,, 2002; Suzuki, et al., 2001; Yang, et al., 2003).
Besides interacting with IAPs, Omi/HtrA2 is also an inducer/accelerator of cell death by
virtue of its serine protease catalytic domain (Verhagen, et al., 2002).

2.4. Initiation of Apoptotic Cell Death Pathways from Organelles other than
Mitochondria

2.4.1. Nuclear Damage (p53, p63, p73)

Irradiation, UV light, hyperoxia and many other exogenous and endogenous
genotoxic agents may cause extensive DNA damage. In order to prevent the proliferation
of cells with excess DNA damage and the possibility of carcinogenic transformation, it is
critical that these events are recognized within the cell, and that signaling pathways are
activated to either arrest growth and repair DNA, or to induce apoptosis. For this purpose,
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the cell contains an extensive signal transduction network involving many factors,
including several sensors for DNA damage, such as Ataxia-Telangiectasia mutated
(ATM), ATM- and Rad3-related (ATR) and DNA-dependent protein kinase (DNA-PK),
that mediate a complex series of cellular responses (Sampath, et al., 2003; Sordet, et al.,
2003). These kinases phosphorylate a large number of substrates, including several
downstream kinases, such as c-Abl and the checkpoint protein Chk2 (Sordet, et al.,
2003). This kinase cascade leads to the activation of transcription factors, which in turn
regulate the expression of genes involved in DNA repair, cell cycle arrest and apoptosis.
For example, c-Abl can induce apoptosis by inhibiting cell survival pathways (e.g. PI3
kinase) and activating cell death pathways (e.g. INK, p53 and p73). In addition to its role
in cell cycle arrest and/or DNA repair, Chk2 can induce apoptosis by
phosphorylation/activation of the promyelocytic leukemia (PML) protein and the
transcription factor and tumor suppressor protein p53. p53 and its two homologues, p63
and p73, and their numerous splice variants and isoforms, create a whole network of
proteins regulating checkpoint control, transcription of target genes and programmed cell
death (Dietz, et al., 2002). All these DNA damage sensors can activate checkpoint
pathways that arrest cell cycle progression and signal to DNA repair. If, however, the
damage caused is too overwhelming for these survival mechanisms, the DNA damage
sensors activate signaling pathways leading to apoptosis (Sampath, et al., 2003). The
exact mechanism leading to either outcome is only partially understood, but is known to
involve general factors, such as p53 expression levels, type of stress signal and cell type,
as well as co-activators such as Myc and the presence of p63, p73 and the E1A-binding
p300 nucleoprotein (Balint & Vousden, 2001; Iyer, et al., 2004). p63 and p73 cooperate
with p53 to upregulate the expression of several members of the Bcl-2 family, such as
Bax, PUMA and Noxa. PUMA causes mitochondrial translocation of Bax and subsequent
cytochrome c release (Melino, et al., 2004). In addition, transcription-independent,
proapoptotic activities of p53 have been described. Upon activation, p53 accumulates in
the cytosol and partially localizes to mitochondria (Marchenko, et al., 2000), where it
interacts with the proapoptotic Bcl-2 family members Bax and Bak, leading to their
oligomerization (Leu, et al., 2004). Release of cytochrome ¢ and Smac/DIABLO from
mitochondria then results in caspase activation and apoptosis (Chipuk, et al., 2004;
Henry, et al., 2002; hLeu, et al., 2004). Since the proapoptotic functions of p53 may be
critical for tumor suppression, restoration or stabilization of p53 is potentially interesting
for anti-cancer therapy (Lane & Lain, 2002; Shen & White, 2001).

Other than activation of DNA damage sensors, radiation can induce ceramide
generation, both at the plasma membrane by activating acid sphingomyelinase and
enzymatic hydrolysis of sphingomyelin, and in mitochondria by inducing de novo
synthesis of ceramide (Fig. 1). Ceramide then acts as a second messenger and initiates an
apoptotic response. In some cells and tissues, this occurs through activation of Bax and
release of mitochondrial cytochrome ¢ (Kolesnick & Fuks, 2003). Another DNA damage-
induced pathway has been suggested for regulating apoptosis induced by various stress
stimuli, including those occurring due to exposure to genotoxins or irradiation. This
suggested pathway involves the formation of a large protein complex called the
PIDDosome, that recruits and activates the initiator caspase-2 (Lin, et al., 2000; Tinel &
Tschopp, 2004). The molecular composition of the complex is not yet fully understood,
but it contains the death domain-containing protein PIDD (p53-induced protein with a
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DD), caspase-2 and the adaptor protein RAIDD. Caspase-2 interacts via its CARD
domain with the adaptor molecules RAIDD and ARC (Apoptosis Repressor with Caspase
Recruitment Domain) (Dowds & Sabban, 2001; Duan & Dixit, 1997; Koseki, et al.,
1998). RAIDD interacts specifically with caspase-2, but not with any of the other CARD-
containing initiator caspases, and forms perinuclear aggregates suggested to facilitate
apoptosis by caspase-2 activation (Jabado, et al., 2004). Caspase-2 acts upstream of
mitochondria, induces Bid cleavage, Bax translocation to mitochondria, and subsequent
release of cytochrome ¢ and Smac/DIABLO (Guo, et al., 2002; Lassus, et al., 2002;
Robertson, et al., 2002), leading to apoptosome complex formation and downstream
caspase activation (Guo, et al., 2002).

2.4.2. ER Stress and ER-dependent Apoptotic Pathways

Recent studies indicate that the endoplasmic reticulum (ER) can also sense and
transduce apoptotic signals. Various types of stress can lead to changes in the internal ER
environment, interfere with normal protein folding, and induce a complex response
known as the unfolded protein response (Breckenridge, et al., 2003a; Paschen, 2003; Rao,
et al., 2004). Abnormally folded proteins are susceptible to aggregation and accumulation
in cells, and may ultimately lead to cell death. Several transducer proteins, including
PERK, ATF6 and IREI, detect ER stress and control both survival and death pathways.
The initial response is promotion of cell survival, and includes inhibition of most but not
all translation initiation events, transcription based induction of the expression of ER
chaperones, and ER-associated degradation. If the stress persists, the response terminates
in apoptosis. In addition to its role in protein production, the ER is the main intracellular
Ca®" store. Disturbing the Ca*" equilibrium in the cell can also induce a typical ER stress
resgonse. Interestingly, localization of Bcl-2, Bax and Bak to the ER affects the cellular
Ca®* balance. Overexpression of Bcl-2 or deficiency in Bax and Bak reduces the
concentration of Ca®* in the ER and protects cells from apoptotic stimuli that provoke cell
death by inducing a Ca®" influx from the ER to the cytosol (Rudner, et al., 2002).

The main regulator of the activation of PERK, ATF6 and IRE1 is an ER chaperone
designated BiP/GRP78 (Bertolotti, et al., 2000; Shen, et al., 2002). Under normal
conditions, BiP/GRP78 is bound to a specific lumenal domain of PERK, ATF6 and IRE1,
and prevents their activation (Fig. 2). During ER stress, BiP/GRP78 is released from
these transducers and binds to unfolded proteins instead. The release of BiP/GRP78 from
ATF6 permits its transport to the Golgi compartment for regulated intramembrane
proteolysis, and allows PERK and IRE1 homodimerization and activation. PERK is an
ER transmembrane resident protein kinase similar to PKR (Harding, et al., 1999). PERK
induces phosphorylation of the eukaryotic initiation factor 2a (eIF2a) in response to ER
stress, resulting in a steep drop in overall initiation of translation. This reversible decrease
in de novo protein synthesis serves initially as a life saving mechanism by avoiding
loading the ER lumen with incoming, newly synthesized proteins. However, the
translation of selective mRNAs having a lower requirement for eIF2, such as the mRNA
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Figure 2. ER stress induced signaling to cell survival or apoptosis. Unfolded proteins accumulating in the
ER-lumen lead to the release of the ER chaperone BIP from PERK, ATF6 and IREI, causing their activation
and initiating the pro-survival signaling typical for the ER stress response. PERK-induced phosphorylation of
elF2a leads to overall inhibition of translation. ATF6 first translocates to the Golgi, where it is activated by
proteolytic processing. Active ATF6 migrates to the nucleus and induces ER chaperone expression.
Dimerization and autophosphorylation of IRE1 activates its endonuclease activity, leading to XBP1 mRNA
splicing and expression. XBP1 also acts as a transcription factor that induces expression of ER chaperone genes.
Persisting ER stress causes apoptosis through prolonged translational arrest and IRE1 mediated caspase-
activation. Alternatively, Spike binds to Bap31 and displaces the antiapoptotic Bcl-2, leading to the recruitment
of pro-caspase-8L, a splice variant of caspase-8 that contains a larger prodomain. In the resulting
Spike/Bap31/pro-caspase-8L complex, caspase-8 is activated and leads to apoptosis.

of activating transcription factor ATF4, is enhanced when PERK is active (Fernandez, et
al., 2002; Harding, et al., 2000). ATF4 induces the transcription of GADD34, which in
turn recruits protein phosphatase 1 to dephosphorylate elF2a-P, and thus reverses the
translational attenuation (Ma & Hendershot, 2003). ATF6 is a transmembrane transcri-
ption factor that activates the transcription of ER molecular chaperones (Shen, et al.,
2002). Under conditions of ER stress, ATF6 translocates to the Golgi, where it is cleaved
and activated by S1P and S2P proteases (Ye, et al.,, 2000). Active ATF6 is rapidly
transferred to the nucleus and induces the expression of several ER chaperones, including
BiP/GRP78, the Ca®* binding chaperone calreticulin, and the transcription factor XBP1
(Hong, et al., 2004; Yoshida, et al., 1998; Yoshida, et al., 2001). These chaperones help
in protein refolding, re-establishing the ER- Ca®* stores, and alleviating the stress.

In mammals, two IRE1 genes have been identified, IRE1a and IRE1f (Bertolotti, et
al,, 2001; Liu, et al., 2000). These are ER transmembrane glycoproteins that contain both
kinase and RNase activities in the cytoplasmic domain (Urano, et al., 2000). IRE1-
signaling combines promotion of protein refolding with RNA degradation and attenuation
of translation. ER stress leads to IRE1 autophosphorylation and the subsequent activation
of its RNase activity. Active IREla and IRE1p remove a sequence of 26 bases from the
coding region of XBP1 mRNA (Yoshida, et al., 2001). The resulting mature mRNA is
translated into the XBP1 protein, an active transcription factor specific for ER stress
genes such as BiP/GRP78. Therefore, the activation of both ATF6 and IRE1 are required
for the production of XBP1 and lead to a full blown ER stress response (Lee, et al.,
2002). In addition, the active IRE1f nuclease can also induce translational repression
through 28S ribosomal RNA cleavage in response to ER stress (Iwawaki, et al., 2001).

When ER stress persists, the cell reaches a point of no return and dies. Prolonged
PERK activation and inhibition of translation leads to cell cycle arrest during the Gl
phase (Brewer & Diehl, 2000). In addition, the PERK/ATF4 pathway induces the
expression of the proapoptotic-CHOP/GADD153 transcription factor (Harding, et al,,
2000). CHOP/GADD153-induced apoptosis is mediated mainly by translocation of BAX
from the cytosol to the mitochondria (Gotoh, et al., 2004). Prolonged activation of IRE1
leads to apoptosis. IRE1 can activate apoptosis-signaling kinase 1 (ASK1) via the
recruitment of Jun N-terminal inhibitory kinase (JIK) and TRAF2 (Nishitoh, et al., 2002).
It has been suggested that ASK1 then activates JNK and mitochondria/Apaf-1-dependent
caspases. Another proposed apoptotic pathway involves the activation of pro-caspase-12,
a caspase considered to be an ER-associated proximal effector of apoptosis (Nakagawa, et
al., 2000). Two mechanisms of caspase-12 activation at the ER have been proposed so
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far. In the first, it has been suggested that pro-caspase-12 remains inactive by bound
TRAF2. The recruitment of TRAF2 to IRE] results in the release of caspase-12 and
activation of the protease, which in turn activates downstream caspases and leads to
apoptosis (Yoneda, et al., 2001). The alternative suggestion is that pro-caspase-12 is
processed and activated by calpain, a Cys-protease activated by Ca®* released from the
damaged ER (Nakagawa & Yuan, 2000). However, although caspase-12 is processed and
activated in ER-stress induced apoptosis in murine cells, the enzyme is not absolutely
essential for the process (Jimbo, et al., 2003; Kalai, et al., 2003). On the other hand, cells
lacking caspase-8 or caspase-9 are highly resistant to ER stress-induced apoptosis (Jimbo,
et al,, 2003). Moreover, recent studies showed that the gene coding for the human
homologue of murine caspase-12 codes for a variant of the protein incapable of
proteolytic activity (Fischer, et al., 2002; Lamkanfi, et al., 2004; Saleh, et al., 2004).
However, functional replacement of caspase-12 by caspase-4 has been suggested
(Hitomi, et al., 2004).

One of the mechanisms that could explain caspase-8 activation at the ER involves a
recently discovered ER resident potential initiator of apoptosis, designated neurotrophin
receptor like death domain protein (NRADD) (Wang, et al., 2003b). This protein has
transmembrane and cytoplasmic regions highly homologous to death receptors. The
induction of apoptosis by NRADD is dependent on the activation of caspase-8, but does
not require the mitochondrial components of the death program. Interestingly, the N-
glycosylated, NH,-terminal domain of the protein is short and unique. Deletion of this
domain produces a dominant-negative form of NRADD that protects cells from ER
stress-induced apoptosis, suggesting that the lumenal part of the protein is required for
inducing the proapoptotic signal.

In addition to propagating death-inducing stress signals, the ER contributes to
apoptosis initiated by cell surface death receptors and to pathways resulting from DNA
damage (Breckenridge, et al., 2003a). Mobilization of ER calcium stores can sensitize
mitochondria to direct proapoptotic stimuli and promote the activation of cytoplasmic
death pathways. Indeed, another pre-apoptotic complex that may play an important role
in apoptosis assembles on the cytosolic face of the ER membrane and recruits pro-
caspase-8. The central protein in this complex is B-cell receptor-associated protein 31
(Bap31), a 28 kDa polytopic integral ER protein (Breckenridge, et al., 2002; Ng, et al.,
1997). Bap31 is anchored in the ER-membrane via three transmembrane domains with its
NH,-terminus in the ER-lumen and the COOH-end in the cytosol. The latter part contains
predicted overlapping leucine zipper and weak DED homology regions, flanked by
identical caspase cleavage sites (Breckenridge, et al., 2003b; Granville, et al., 1998; Ng,
et al., 1997). Together with a homologous protein named BAP29, Bap31 is included in a
high molecular weight complex involved in the retention of membrane bound IgD in the
ER (Adachi, et al., 1996; Schamel, et al., 2003). In normal conditions, Bap31 is bound to
pro-caspase-8L, an alternative form of caspase-8 with a longer prodomain than the
previously described pro-caspase-8, and to Bcl-2 or Bcel-x;, (Breckenridge, et al., 2002;
Mund, et al., 2003; Ng, et al., 1997; Ng & Shore, 1998) (Fig. 2). These antiapoptotic
Bcl-2 family members can be displaced by Spike, a BH3 only protein that does not
interact with any other Bcl-2 family member and is thus thought to specifically target the
ER Bap31-complex (Mund, et al.,, 2003). Indeed, overexpression of Spike leads to
caspase-8 activation and apoptosis. Bax is not recruited to the complex but can prevent
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Bcl-2 from being recruited to Bap31 and thus promotes caspase-8 activation (Ng, et al.,
1997). Active caspase-8, but not caspase-3, cleaves Bap31, generating a proapoptotic p20
Bap31-fragment (Breckenridge, et al., 2003b; Granville, et al., 1998; Ng, et al., 1997).
This fragment is generated in various apoptotic conditions in which caspase-8 is
activated, including those mediated by Fas or ER-stress, and induces mitochondrial
fission through ER calcium signals that enhance the release of cytochrome ¢ into the
cytosol. The ER also plays a role in p53- and p73-dependent apoptosis induced by DNA
damage. Indeed, both proteins can induce the expression of Scotin, which is localized to
the ER and the nuclear membrane (Bourdon, et al., 2002; Terrinoni, et al., 2004).
Expression of Scotin induces a typical ER-stress apoptotic cell death in a caspase-
dependent manner, while inhibition of endogenous Scotin expression leads to resistance
to p53-dependent apoptosis.

2.4.3. Lysosomes

A variety of signals, such as oxidative stress, growth factor withdrawal, the lipid
second messenger sphingosine, and lysosomotropic toxins such as hydroxychloroquine,
the quinolone antibiotics ciprofloxacin and norfloxacin, can all cause lysosomal
destabilization and rupture (Brunk & Svensson, 1999; Roberg, et al., 1999). Depending
on whether the rupture is moderate or extensive, cell death ensues through apoptosis and
necrosis, respectively (Brunk & Svensson, 1999). Although evidence has indicated that
mitochondria are indispensable for cell death initiated by lysosomal destabilization
(Boya, et al., 2003a), and recent studies have clearly established the link between
lysosomal and mitochondrial membrane permeabilization, the exact molecular cascade
operating between the two organelles still remains to be established. Upon membrane
destabilization, there is a decrease in the lysosomal pH gradient, and lysosomal
cathepsins are released, thereby triggering activation of Bax and/or Bak and
mitochondrial membrane permeabilization (M-MP) (Boya, et al., 2003a; Boya, et al.,
2003b). Indeed, cathepsin D is an upstream trigger of Bax activation, and cathepsins B,
H, L, S and K have been shown to cleave and activate Bid in vifro (Bidere, et al., 2003;
Jaattela, et al., 2004). Cathepsins were also shown to be important mediators of
sphingosine-induced apoptosis, working upstream of the caspase cascade and
mitochondrial membrane-potential changes (Kagedal, et al., 2001).

2.4.4. Cytoskeleton

Cytoskeletal integrity is of great importance for many cellular functions, such as cell
attachment to the extracellular matrix (ECM) in anchorage dependent cells, transport of
cell organelles, cell maintenance and cell division. Loss of cell attachment to the ECM
and other forms of cytoskeletal perturbation lead to apoptosis. Integrins are central
regulators of the actin cytoskeleton, mediating anchorage to the ECM and the signaling
required for cell survival. Release of integrin contacts leads to depolymerization of actin
filaments and subsequent apoptosis (Frisch & Ruoslahti, 1997; Frisch & Screaton, 2001).
The mitochondria-associated protein Bitl and the BH3-only proteins Bim and Bmf guard
the integrity of the cytoskeleton, and transduce death signals upon perturbation of
microtubule dynamics by various cytoskeleton disrupting or destabilizing drugs, or by
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cell detachment. Bim is a BH3-only Bcl-2 family member which is downregulated by
integrins and EGF receptor in order to prevent anoikis, but strongly induced after cell
detachment (Reginato, et al., 2003). Alternative splicing gives rise to three isoforms,
Bimsg, Bimy, and Bimg;. Bimg and Bimg, have been shown to bind to LC8, a component
of the microtubule dynein motor complex (Puthalakath, et al., 1999), and the binding of
Bim and Bmf to the cytoskeleton was suggested to keep them inactive (Coultas &
Strasser, 2003). However, in normal resting T cells, most of Bim is found on the surface
of the mitochondria, and is kept inactive due to an association with Bcl-2 or Bcl-xy, not
with the microtubules (Zhu, et al., 2004). Moreover, integrins signal Bcl-2 upregulation
upon cell attachment and antiapoptotic proteins such as Bcl-2 can protect cells against
anoikis (Frisch, et al., 1996; Matter & Ruoslahti, 2001; Zhang, et al., 1995). Bax is also
activated very shortly after loss of integrin-mediated adhesion to ECM, and its
conformational change induces cytochrome ¢ release and caspase activation (Wang, et
al., 2003a). Bitl is normally located at the outer mitochondrial membrane, but it is
released into the cytosol upon loss of integrin ligation. In the cytosol it forms a complex
with the transcriptional coregulator ‘amino-terminal enhancer of split’ (AES), and
induces apoptosis through a caspase-independent mechanism that has not yet been
elucidated (Jan, et al., 2004). Integrin-mediated cell attachment reduces Bitl-AES
complex formation and inhibits apoptosis. Microtubule damaging agents, such as
paclitaxel (Taxol), are well-known in clinical cancer chemotherapy as potent promotors
of apoptosis in cancer cells through inhibition of microtubule dynamic instability (Bhalla,
2003; von Haefen, et al., 2003). Disruption of microtubules also induces p53, further
arresting cells in the G2/M phase of the cell cycle. If the cells do not overcome this G2/M
stop, the mitochondrial pathway of apoptosis is triggered (Ganansia-Leymarie, et al.,
2003).

3. ANTIAPOPTOTIC PATHWAYS

Cells possess a number of inhibitory mechanisms to keep the components of the
apoptotic machinery in check, protecting them from unwanted or untimely triggering of
cell death. Many molecules work at different levels to fulfill this task, amongst which are
the antiapoptotic members of the Bcl-2 family, c-FLIP, and the inhibitors of apoptosis
(IAP) family. Not surprisingly, many tumor cells use these inhibitory mechanisms to their
advantage, and frequently show elevated expression levels of such antiapoptotic proteins
(Altieri, 2003b; LaCasse, et al., 1998). Caspases are kept inactive by inhibitor of
apoptosis proteins (IAPs), a family of proteins all of which contain at least one
baculovirus IAP repeat (BIR) domain that is essential for their antiapoptotic function.
XIAP contains 3 BIR domains and is the member of the family most potent in
suppressing apoptosis. In addition to preventing the activity of caspases-3 and -7, XIAP
is capable of inhibiting caspase-9 (Deveraux, et al., 1998; Deveraux, et al., 1997; Roy, et
al., 1997). The mechanisms used by XIAP for inhibition of caspase-3 and caspase-9 are
different. XIAP inhibits caspase-3 through its ‘hook’ and ‘sinker’ regions, which precede
the BIR2 domain and interact with the catalytic groove of caspase-3. Inhibition of
caspase-9, on the other hand, occurs through binding of XIAP’s BIR3 domain to the IAP
binding motif of caspase-9 (Salvesen & Duckett, 2002). In addition, some IAPs also have
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a RING domain, suggested to lead to ubiquitinylation and degradation of both themselves
and their selected targets (Salvesen & Duckett, 2002). Once the appropriate apoptotic
stimulus is received, IAPs may undergo caspase-mediated cleavage (Clem, et al., 2001;
Deveraux, et al., 1999), autoubiquitination and degradation (Yang, et al., 2000), or
sequestration by released apoptogenic mitochondrial proteins such as Smac/DIABLO or
Omi/HtrA2 (Salvesen & Duckett, 2002). Survivin, a JAP family member lacking the
RING domain, is implicated in both control of apoptosis and regulation of cell division.
Interestingly, the protein is aberrantly expressed in cancer but undetectable in normal,
differentiated adult tissues (Altieri, 2003a; Li, 2003).

Caspase-inhibition by IAPs is limited to caspase-9, -3 and —7, and has no influence
on caspase-8 and caspase-10, the DED caspases of the extrinsic pathway. Caspases-8 and
-10-associated RING proteins (CARPs) are a family of apoptosis inhibitors that bind to
and inhibit DED-containing caspases (McDonald & El-Deiry, 2004). They contain a
phospholipid binding FYVE domain that is suggested to localize them to the plasma
membrane, and an IAP-like RING domain with E3 ubiquitin ligase activity that
contributes to the ubiquitin-mediated proteolytic degradation of caspase-8 and -10. CARP
inhibition is negatively regulated by caspase-mediated cleavage during apoptosis
(McDonald & El-Deiry, 2004).

Another antiapoptotic protein is FLIP, a protease-deficient pro-caspase-8-like
protein, expressed either as a long (FLIP.) or as a short (FLIPs) splice form. While FLIPg
contains two tandem DED repeats, FLIP,, has an extra (inactive) protease-like domain,
homologous to caspase-8, but lacking the key active sites. In death domain receptor-
induced signaling, FLIP;, if present, is recruited to the receptor complex. Upon binding to
FADD, pro-caspase-8 preferentially interacts with FLIPy, since it has higher affinity for
FLIP,, than for pro-caspase-10 or other pro-caspase-8 molecules (Irmler, et al., 1997;
Krueger, et al., 2001; Wang, et al., 2001). c-FLIP,, then induces partial pro-caspase-8
activation, but it prevents caspase-8 from being released from the DISC, because
cleavage between the DED and the caspase-unit within caspase-8 and FLIP_ does not
occur (Irmler, et al., 1997; Micheau, et al., 2002). As a result, further signaling from
caspase-8 to the downstream caspases is blocked, and the whole complex is directed for
proteasome degradation, resulting in cell survival instead of apoptosis. While FLIP,
allows partial activation of pro-caspase-8, FLIPs completely inhibits the cleavage and
activation of caspase-8. FLIP expression is upregulated by NF-kB, a transcription factor
that regulates the expression of various genes involved in cell growth and differentiation,
immune response, and inhibition of apoptosis. NF-kB is normally located in the
cytoplasm, where it is kept inactive through binding to IxB. Upon activation of IKKa/f,
IkB is phosphorylated and degraded. As a consequence, NF-xB is released and
translocates to the nucleus, where it activates gene expression (Mayo and Baldwin,
2000). Amongst the genes targeted by NF-kB are many antiapoptotic proteins, such as
c-1AP1, c-IAP2, XIAP, TRAF1, TRAF2, TRAIL decoy receptors, Bcl-x;, and FLIP
(Mayo & Baldwin, 2000; Zou, et al., 2004). Loss of NF-xB regulation results in
deregulated growth, and is often observed in cancer, where it confers resistance to
cytotoxic therapies (Deng, et al., 2002; Romieu-Mourez, et al., 2002). NF-xB can be
activated in response to a whole range of stimuli, including cellular stress and anticancer
agents, and in addition it is constitutively active in certain tumor types (Mayo & Baldwin,
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2000). For example, in TNF receptor signaling, NF-xB is activated upon formation of
complex I (Fig. 1). However, the decision on whether TNF signals cell survival or death
is made at the level of the cytosolic complex II, and takes place following recruitment of
FADD and pro-caspase-8. Complex II initiates apoptosis on condition that the NF-xB
signal from complex I did not succeed in inducing high enough expression levels of
antiapoptotic proteins such as FLIP, (Fig. 2). Indeed, in apoptosis-resistant cells, complex
II typically contains increased amounts of FLIP;, and IAP1, while in sensitive cells, the
complex is devoid of FLIP, (Kreuz, et al., 2001; Micheau, et al., 2001).

Another pathway utilized by many cell types for inhibition of apoptosis and cellular
survival is the phosphatidylinositol 3-kinase (PI3K)-AKT pathway. Activated AKT
modulates the function of numerous substrates involved in the regulation of cell survival,
cell cycle progression, and cellular growth. Survival signals such as growth factors can
activate the PI3K/AKT pathway by phosphorylation of AKT, and thus induce NF-xB-
responsive gene expression, providing protection from apoptosis through subsequent
induction of antiapoptotic genes such as Bcl-x;, (Hatano & Brenner, 2001). PI3K/AKT
signaling pathway components are frequently altered in human cancers. For example,
certain cancer cells show elevated AKT activity, resulting in upregulated FLIPg, which
allows the cells to escape from apoptosis (Nam, et al., 2003; Nesterov, et al., 2001;
Suhara, et al., 2001). Moreover, altered Bcl-2 family member expression plays an
important role in tumorigenesis and resistance to anti-cancer therapy. Typically,
proapoptotic Bax is decreased with tumour progression, whereas antiapoptotic Bcl-x;, and
Mcl-1 appear to increase with progression (Agarwal & Naresh, 2002; Bush & Li, 2003;
Spets, et al., 2002). Similarly, pS3 targets many genes involved in the mitochondrial
apoptotic pathway, e.g. p53 is a downregulator of Bcl-2 and a promoter of Bax.
Therefore, dominant negative mutants of p53 are antiapoptotic and oncogenic (Galmarini,
et al., 2002).

4. NONAPOPTOTIC FORMS OF CELL DEATH

4.1. Necrosis

When a cell for one or another reason can not die by apoptosis, it may respond by
another type of cellular death called necrosis. This cell death program may occur
following diverse traumatisms including hyperthermia, ischemia, physical injury or viral
infection or appear as a result of the exposure to cytotoxic cytokines or substances
(Denecker, et al., 2001; Kitanaka & Kuchino, 1999; Proskuryakov, et al., 2003). Necrosis
is characterized by distinct morphological changes such as swelling of the cell and its
organelles including most often the mitochondria. The swelling is thought to occur due to
the absence of the regulation of internal pressures and results from the loss of membrane
integrity. The process most often terminates with rapture of the cell and spilling of the
cellular contents to the neighboring tissues and is usually associated with a strong
inflammatory process (Li, et al., 2001). The molecular mechanisms leading to necrosis
are still poorly understood. Nevertheless, the process apparently involves a certain degree
of programming and several of the molecular events controlling it have already been
discovered (Kitanaka & Kuchino, 1999; Proskuryakov, et al., 2003). Necrosis occurring
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during embryonic development of the interdigital cells can replace apoptosis in correctly
shaping the fingers in the paws of Apaf-1 deficient mice (Chautan, et al., 1999). Necrotic
cell death was shown to require the presence and probably the kinase activity of RIP1
(Holler, et al., 2000; Kalai, et al., 2002; Vanden Berghe, et al., 2004a; Vanden Berghe, et
al., 2003; Vanden Berghe, et al., 2004b) and involves mitochondrial ROS production
(Denecker, et al., 2001; Goossens, et al., 1999; Kalai, et al., 2002). In contrast to
apoptosis caspases are not only dispensable for necrosis but may actually prevent the
process (Kalai, et al., 2002; Vercammen, et al., 1998a; Vercammen, et al., 1998b).

4.2. Autophagy

Another caspase independent cell death pathway is called autophagy (to eat oneself)
(Gozuacik & Kimchi, 2004; Levine & Klionsky, 2004). The primary function of
autophagy is the recycling of proteins and cellular organelles. Autophagy often occurs
during the lifetime of a cell, when certain molecules denature and aggregate, or
organelles age and deteriorate. In this process, a double membrane autophagic vacuole,
called autophagosome, is formed and assures successively the sequestration then the
digestion of a portion of the cellular cytoplasm, thus recycling different components. The
origin of the autophagosomal membranes is still controversial; either the lysosomes
engulf and digest a part of their own cellular material, or a vacuole initiated in the ER
encircles a damaged zone and then fuses with the primary lysosome (Dunn, 1990; Kim &
Klionsky, 2000). Autophagy is evolutionarily conserved, and probably originated as a
survival mechanism to allow a cell to overcome periods of nutrient scarcity. However,
the process can also be activated by various environmental stresses, and may result in the
total destruction and disappearance of the cell (Gozuacik & Kimchi, 2004; Levine &
Klionsky, 2004). Some of the proteins involved in autophagy and in autophagic cell death
have been identified. These include: ubiquitin-like genes called A7G genes (Yu, et al.,
2004), death associated protein kinase (DAPk), DAPk related protein (DRP-1) (Inbal, et
al., 2002), and several cystein proteases called autophagins (Marino, et al., 2003).
Interestingly, a recent report suggested that RIP1 is also required for autophagic cell
death induced by exposure of cells to the pan-caspase inhibitor benzyloxycarbonyl-Valyl-
Alanyl-Aspartic-acid (O-methyl)- fluoromethylketone (z-VAD-fmk) (Yu, et al., 2004).
The molecular link between RIP1 kinase and the activation of the ATG proteins remains
to be determined.
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MECHANISMS OF ANTICANCER DRUG ACTION
Chapter 11

Sebastian Wesselborg!™ and Kirsten Lauber’

1. SUMMARY

Activation of the endogenous suicide program is one of the major mechanisms by
that cancer cells are eliminated by antitumor agents. Though the primary site of action
might differ, the basic outcome of most anticancer drugs is usually the same - induction
of the apoptotic program in the cancer cell. Conversely, defects within the apoptotic
signaling machinery convey resistance of tumors to chemotherapy. In this review we will
summarize the current knowledge of the apoptosis signaling in tumorigenesis, the
molecular mechanisms of DNA-damaging anticancer drugs and drug resistance of tumor
cells. Understanding of the molecular events that regulate the apoptotic machinery
induced by anticancer drugs and the measures that the tumor cell takes to avoid apoptosis
might help to develop new therapeutic strategies and drug development.

2. INTRODUCTION

Theoretically, a cancer cell is nothing but a cell propagating its anarchistic death
defying principle of unlimited self dissemination that - if cellular safeguard mechanisms
or the immune system fail to keep under control - is finally terminated by the demise of
the whole organism itself. The basic objective of chemotherapy is therefore to exploit the
different activities that distinguish malignant tumor cells from non-malignant cells in
order to specifically eliminate the 'anarchistic dropouts'. An ideal anticancer drug would
accompolish to specifically target the malignant cancer cell and leave the rest of the non-
malignant cells in our body unaffected. Due to detrimental side effects on non-malignant
tissues and the virtue of some tumors not to respond to the respective chemotherapy or to
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tissues and the virtue of some tumors not to respond to the respective chemotherapy or to
develop resistance during chemotherapy this ideal concept is unfortunately rarely
achieved. However, research of the last two decades improved our knowledge of tumor
biology and enabled the identification of new targets for chemotherapy. Thus, in addition
to uncontrolled cell proliferation, it is well established now that cancer cells also need to
induce their supply with oxygen and nutrients by the induction of angiogenesis of
surrounding blood vessels, extravasation and metastasis by releasing matrix
metalloproteases for extracellular matrix degradation and so on. Whereas, the 1980's
were dominated by research on the mechanisms of uncontrolled proliferation the 1990's
also brought another feature of cancer cells into focus - that is the counterpart of mitosis
i.e. apoptosis. Thus, it turned out that tumor cells not only propagate their anarchistic
desire for unlimited proliferation but they also inactivate external and internal triggers of
the cellular suicide program.

Anticancer drugs are used as therapeutic agents since 1940 with more or less
success. Per definition a chemotherapeutic agent is any drug that contributes to tumor
destruction. For decades the major feature of chemotherapeutic agents had been the
induction of DNA-damage. This kind of therapy basically targets cells with a high
proliferation rate that can not evade the consequences of DNA-damage by cell cycle
arrest or DNA-repair. Consequently, other benign but highly proliferating tissues such as
bone marrow, mucosal membranes, hair follicles and cells of the gastrointestinal and
central nervous system are also affected. Recently, due to the rapidly expanding
knowledge in tumor biology a new generation of anticancer drugs evolved that might
contribute to the collection of weapons against cancer (Nygren & Larsson, 2003). This
new generation of antitumor agents utilizes genuine features of cancer cells as targets for
chemotherapy. Hence, these new approaches target cancer specific antigens by antibodies
conjugated with cytotoxic drugs (e.g. imunoconjugates or antibody dependent prodrug
therapy), target receptor tyrosine kinases for growth factors (such as EGF, PDGF, TGF-
a), inhibit intracellular protein kinases (such as PKC, PKA), the proteasome or histone
deacetylases (HDACs) (Nygren & Larsson, 2003). The new generation of anticancer
drugs and new concepts in chemotherapy will be reviewed in detail by the other authors
in the accompanying chapters herein. The focus of this review will therefore be to
elucidate the apoptotic mechanisms of DNA-damaging anticancer drugs.

3. THE MAJOR APOPTOSIS SIGNALING PATHWAYS

The endogenous suicide program can be activated by a variety of stimuli including
death receptor ligation, chemotherapeutic drugs, reactive oxygen species (ROS),
withdrawal of growth factors, inhibitors of protein synthesis, kinase inhibitors (e.g.
staurosporine), UV- or y-irradiation. As pleiotropic these stimuli might be, they all lead to
the final demise of the cell, characterized by shrinkage, chromatin condensation, DNA-
fragmentation, membrane blebbing and the proteolytic activation of intracellular
proteases, known as caspases (Schulze-Bergkamen & Krammer, 2004; Schulze-Osthoff
et al., 1998). Caspases are the central executioners of programmed cell death and
comprise a family of at least 14 different members in mammalian cells. They are cysteine
proteases which cleave their substrates after a specific aspartate residue (Cryns & Yuan,
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1998; Degterev et al., 2003; Los et al., 1999). Caspases are synthesized as catalytically
inactive proenzymes and need to be activated by proteolytic cleavage. They consist of a
prodomain followed by a region that forms the two subunits with the catalytic domain
(Thornberry & Lazebnik, 1998). The apoptotic program is instigated by initiator caspases
that in turn trigger an amplifying cascade of effector caspases. Effector caspases, such as
caspase-3, -6 and -7, contain only a small prodomain and cleave diverse cellular
substrates including gelsolin, fodrin, poly(ADP-ribose)polymerase-1 (PARP-1),
ICAD/DFF45 and others (Fischer et al., 2003). Initiator caspases contain a long
prodomain and exert regulatory roles by activating downstream effector caspases.
Activation of initiator caspases is mediated by binding of adapter molecules to protein
interaction motifs in their prodomains. Two general types of interaction have been
identified (Martin et al., 1998; Muzio et al., 1998; Srinivasula et al., 1998). Pro-caspase-8
and -10 each contain two tandem death effector domains (DEDs), while pro-caspase-1,
-2, -4 and -9 comprise a caspase recruitment domain (CARD). In each case, the pro-
caspases bind to adapter molecules containing similar domains leading to caspase
oligomerization and subsequent activation.

In principle there are two major signaling pathways that activate the endogenous
proteolytic death machinery: the extrinsic death receptor pathway and the intrinsic
mitochondrial pathway. Whereas the intrinsic apoptosis pathway is conserved from C.
elegans, fruit flies to mammals, signaling by death receptors seems to be a prerequisite of
the mammalian system. The death receptor pathway is activated by ligation of death
receptors (such as CD95/Fas/Apo-1, TNF-R1/CD120a, TRAIL-R1/DR4/Apo-2, TRAIL-
R2/DR5/Killer or TRAMP/DR3/Apo-3) with their respective ligand (CD95L/FasL/Apo-
1L, TNF, TRAIL, TWEAK/Apo-3L). All death receptors represent a subfamily within
the superfamily of TNF-receptors and are characterized by the possession of an
intracellular death domain (DD). Amongst the different death receptors the signaling
pathway of CD95 is the best characterized so far.

Trimerization of CD95 by its natural ligand CD9SL or agonistic antibodies recruits
the adapter molecule FADD to the receptor via mutual interaction of their DDs. FADD in
turn recruits pro-caspase-8 (FLICE) through interaction between the DEDs of FADD and
pro-caspase-8. Upon formation of this death-inducing signaling complex (DISC) pro-
caspase-8 is autoproteolytically activated (Fig. 1). Apoptosis mediated by death receptors
can be disrupted by so-called FLICE-inhibitory proteins (FLIPs). Mammalian cells
express cellular FLIP (c-FLIP) as two splice variants: c-FLIPs consisting of two DED
motifs, and c-FLIP, which additionally contains a catalytically inactive caspase domain
(Goltsev et al., 1997; Irmler et al., 1997; Srinivasula et al., 1997). Since c-FLIP associates
with FADD or caspase-8, it was suggested to inhibit death receptor-mediated apoptosis
by displacing DED-containing caspases from the DISC (Hu et al., 1997; Irmler et al.,
1997; Srinivasula et al., 1997).

The intrinsic mitochondrial death pathway is initiated at the mitochondrion by the
release of cytochrome c. The release of cytochrome c¢ can be initiated either through
death receptor-mediated activation of the Bcl-2 related protein Bid (Green, 2000; Li et
al., 1998; Luo et al., 1998) or independently of this pathway by other pro-apoptotic Bcl-2
members such as Bax, Bak, Bad, Bim, Bmf, Hrk, Nbk, Bnip3, Puma or Noxa (Adams
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Figure 1: The two major signaling pathways of apoptosis. The death receptor pathway (/eft} is initiated upon
receptor ligation, resulting in the recruitment of the adapter protein FADD through interaction between the
death domains (DD) of both proteins. The death effector domain (DED) of FADD in turn recruits pro-caspase-8
which undergoes autoproteolytic activation at the receptor complex (DISC). The mitochondrial death pathway
(right), which is triggered by many apoptotic stimuli and pro-apoptotic Bcl-2 members, involves the release of
cytochrome c into the cytosol. Cytochrome c, after hydrolysis of (d)ATP, binds to Apaf-1 and in.turn allows
binding of pro-caspase-9 through CARD/CARD interaction. Pro-caspase-9 is subsequently activated in this
high molecular weight complex (apoptosome). Expression of anti-apoptotic Bcl-2 proteins (Bcl-2 or Bel-xi)
inhibit the release of pro-apoptotic factors from the mitochondrion and thus the activation of the mitochondrial
cytochrome c¢/Apaf-1/caspase-9 pathway. Activation of both pathways via initiator caspase-8 or -9 leads to the
activation of effector-caspases (caspase-3, -6 and -7) that after cleavage of vital death substrates induce the final
demise of the cell. Because caspase-8§ cleaves Bid and generates a truncated, pro-apoptotic BH3-containing
fragment that induces cytochrome ¢ release, both pathways cross-communicate. Beside cytochrome ¢ there are
also other factors released from the mitochondrion such as Smac/DIABLO, Omi/HtrA2, apoptosis inducing
factor (AIF), and endonuclease G (EndoG). AIF and EndoG together with the caspase-activated DNase (CAD)
contribute to DNA-fragmentation and DNA-condensation. Cytolic Smac and Omi both neutralize the inhibitory
effect of the inhibitor of apoptosis proteins (IAPs) on the activation of caspase-3, -7, and -9 and thereby
contribute to caspase activation.

& Cory, 1998; Daniel et al., 2003; Kluck et al., 1997; Puthalakath & Strasser, 2002; Yang
et al.,, 1997). Conversely, anti-apoptotic members of the Bcl-2 family such as Bcel-2,
Bcel-xi, Bel-w, Al and Mcl-1 block the mitochondrial release of cytochrome ¢ and the
subsequent activation of caspases and apoptosis (Adams & Cory, 1998; Daniel et al.,
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2003; Kluck et al., 1997; Puthalakath & Strasser, 2002; Yang et al., 1997). In the cytosol,
cytochrome ¢ binds to the mammalian CED-4 homologue Apaf-1 and stimulates its
subsequent (d)ATP dependent oligomerization and recruitment of pro-caspase-9 via a
mutual interaction of their CARDs (Li et al., 1997). In this multimeric high molecular
weight complex of ~700 kDa - also called apoptosome - pro-caspase-9 is activated and
can now cleave and activate downstream effector caspases such as caspase-3 and -7 (Cain
et al., 1999; Hu et al., 1999), (Fig. 1). Thus, caspase-9 constitutes the central initiator
caspase for the mitochondrial pathway as caspase-8 represents it for the death receptor
pathway. In analogy, the adapter protein Apaf-1 plays a similar role for the activation of
the mitochondrial pathway as FADD does in the death receptor pathway. Activation of
both pathways via initiator caspase-8 or -9 triggers an amplifying cascade of executioner
caspases (as caspase-3, -6 and -7) that after cleavage of vital death substrates leads to the
final demise of the cell (Fig. 1).

Beside the relocation of cytochrome ¢ there are also other apoptotic factors released
from mitochondria during apoptosis, such as Smac/DIABLO, Omi/HtrA2, apoptosis
inducing factor (AIF), endonuclease G (EndoG), caspase-2 or caspase-9 (Du et al., 2000;
Hegde et al., 2002; Kroemer & Reed, 2000; Martinou & Green, 2001; Martins et al.,
2002; van Loo et al., 2002; Verhagen et al., 2000). Both Smac/DIABLO and Omi/HtrA2
induce apoptosis by neutralizing the inhibitory effect of the inhibitor of apoptosis
proteins (IAPs) that have been reported to directly inhibit active caspase-3 and caspase-7
and to block caspase-9 activation (Deveraux & Reed, 1999; Goyal, 2001; Holcik &
Komeluk, 2001; Reed & Bischoff, 2000). One important feature that differentiates Omi
from Smac/DIABLO is its serine protease activity that might contribute to an atypical
caspase independent cell death (Verhagen et al., 2000). AIF and EndoG induce chromatin
condensation and large-scale DNA-fragmentation, and thus, contribute to the DNA-
degradation mediated by caspase-activated DNase (CAD) (Enari et al., 1998; Li et al.,
2001b; Liu et al., 1997; Susin et al., 1999), (Fig. 1).

In addition to the activation of the mitochondrial death pathway there exist at least
two other intrinsic organelle specific apoptosis pathways within the cell: the endoplasmic
reticulum (ER) specific stress pathway and the nuclear so-called PIDDosome. The ER-
stress pathway is activated by accumulation of misfolded proteins or calcium signaling
that subsequently induce apoptosis by the unfolded protein response and the ER-specific
caspase-12 (Ferri & Kroemer, 2001; Nakagawa et al., 2000; Yoneda et al., 2001). Beside
the high molecular weight complexes of death receptor signaling (DISC) and the
mitochondrial death pathway (apoptosome) there also seems to exist a high molecular
weight complex within the nucleus that is activated by genotoxic stress. This so-called
PIDDosome consists of the death domain (DD) containing protein PIDD, the CARD and
DD comprising adapter protein RAIDD and the CARD containing caspase-2 and is likely
to be regulated in a p53-dependent manner in apoptosis induced by anticancer drugs
(Lassus et al., 2002; Tinel & Tschopp, 2004).

4. MECHANISMS OF ANTICANCER DRUG INDUCED APOPTOSIS

The primary effect of classical anticancer therapy (i.e. anticancer drugs and y-
irradiation) is the generation of double-strand breaks within the DNA. DNA-damage, in
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principle has three different effects: ({) DNA-repair, (ii) cell cycle arrest and (iii) as a
final consequence - apoptosis (Norbury & Zhivotovsky, 2004; Rich et al., 2000). The
importance of the latter lethal consequence for the survival of multicellular organisms
could be appreciated by the fact that unicellular organism only activate cell cycle
checkpoint and repair mechanims but lack the activation of the cell death program
(Norbury & Zhivotovsky, 2004). The molecular signaling mechanisms how DNA-
damaging anticancer drugs activate the endogenous apoptosis program has long been a
controversial issue. Whereas initial reports claimed that anticancer drugs induce
apoptosis via death receptors like CD95 (Beltinger et al., 1999; Dhein et al., 1995;
Eichhorst et al., 2001; Eichhorst et al., 2000; Friesen et al., 1999; Friesen et al., 1996;
Fulda et al., 1998a; Fulda et al., 2001; Fulda et al., 1998b; Fulda et al., 1997b; Fulda et
al., 2000; Fulda et al., 1998c; Herr et al., 1997; Houghton et al., 1997; Kasibhatla et al.,
1998; Los et al., 1997; Muller et al., 1997; Muller et al., 1998; Scaffidi et al., 1998),
others supported the concept that chemotherapeutic agents induce apoptosis via the
mitochondrial death pathway (Bantel et al., 1999; Boesen-de Cock et al., 1998; Eischen
et al.,, 1997; Engels et al., 2000; Ferrari et al., 1998; Fuchs et al., 1997; Fulda et al.,,
1997a; Gamen et al., 1997; Glaser et al., 1999; Hakem et al., 1998; Kaufmann &
Earnshaw, 2000; Kharbanda et al., 1997; Landowski et al., 1999; Los et al., 1999;
Miyashita & Reed, 1993; Newton and Strasser, 2000; Strasser et al., 1995; Tolomeo et
al., 1998; Varfolomeev et al., 1998; Villunger et al., 1997a; Wesselborg et al., 1999;
Wieder et al., 2001 Glaser, et al.,, 2001; Yeh et al., 1998; Yoshida et al., 1998).

The concept that cytostatic agents induce apoptosis by death receptor signaling
originated from the observation that anticancer drugs like doxorubicin induce the
expression of CD95L (Friesen et al.,, 1996) and that leukemic T cell lines like Jurkat or
CEM resistant to CD95 induced apoptosis were also cross-resistant to anticancer drug
induced cell death (Friesen et al., 1996; Los et al., 1997). Blocking the interaction of
CD95 with its ligand via antagonistic antibodies or soluble antagonistic CD95 also
abrogated antitumor drug induced apoptosis (Friesen et al., 1996). Accordingly, an
upregulation of CD95L was observed in many different tumor cell lines (such as
hepatoma, leukemia, neuroblastoma, malignant brain tumors, colon, breast or lung cell
carcinoma cells) in vitro and also in patients' derived primary tumor cells (Debatin, 2004;
Debatin & Krammer, 2004; Schulze-Bergkamen & Krammer, 2004). In addition, AP-1,
NF-xB and p53 binding sites were identified within the human CD95L promotor and
activation of these transcription factors was shown to induce CD95L expression upon
chemotherapy (Eichhorst et al., 2000; Herr et al., 1997; Kasibhatla et al., 1998; Muller et
al., 1997; Muller et al., 1998). Beside CD95L the expression of the CD95 receptor and of
TRAIL-R2/DRS was also shown to be increased upon drug treatment (Fulda et al,,
1998a; Fulda et al., 1998b; Fulda et al.,, 1998c; Wu et al., 1997a). In addition, pro-
apoptotic components of the DISC like FADD and pro-caspase-8 were found to be
upregulated and increasingly recruited to the DISC during treatment with anticancer
drugs (Beltinger et al., 1999; Debatin & Krammer, 2004; Micheau et al., 1999a; Micheau
et al., 1999b). Interestingly, similar to activation-induced cell death upon T-cell receptor
stimulation, treatment with doxorubicin led to the expression of CD95L in leukemic T
cells and subsequent apoptosis via CD95/CD9SL interaction in a paracrine mode
{Debatin & Krammer, 2004; Friesen et al., 1996; Fulda et al., 2000). Thus, these findings
supported a concept that cytotoxic agents induce apoptosis via de novo synthesis of
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CD95L and CD95 and subsequent activation of downstream located executioner caspases
in a similar manner as activation-induced cell death in T cells (Dhein et al., 1995).
However, various other reports challenged this intriguing concept. Studies using
CD95-, caspase-8- or FADD- deficient Jurkat cells or cell lines overexpressing dominant-
negative mutants of FADD or c-FLIP could not observe any inhibition of anticancer drug
induced apoptosis, whereas death receptor induced apoptosis was completely abolished.
In addition, overexpression of the serpin CrmA (that inhibits caspase-1, -4 and -8) or
addition of soluble antagonistic CD95 had no effect on anticancer drug induced apoptosis
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Figure 2: Signaling of DNA-damaging anticancer drugs (modified from Los et al,, 1999). The major
mechanism of most anticancer drugs is the induction of DNA-damage that leads to p53-mediated DNA-repair,
cell cycle arrest or apoptosis. p53 induces apoptosis by the transcriptional expression of pro-apoptotic proteins
(such as Bax, PUMA, Noxa, Apaf-1, PIDD, p53AIP1 Peg3/Pwl, CD95, TRAIL-R2, GML, P2XM, PAG608, or
PIGs) and the donwregulation of anti-apoptotic proteins (like Bcl-2 or survivin). Besides its transcriptional
activity p53 can also translocate to the mitochondria and directly trigger the mitochondrial death pathway via
activation of Bax. Tumor cells comprise resistance to cytotoxic agents by downregulation the expression of pro-
apoptotic proteins (like caspases, Bax, Apaf-1, or XAF1) or upregulation of anti-apoptotic factors (as Bcl-2,
Bcl-x., or IAPs). Another possibility is the controversial mode! of the 'tumor counter attack’, where tumor cells
might protect themselves from the surveillance of the immune system via expression of CD95L on the cell
surface and thus mediating the 'deadly kiss' to the immune cells.
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though CD95 mediated cell death and caspase-8 activation was obstructed (Bantel et al.,
1999; Engels et al., 2000; Glaser et al., 1999; Wesselborg et al., 1999; Wieder et al,,
2001). Conversely, inhibition of the mitochondrial death pathway by depletion of
intracellular ATP via oligomycin, overexpression of anti-apoptotic Bcl-2 or Bel-x; or of a
dominant negative mutant of caspase-9 also blocked cytotoxic drug induced caspase
activation and apoptosis (Bantel et al., 1999; Engels et al., 2000; Ferrari et al., 1998;
Kharbanda et al., 1997; Miyashita & Reed, 1993; Newton & Strasser, 2000; Wesselborg
et al.,, 1999). Interestingly, caspase-8 as the central initiator caspase of the death receptor
pathway was also cleaved during anticancer drug induced apoptosis in CD95- or FADD-
deficient Jurkat cells, Jurkat cells overexpressing c-FLIP and HeLa cells with
enforcedexpression of a dominant negative mutant of FADD (Boesen-de Cock et al.,
1998; Engels et al., 2000; Nencioni et al., 2003; Wesselborg et al., 1999). However, in
caspase-3 deficient MCF7 cells antitumor drugs induced cleavage of caspase-9 but not of
caspase-8, thus indicating that caspase-8 in anticancer drug induced activation of the
mitochondrial death pathway is not functioning as an initiator caspase but is a target-
caspase located downstream of caspase-9 > caspase-3 > caspase-6 and might contribute
to an amplification loop via cleavage of Bid (Engels et al., 2000; Perkins et al., 2000;
Slee et al., 1999a; Slee et al., 1999b; Slee et al., 2000; Tang et al., 2000), (Fig. 2).
However, the final proof that anticancer drugs induce apoptosis via the
mitochondrial death pathway in the absence of death receptor signaling came from
studies in knockout mice (Los et al., 1999). Thus, murine embryonic fibroblasts (MEF)
from mice with targeted disruption of genes involved in death receptor signaling (such as
FADD and caspase-8) showed no resistance to anticancer drug induced apoptosis
whereas death receptor induced apoptosis was blocked (Varfolomeev et al., 1998; Yeh et
al, 1998). Conversely, blocking of the mitochondrial death pathway using Apaf-17
thymocytes or caspase-9” stem cells conferred resistance to cytotoxic drugs whereas
death receptor signaling remained intact (Hakem et al., 1998; Yoshida et al., 1998). Thus,
it appears that the basic apoptotic mechanism of DNA-damaging anticancer drugs is the
activation of the mitochondrial cytochrome c/Apaf-1/caspase-9 pathway (Debatin &
Krammer, 2004; Kaufmann & Vaux, 2003; Los et al., 1999; Villunger & Strasser, 1998).

4.1. Role of p53 in Anticancer Drug Induced Apoptosis

If activation of the mitochondrial death pathway is the obvious consequence of
DNA-damaging anticancer drugs the question remains what the molecular mechanisms
are that link DNA-damage to the activation of the mitochondrial cytochrome c/Apaf-
1/caspase-9 pathway. In this context, the key tumor suppressor protein p53 was the first
determinant of susceptibility to DNA-damage induced apoptosis to be identified (Clarke
et al.,, 1993; Lowe et al., 1994; Lowe et al., 1993a; Lowe et al., 1993b). Accordingly, p53
is the most frequently targeted genetic alteration in human cancers (Hollstein et al., 1991;
Tokino & Nakamura, 2000; Vogelstein et al., 2000). Interestingly, unlike most other
tumor suppressor genes that are inactivated by frameshift or nonsense mutations leading
to disappearance of the gene product, almost 90% of p53 gene mutations are missense
mutations leading to the expression of a stable protein that might display a dominant-
negative role by heterooligomerization with wild-type p53 expressed by the second allele,
or a specific gain of function of mutant p53 (Soussi, 2003; Soussi & Beroud, 2001).
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Although most current anticancer drugs do not directly interact with p53, most of these
agents (including DNA-damaging drugs, antimetabolites, microtubule-active drugs or
inhibitors of the proteasome) cause an accumulation of wild type p53. Activation of p53
can induce growth arrest, apoptosis or senescence. The activity of p53 is mainly regulated
by proteolytic degradation by the proteasome. DNA-damaging agents, microtubule-active
drugs and transcription- or proteasome-inhibitors inhibit the degradation and, thus,
stabilize p53 expression (Blagosklonny, 2002). DNA-damage afflicted by irradiation (y-
or UV-irradiation) or anticancer drugs (like doxorubicin, daunorubicin, dactinomycin
(actinomycin D), etoposide, topotecan, mitomycin C, bleomycin, cisplatin, carboplatin,
melphalan, chlorambucil, busulfan, cyclophosphamide or ifosfamide) induce the
expression of wild type p53. As different the primary source for DNA-damage might be
(DNA-intercalation, inhibition of topoisomerase I or II, DNA-crosslinking, alkylating
agents) they all lead to DNA-strand breaks that seem to be the prime stimulus for p53
activation. Inside the cell p53 is usually bound to the negative regulator Mdm?2 that
subsequently targets the proteasomal degradation of p53. Sensors for DNA-damage like
the kinases ATM (for ataxia teleangiectasia mutated) or Chk2 phosphorylate and stabilize
p53 directly and inhibit Mdm2 mediated ubiquitination and subsequent proteasomal
degradation of p53 (Johnstone et al., 2002; Khanna & Jackson, 2001; Rich et al., 2000).

Upon activation, p53 induces the expression of a variety of different apoptotic
proteins such as components of the mitochondrial death pathway like Bax, PUMA, Noxa,
Apaf-1, PIDD, p53AIP1, Peg3/Pwl, PERP (Attardi et al., 2000; Deng and Wu, 2000;
Johnson et al., 2002; Lin et al., 2000; Miyashita & Reed, 1995; Moroni et al., 2001;
Nakano & Vousden, 2001; Oda et al., 2000a; Oda et al., 2000b; Relaix et al., 2000;
Schuler et al., 2003; Tinel & Tschopp, 2004; Villunger et al., 2003; Yu et al., 2001;
Zhang et al., 2000) or of the death receptor pathway like CD95 and TRAIL-R2 (Bennett
et al., 1998a; Wu et al.,, 1997a) and other proteins with apoptotic functions like GML,
P2XM, or PAG608, or PIG 3 (Furuhata et al., 1996; Israeli et al., 1997; Polyak et al.,
1997; Tokino et al., 1994; Urano et al.,, 1997). p53 mediated expression of the pro-
apoptotic Bcl-2 proteins Bax, PUMA and Noxa leads to their translocation from the
cytosol to the mitochondrion where they induce the permeabilization of the outer
mitochondrial membrane, and thus, the release of pro-apoptotic factors such as
cytochrome ¢ (Ferri & Kroemer, 2001; Miyashita & Reed, 1995; Nakano & Vousden,
2001; Oda et al., 2000a; Schuler et al.,, 2003; Yu et al., 2001; Zhang et al., 2000).
Expression of the p53-inducible protein Peg3/Pwl that is unrelated to the Bcl-2 family
induces the mitochondrial translocation of Bax through an yet unknown mechanism
(Deng & Wu, 2000; Johnson et al., 2002; Relaix et al., 2000). Another Bcl-2 unrelated
protein is the p53-regulated apoptosis-inducing protein 1 (pS3AIP1) that is also localized
at the mitochondrion where it induces the transition in mitochondrial membrane potential
(A¥m) and release of cytochrome ¢ most likely by an interaction with Bcl-2 proteins at
the mitochondrion (Matsuda et al., 2002; Oda et al., 2000b). Another p53 target that
mediates p53 dependent apoptosis is PERP, a novel member of the PMP-22/gas3 family.
PERP is a cellular transmembrane protein localized to the plasma-membrane, rather than
to mitochondria, and therefore, stimulates apoptosis through a different mechanism from
the BH3-containing proteins Bax, PUMA or Noxa (Attardi et al., 2000; Ihrie & Attardi,
2004; Ihrie et al., 2003; Reczek et al., 2003).
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Another intriguing mechanism of DNA-damage induced apoptosis is the formation
of the so-called PIDDosome. PIDD (p53-induced protein with a DD), was originally
described as another death domain (DD) containing protein that is transcriptionally
induced in a p53-dependent manner following exposure to DNA-damaging agents.
Overexpression of PIDD induced apoptosis, whereas antisense inhibition of PIDD
expression attenuated p53-mediated apoptosis (Lin et al., 2000). In addition to PIDD, the
PIDDosome consists of the CARD and DD comprising adapter protein RAIDD and the
CARD containing caspase-2 (Tinel & Tschopp, 2004). Caspase-2 has recently been
described to be required for anticancer drug induced apoptosis. Inhibition of the
expression of caspase-2 using small interfering RNA (siRNA) inhibited in a similar way
antitumor drug induced apoptosis (using etoposide or cisplatin) as siRNA to Apaf-1.
Interestingly, siRNA mediated inactivation of caspase-2 also inhibited the release of
cytochrome ¢, Smac and the mitochondrial translocation of Bax whereas siRNA to Apaf-
1 had no effect (Lassus et al.,, 2002; Robertson et al., 2002). This observation places
caspase-2 upstream of the mitochondrial cytochrome ¢/Apaf-1/caspase-9 pathway. Tinel
and Tschopp could now identify the nuclear complex responsible for caspase-2 activation
showing that caspase-2 is activated within the PIDD-RAIDD-caspase-2 complex (the
PIDDosome) upon genotoxic stress induced by etoposide or doxorubicin (Tinel &
Tschopp, 2004). Thus, with the PIDDosome a new member of multimeric apoptogenic
complexes (like the DISC and the apoptosome) goes on stage. Since in this scenario,
caspase-2 activity is required for inducing Bid cleavage, Bax translocation to
mitochondria and subsequent cytochrome c release this locates the PIDDosome (like the
DISC) upstream of the cytochrome c activated apoptosome.

In addition, several other p53 inducible genes could be identified such as GML (GPI-
anchored molecule-like protein) (Kagawa et al., 1997; Kimura et al., 1997; Tokino et al.,
1994), the P2X purinoceptor P2XM (P2X specifically expressed in skeletal muscle)
(Urano et al., 1997), the nuclear zinc finger protein PAG608 (Israeli et al., 1997), and
PIG 3 (p53-regulated apoptosis-inducing protein 3) (Contente et al., 2002; Polyak et al.,
1997; Venot et al.,, 1998) that all seem to be involved in anticancer drug induced
apoptosis. As already mentioned p53-responsive elements have been identified in the first
intron of the CD95 gene, as well as three putative p53-binding sites within the CD95
promotor, which showed homology with the p53 consensus binding site (Debatin &
Krammer, 2004; Muller et al., 1997; Muller et al, 1998). Likewise TRAIL-
R2/KILLER/DRS is activated upon DNA-damage by wild-type p53 through an intronic
sequence-specific DNA-binding site (Takimoto & El-Deiry, 2000; Wu et al., 1997a; Wu
et al., 1997b). Though DNA-damaging anticancer drugs seem to induce the expression of
CD95L, CD95 and TRAIL-R2, death receptor signaling obviously is not a prerequisite of
anticancer drugs induced apoptosis (Kaufmann & Earnshaw, 2000). Next to the
transcriptional activation of pro-apoptotic genes p53 has also been shown to be involved
in the downregulation of anti-apoptotic genes such as Bcl-2, MAP4 and survivin (Haldar
et al., 1994; Hoffman et al., 2002; Miyashita et al., 1994; Murphy et al., 1996; Slee et al.,
2004).

Beside the transcriptional expression of pro-apoptotic proteins through direct
interactions with both chromatin and regulators of transcription, p53 seems also to
comprise transcriptional independent apoptotic features. Thus, p53 has recently been
shown to translocate to the mitochondria and to directly activate the pro-apoptotic Bcl-2
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protein Bax with subsequent mitochondrial membrane permeabilization, cytochrome ¢
release and apoptosis induction. In addition, p53 can release pro-apoptotic Bcl-2 proteins
sequestered by Bcl-x;. Therefore, in the cytosol the versatile protein p53 apparently
operates in a similar way as the pro-apoptotic Bcl-2 members (Chipuk & Green, 2003;
Chipuk et al., 2004; Chipuk et al., 2003; Marchenko et al., 2000; Petros et al., 2004;
Schuler et al., 2000).

Beside p53, there appears to be another chromatin-derived signal linking nuclear
DNA-damage to mitochondria via the linker histone H1.2. H1.2 appears to be another
cytochrome c releasing factor that appears in the cytosol after treatment with anticancer
drugs or y-irradiation (Komnishi et al.,, 2003). While all nuclear histone H1 forms are
released into the cytosol in a pS3-dependent manner upon DNA-damage, only H1.2 is
able to induce cytochrome c release from isolated mitochondria in a Bak dependent mode
(Konishi et al., 2003; Yan & Shi, 2003). Another protein that translocates to
mitochondria during apoptosis is the Peutz-Jegher gene product LKB1. LKBI is a
cytosolic and nuclear Ser/Thr kinase (mutated in Peutz-Jegher syndrome) that physically
associates with p53 and regulates specific p53-dependent apoptosis pathways.

4.2. p53-independent Apoptotic Mechanisms of Anticancer Drugs

Though p53 is thought be a major element in the execution of anticancer drug
induced apoptosis there obviously exist supplementary pathways that do not rely on p53.
Thus, various different tumor cell lines - like CEM, Jurkat, MOLT4 (T-cells), Raji (B-
cells), HEL (erythroleukemia) - display mutant p53 (Bull et al.,, 1998) but are still
sensitive to anticancer drugs like daunorubicin, doxorubicin mitomycin C or etoposide
(Herr et al., 2000; Wesselborg et al., 1999). This might be attributed to p63 and p73, two
homologous genes of p53 that might compensate for the effect of p53. In this manner it
could be demonstrated that ectopic expression of p73 could induce expression of
p53AIP1 and apoptosis in pS3-negative AsPC-1 cells (Rodicker & Putzer, 2003). In
addition, it has been shown that p73 is essential for many anticancer drugs though its
function can obviously be blocked by a particular category of p53 gain of function
mutations (Bergamaschi et al., 2003; Irwin et al., 2003; Soussi, 2003). Interestingly, T
lymphoma cells and activated T cells from p53 deficient mice were still sensitive to
irradiation and chemotherapeutic agents but were apoptosis-resistant when the anti-
apoptotic Bcl-2 protein was expressed. (Strasser et al., 1994). This indicates that the
mitochondrial death pathway still plays a central role in anticancer drug induced
apoptosis independent of p53. One candidate of p53-independent apoptosis induction is
the pro-apoptotic nuclear orphan receptor transcription factor TR3/Nur77 (Li et al,
2000). TR3 is an immediate-early response gene and an orphan member of the steroid-
thyroid hormone-retinoid receptor superfamily of transcription factors. Treatment of the
human prostate cancer cells LNCaP with etoposide induced apoptosis that was blockable
with antisense to TR3. In response to apoptotic stimuli such as etoposide, TR3
translocated from the nucleus to the mitochondria to induce cytochrome ¢ release and
apoptosis. Though being a nuclear localized transcription factor, it could be demonstrated
that the mitochondrial targeting of TR3, but not its DNA-binding and transactivation was
necessary for apoptosis induction (Li et al., 2000). Another factor that so far has not been
shown to be p53-dependent is the XIAP-associated factor 1 (XAF1). XAF1 was isolated
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based on its ability to bind to the anti-apoptotic protein XIAP. It was shown that XAF1
antagonized the apoptosis-protective effect of XIAP by redistribution of XIAP from the
cytoplasm to the nucleus. Since the ubiquitously expressed protein is only present at low
or undetectable levels in different cancer cell lines it is speculated that XAF1 might
contribute to cancer resistance (Liston et al., 2001). Beside their ability to induce DNA-
damage at least two cytotoxic drugs - etoposide and cisplatin - have been shown to
induce cytochrome c release or caspase activation in the absence of DNA-damage using
isolated mitochondria (Robertson et al., 2000) or enucleated cytoplasts (Mandic et al.,
2003).

4.3. Mechanisms of Anticancer Drug Resistance

One simple way of counteracting the detrimental effect of cytotoxic agents is to
simply pump the respective anticancer drugs out of the cell. The major drug transporters
involved in drug resistance are the two MDR1 gene products P-glycoprotein and MRP
(multidrug resistance-associated protein) that both belong to the ATP-binding cassette
superfamily of transporter proteins (Cole et al.,, 1992; Palissot et al., 1998; Persidis,
1999). In addition, tumor cells specifically inactivate the apoptotic machinery in order to
increase their survival. The most effective way to silence the endogenous suicide
machinery would be to inactivate the apoptotic executioners i.e. the caspases within the
cell. This principle has actually been realized in the human tumor cell line MCF7 derived
from a breast carcinoma that lacks caspase-3 owing to the functional deletion of the
CASP-3 gene that consequently no longer shows any DNA-fragmentation or
morphological changes of apoptosis (Jénicke et al., 1998). Reconstitution of MCF7 cells
with caspase-3 sensitized these cells to doxorubicin and etoposide induced apoptosis
(Yang et al., 2001). In addition to caspase-3 other caspases like caspase-1, -4, -8 and -10
have been shown to be absent on mRNA level in different small cell lung carcinoma cell
lines (Joseph et al., 1999). One mechanism utilized by tumor cells to downregulate the
expression of pro-apoptotic proteins are epigenetic alterations such as hypermethylation
of regulatory gene sequences. This has been shown for caspase-8 that is frequently
inactivated by hypermethylation of regulatory sequences of the caspase-8 gene in a
number of different tumor cells derived from neuroblastoma, malignant brain tumors,
Ewing tumors, and small lung cell carcinoma both iz vitro and in vivo in primary tumors
(Debatin, 2004; Fulda et al., 2001; Teitz et al., 2000). Restoration of caspase-8 expression
by methylation inhibitors or gene transfer sensitized tumor cells to death receptor or
anticancer drug induced apoptosis (Fulda et al., 2001). Hypermethylation of regulatory
gene sequences has also been described for XAF1 in human gastric adenocarcinoma and
for Apaf-1 in human melanoma. Since the mitochondrial cytochrome ¢/Apaf-1/caspase-9
pathway represents an essential element in pS3-induced apoptosis (Soengas et al., 1999)
elimination of Apaf-1 seems to be an effective approach of tumor cells to evade the
action of cytotoxic agents. However, the role of Apaf-1 and caspase-9 as tumor
suppressors has been challenged since neither Apaf-1 nor caspase-9 were capable of
suppressing c-myc-induced lymphomagenesis and embryo fibroblast transformation
(Scott et al., 2004).

Another approach exploited by tumor cells is the downregulation of the expression
of the pro-apoptotic protein Bax. Accordingly, reduced Bax expression has been
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associated with poor responses to chemotherapy and shorter overall survival in breast and
colorectal carcinoma (Guner et al., 2003; Sturm et al., 1999). Conversely, enhanced Bax
levels correlated in esophageal squamous cell carcinoma with a good prognosis (Sturm et
al., 2001). Likewise, cancer cells decrease the apoptotic effect of cytotoxic drugs by
increasing the ratio of anti-apoptotic to pro-apoptotic Bcl-2 members by enhancing the
expression anti-apoptotic Bcl-2 (Minn et al., 1995). Therefore, like reduced expression of
Bax, overexpression of anti-apoptotic Bcl-2 family members confers anti-tumor drug
resistance in a number of different tumors like ALL, AML, CLL, multiple myeloma,
prostate carcinoma, malignant brain tumors, and neuroblastoma (Bargou et al.,, 1995;
Campos et al., 1993; Debatin, 2004; Prokop et al., 2000; Reed, 1999). In addition to Bcl-
2, also other anti-apoptotic proteins of the IAP family have been shown to be upregulated
in tumors and to confer drug resistance (Adida et al., 1998; Adida et al., 2000; Li et al.,
2001a; Tamm et al., 2000). Thus, XIAP, c-IAP1, c-IAP2 have been shown in vitro to
inhibit apoptosis induced by a variety of different stimuli such as cisplatin, cytarabine, y—
irradiation, staurosporine or TRAIL (Datta et al., 2000; Suliman et al, 2001).
Accordingly, the IAP-protein survivin that is usually undetectable in normal
differentiated tissues is overexpressed in various different human cancers (such as
neuroblastoma, melanoma, AML, breast, colon, lung and esophagus carcinoma) and is
correlated with a poor prognosis (Adida et al., 1998; Adida et al., 2000; Altieri, 2001;
Debatin, 2004; Li et al., 2001a; Salvesen & Duckett, 2002; Tamm et al., 2000).

Another intriguing mechanism of the tumor to evade the detrimental consequences of
chemotherapy has been proposed by the observation that cytotoxic agents can induce the
expression of CD95 and its ligand CD95L (Friesen et al., 1996). In addition, a high-
constitutive CD95L expression has been found in distinct lineages of tumors, such as
colon, lung, renal carcinoma, melanoma, hepatocellular carcinoma, astrocytoma and T-
and B-cell-derived neoplasms (Hahne et al., 1996; Niehans et al., 1997; O'Connell et al.,
1996; Saas et al., 1997; Shiraki et al., 1997; Strand et al., 1996, Tanaka et al., 1996).
Though the anticancer drug induced expression of CD95L might not be causative for
apoptosis induction mediated by cytotoxic agents it might have a pronounced effect on
eliminating tumor-specific T-cells by an inverse 'deadly kiss'. In this so-called model of
‘tumor counter attack', the tumor would gain a kind of 'immune privilege' by its virtue of
displaying CD95L on its surface (Bellgrau et al., 1995; Ferguson et al., 2002; French &
Tschopp, 2002; Green & Ferguson, 2001; Griffith et al., 1995; Griffith et al., 1996; Igney
et al., 2000; Igney & Krammer, 2002; O'Connell et al.,, 1999; O'Connell et al., 1996;
Restifo, 2001; Strand et al.,, 1996; Villunger & Strasser, 1999). Although, originally
discovered on activated T-lymphocytes, various other non-lymphoid cells can express
CD95L. A high constitutive expression is detected in Sertoli cells of the testis and
epithelial cells of the anterior eye chamber (Bellgrau et al., 1995; Griffith et al., 1995;
Griffith et al., 1996). This observation led to the proposal that CD95L is responsible for
the maintenance of immune privilege, which characterizes the ability of certain organs to
suppress graft rejection, even when transplanted in non-matched individuals (Bellgrau et
al.,, 1995; Griffith et al.,, 1995). In case of tumor cells, CD95L mediated depletion of
cytotoxic T-cells would enable the tumor cell to escape the host's immunosurveillance.
Supporting the tumor counter attack model were reports that detected apoptotic tumor
infiltrating lymphocytes in situ within the CD95L expressing tumor tissue (Bennett et al.,
1998b; Hahne et al., 1996; O'Connell et al., 1996; Strand et al., 1996; Villunger et al.,
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1997a; Villunger et al.,, 1997b). Conversely, it was also observed, that expression of
CD95L by grafts or tumor cells targeted these cells for destruction by infiltrating
neutrophils (Allison et al., 1997; Arai et al.,, 1997; Behrens et al., 2001; Kang et al,
1997a; Kang et al., 1997b). Thus, the CD95L mediated immune privilege of tumor cells
and the hypothesis of tumor cells counter-attacking the immune system remains a
controversial issue (Behrens et al., 2001; Debatin & Krammer, 2004; Igney et al., 2000;
Restifo, 2000; Restifo, 2001).

4.4. Future Therapeutic Approaches Targeting the Apoptotic Program

The endogenous suicide program offers different therapeutic accesses for new drugs.
Firstly, targeting of the tumor cell from the outside by triggering of death receptors.
Unfortunately, targeting the prime candidate CD95 by agonistic antibodies lead to
hypertension, liver failure and finally death. Similarly, TNF due to its toxic side effects is
also a poor candidate for anticancer therapy. A very promising candidate will be TRAIL
that has been shown to induce apoptosis in various different cancer cell lines, including
carcinoma of the colon, lung, breast, pancreas, prostate, kidney, thyroid, malignant brain
tumors, neuroblastoma, Ewing tumor, osteosarcoma, leukemia and lymphoma
(Ashkenazi et al., 1999; LeBlanc & Ashkenazi, 2003; Walczak et al., 1999). Especially,
TRAIL seems to display no toxicity in nonhuman primates such as chimpanzees, and
cynomolgous monkeys (Ashkenazi et al., 1999) though the application form of the
respective TRAIL construct seems to play an important role referring to toxicity on
normal human hepatocytes (Ashkenazi et al., 1999; Ichikawa et al., 2001; Jo et al., 2000;
Lawrence et al., 2001; LeBlanc & Ashkenazi, 2003; Nitsch et al., 2000; Walczak et al.,
1999).

Another promising feature of TRAIL might be the treatment in combination with
anticancer drugs or y-irradiation. Thus, the combination of TRAIL with cytotoxic drugs
or y-irradiation has been shown to cooperate synergistically in order to overcome
resistance to irradiation or anticancer drugs in various different cancers like melanoma,
leukemia, breast, colon or prostate carcinoma and could even override Bcl-2 or Bel-xg.
mediated resistance to cytotoxic drugs and y-irradiation (Ballestrero et al., 2004; Belka et
al., 2001; Chinnaiyan et al., 2000; Gliniak & Le, 1999; Keane et al., 2000; Nagane et al.,
2000; Rohn et al., 2001). In addition, TRAIL in combination with anticancer drugs also
cooperated in suppression of tumor growth in vivo in different murine models of human
cancers (Debatin & Krammer, 2004). A very promising approach is the combination of
TRAIL with IAP antagonists including membrane permeable Smac-derived peptides that
have been shown to increase the effect of TRAIL treatment by opposing the inhibitory
effect of IAPs that are overexpressed in many tumors (Altieri, 2003a; Altieri, 2003b; Arnt
et al., 2002; Fulda et al., 2002; Guo et al., 2002; Kanwar et al., 2001; Tamm et al., 2000;
Tamm et al., 2003; Wajant et al., 2002; Xia et al., 2002; Yang et al., 2003). Notably, it
could be demonstrated that Smac peptides synergized with TRAIL to eliminate malignant
glioma in an orthotopic mouse model without affecting the normal brain tissue (Fulda et
al., 2002).

Since a high expression of Bcl-2 is associated with poor response to chemotherapy in
vitro and in vivo it has consequently been targeted by antisense approaches e.g. by G3139
(Genasense). G3139 is a phosphorothioate antisense oligonucleotide targeted to the
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initiation codon region of the Bcl-2 mRNA that is currently being evaluated in several
Phase II and Phase III clinical trials. This Bcl-2 antisense therapy is well tolerated and
preclinical studies have shown that G3139 might increase the anti-tumor effect of several
chemotherapeutic drugs (Banerjee, 2001; Chi et al., 2001; Cotter et al., 1994; Marcucci et
al., 2003; Morris et al., 2002; Olie et al., 2002; Rudin et al., 2004; Rudin et al., 2002; Van
De Donk et al., 2004; Waters et al., 2000; Webb et al., 1997; Ziegler et al., 1997).

Silencing of pro-apoptotic genes like Apaf-1, caspase-8 or XAF1 by hyperme-
thylation has been shown to confer resistance to chemotherapeutic drugs (Byun et al.,,
2003; Soengas et al., 2001; Teitz et al., 2000). Therefore, reactivation of latent pro-
apoptotic genes by demethylating agents and/or histone deacetylase (HDAC) inhibitors
represents an intriguing concept and these agents are tested now in first clinical trials
(Johnstone et al., 2002; Marks et al., 2001). However, in contrast to the specific targeting
of pro-apoptotic factors these agents lack specificity and might cause detrimental side
effects since other silenced genes like hTERT might be reactivated by HDAC inhibitors
as well, and thus contribute to cellular immortalization and tumor progression (Marks et
al., 2001; Paulsen & Ferguson-Smith, 2001; Takakura et al., 2001).

5. CONCLUSIONS

It would be a meager simplification to presume that inactivation of the endogenous
suicide program represents the basic mechanism leading to cancerogenesis. However, the
loss of function of pro-apoptotic regulators such as the tumor suppressor gene p53 or
overexpression of anti-apoptotic proteins such as the oncogene Bcl-2 undoubtedly
contribute to the survival and propagation of the tumor. Though, being a controversial
issue over the last years it has become clear that the prime mechanism of cytotoxic agents
seems to be the activation of the mitochondrial cytochrome c¢/Apaf-1/caspase-9 pathway
and that the death receptor pathway appears to play a subsidiary role. One major feature
of DNA-damaging anticancer drugs is the p53 mediated activation of the apoptotic
machinery. This could be achieved by p53 mediated de novo synthesis of a variety of pro-
apoptotic proteins (like Bax, PUMA, Noxa, Apaf-1, PIDD, p53AIP1 Peg3/Pwl, CD95,
TRAIL-R2, GML, P2XM, PAG608, or PIGs). Beside its transcriptional activity, p53 can
also directly activate the mitochondrial death pathway by mitochondrial translocation and
subsequent activation of Bax. Though, p53 is a major executioner of anticancer drug
induced cell death, cytotoxic agents can also activate the apoptotic program in the
absence of functional p53. This might be addressed to the two other p53-family members
p63 and p73, that might compensate for the effect of p53 or by other factors like XAF1 or
TR3/Nur77, whose action has not been ascribed to p53 so far. Resistance to
chemotherapy might be a prerequisite of a given tumor or acquired due to selection of
cytotoxic drug resistant mutants during anticancer treatment. Thus, inactivation of pro-
apoptotic factors like p53, Bax, Apaf-1, caspases or XAF1 by mutation or
hypermethylation of respective regulatory gene sequences or overexpression of anti-
apoptotic proteins like Bcl-2, Bel-x;, or IAPs confer resistance to activation of the
apoptotic program by chemotherapeutic agents. Due to improvements of the knowledge
in tumor biology new drug targets emerged that might reveal to be beneficial tools in
cancer treatment. However, it is rather unlikely that the 'ideal' anticancer drug capable of
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eliminating all different forms of tumors will ever exist. Most likely, as in HIV-treatment,
the concerted action of drugs targeted at different features of the tumor (e.g. cell cycle,
mitochondrial and death receptor pathway, angiogenesis, DNA-methylation, histone
deacetylation, receptor tyrosine kinases, etc.) might in future enable a complete tumor
eradication without remission.
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DEATH RECEPTOR PATHWAYS AS TARGETS FOR
ANTICANCER THERAPY

Chapter II1

Simone Fulda'* and Klaus-Michael Debatin'

1. SUMMARY

Apoptosis, the cell’s intrinsic program to death, plays a central role in physiological
growth contro!l and regulation of tissue homeostasis. Accordingly, tipping the balance
between cell death and proliferation in favor of cell survival may result in tumor
formation. Also, killing of cancer cells by cytotoxic therapies currently used for treatment
of cancer, e.g. chemotherapy, y-irradiation, immunotherapy or suicide gene therapy,
largely depends on activation of apoptosis programs in cancer cells. To this end, death
receptor signaling has been implied to contribute to the efficacy of cancer therapy.
Failure to undergo apoptosis in response to anticancer therapy because of defects in death
receptor pathways may therefore result in cancer resistance. Further insights into the
mechanisms regulating apoptosis in response to anticancer therapy and how cancer cells
evade cell death may provide novel opportunities for drug development. Thus, agents
designed to selectively activate death receptor pathways may enhance the efficacy of
conventional therapies and may even overcome some forms of cancer resistance.

2. INTRODUCTION

Killing of tumor cells by cytotoxic therapies, e.g. chemotherapy, y-irradiation,
immunotherapy or suicide gene therapy, is predominantly mediated by triggering
apoptosis in cancer cells (Herr & Debatin, 2001). Apoptosis or programmed cell death is
a distinct, intrinsic cell death program that occurs in various physiological and
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pathological situations (Hengartner, 2000). The underlying mechanisms for initiation of
an apoptosis response upon cytotoxic therapy may depend on the individual stimulus and
have not exactly been identified. However, damage to DNA or to other critical molecules
is considered to be a common initial event which is then propagated by the cellular stress
response (Rich et al., 2000). Multiple stress-inducible molecules, e.g. INK, MAPK/ERK,
NF-xB or ceramide have been implied in the regulation of apoptosis (Karin et al., 2002;
Davis, 2000). Also, T cells or NK cells may contribute to tumor cell killing by releasing
cytotoxic compounds such as granzyme B which directly activates downstream apoptosis
effector mechanisms inside the cell (Hengartner, 2000). Apoptosis is characterized by
typical morphological and biochemical hallmarks including cell shrinkage, nuclear DNA
fragmentation and membrane blebbing (Hengartner, 2000). Proteolytic enzymes such as
caspases are important effector molecules in apoptosis (Degterev et al., 2003). Because of
the potential detrimental effects on cell survival in case of inappropriate activation of
apoptosis programs, apoptosis pathways have to be tightly controlled. The anti-apoptotic
mechanisms regulating cell death have also been implicated in conferring drug resistance
to tumor cells (Igney & Krammer, 2002a). However, the concept that apoptosis
represents the major mechanism by which cancer cells are eliminated may not universally
apply and caspase-independent apoptosis or other modes of cell death have also to be
considered as cell death response to cytotoxic therapy (Leist & Jaattela, 2001). Thus, a
better understanding of these diverse modes of cell death in cancer therapy will provide a
molecular basis for new strategies targeting death pathways in resistant forms of cancer.

3. APOPTOSIS SIGNALING PATHWAYS

In most cases, anticancer therapies eventually result in activation of caspasés, a
family of cysteine proteases that act as common death effector molecules in various
forms of cell death (Degterev et al., 2003). Caspases are synthesized as inactive proforms
and upon activation, they cleave next to aspartate residues (Degterev et al., 2003). The
fact that caspases can activate each other by cleavage at identical sequences results in
amplification of caspase activity through a protease cascade (Degterev et al., 2003).
Caspases cleave a number of different substrates in the cytoplasm or nucleus leading to
many of the morphologic features of apoptotic cell death (Degterev et al., 2003). For
example, polynucleosomal DNA fragmentation is mediated by cleavage of ICAD
(inhibitor of caspase-activated DNase), the inhibitor of the endonuclease CAD (caspase-
activated DNase) that cleaves DNA into the characteristic oligomeric fragments (Nagata,
2000). Likewise, proteolysis of several cytoskeletal proteins such as actin or fodrin leads
to loss of overall cell shape, while degradation of lamin results in nuclear shrinking
(Hengartner, 2000).

Activation of caspases can be initiated from different angles, e.g. at the plasma
membrane upon ligation of death receptor (receptor pathway) or at the mitochondria
(mitochondrial pathway) (Hengartner, 2000). Stimulation of death receptors of the tumor
necrosis factor (TNF) receptor superfamily such as CD95 (APO-1/Fas) or TRAIL
receptors results in activation of the initiator caspase-8 which can propagate the apoptosis
signal by direct cleavage of downstream effector caspases such as caspase-3 (Ashkenazi
& Dixit, 1999). The mitochondrial pathway is initiated by the release of apoptogenic
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factors such as cytochrome c, apoptosis inducing factor (AIF), Smac/DIABLO,
Omi/HtrA2, endonuclease G, caspase-2 or caspase-9 from the mitochondrial
intermembrane space (van Loo et al., 2002a). The release of cytochrome ¢ into the
cytosol triggers caspase-3 activation through formation of the cytochrome c/Apaf-
1/caspase-9-containing apoptosome complex, while Smac/DIABLO and Omi/HtrA2
promote caspase activation through neutralizing the inhibitory effects to IAPs (van Loo et
al., 2002a).

Links between the receptor and the mitochondrial pathway exist at different levels.
Upon death receptor triggering activation of caspase-8 may result in cleavage of Bid, a
Bcl-2 family protein with a BH3 domain only, which in turn translocates to mitochondria
to release cytochrome ¢ thereby initiating a mitochondrial amplification loop (van Loo et
al., 2002a). In addition, cleavage of caspase-6 downstream of mitochondria may feed
back to the receptor pathway by cleaving caspase-8 (Cowling & Downward, 2002).

4. DEATH RECEPTORS

Death receptors are members of the TNF receptor gene superfamily which consists
of more than 20 proteins with a broad range of biological functions including regulation
of cell death and survival, differentiation or immune regulation (Walczak & Krammer,
2000; Ashkenazi & Dixit, 1999; Ashkenazi & Dixit, 1998). Members of the TNF-
receptor family share similar, cysteine-rich extracellular domains. In addition, death
receptors are defined by a cytoplasmic domain of about 80 amino acids called ,,death
domain®, which plays a crucial role in transmitting the death signal from the cell’s
surface to intracellular signaling pathways. The best-characterized death receptors
comprise CD95 (APO-1/Fas), TNF receptor 1 (TNF-RI), TRAIL-R1 and TRAIL-R2,
while the role of DR3 (TRAMP/Apo-3/ WSL-1/LARD) or DR6 has not exactly been
defined (Walczak & Krammer, 2000; Ashkenazi & Dixit, 1999; Ashkenazi & Dixit,
1998). The p75 nerve growth factor (NGF) receptor also harbors a death domain through
which cell death can be induced.

The corresponding ligands of the TNF superfamily comprise death receptor ligands
such as CD95 ligand, TNF, lymphotoxin-a (the later two bind to TNF-RI), TRAIL and
TWEAK, a ligand for DR3 (Walczak & Krammer, 2000; Ashkenazi & Dixit, 1999;
Ashkenazi & Dixit, 1998). With the exception of lymphotoxin-a, all ligands are type II
transmembrane proteins, which also exist as soluble molecules after cleavage by
metalloproteases present in the microenvironment. Death receptors are activated upon
oligomerization in response to ligand binding.

4.1. CD95

The CD95 receptor/CD95 ligand system is a key signal pathway involved in the
regulation of apoptosis in several different cell types, e.g. in the immune system
(Krammer, 2000) (Walczak & Krammer, 2000). CD95, a 48 kDa type I transmembrane
receptor, is expressed on activated lymphocytes, on a variety of tissues of lymphoid or
non-lymphoid origin, as well as on tumor cells. CD95 ligand, a 40 kDa type II
transmembrane molecule, occurs in a membrane-bound and in a soluble form. CD95
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ligand is produced by activated T cells and plays a crucial role in the regulation of the
immune system by triggering autocrine suicide or paracrine death in lymphocytes or
other target cells (Krammer, 2000). Furthermore, CD95L expression on cancer cells has
been implicated in immune escape of tumors (Igney & Krammer, 2002b). By constitutive
expression of death receptor ligands such as CD95L, tumors may adopt a killing
mechanism from cytotoxic lymphocytes to delete the attacking anti-tumor T cells through
induction of apoptosis via CD95/CD95L interaction. However, this model of tumor
counterattack has also been challenged, since no study has so far conclusively
demonstrated that tumor counterattack is a relevant immune escape mechanism in vivo
(Igney & Krammer, 2002b).

4.2. TRAIL and its Receptors

TNF-related apoptosis-inducing ligand (TRAIL)/ Apo-2L was identified in 1995
based on its sequence homology to other members of the TNF superfamily (Wiley et al.,
1995; Marsters et al., 1996). TRAIL is a type 1l transmembrane protein, the extracellular
domain of which can be proteolytically cleaved from the cell surface. TRAIL is
constitutively expressed in a wide range of tissues. Comprising five different receptors,
the complexity of the TRAIL receptor system is unprecedented. TRAIL-R1 and TRAIL-
R2, the two agonistic TRAIL receptors, contain a conserved cytoplasmic death domain
motif, which enables them to engage the cell’s apoptotic machinery upon ligand binding
(Pan et al., 1997; Chaudhary et al., 1997; MacFarlane et al., 1997; Walczak et al., 1997,
Wu et al.,, 1997). TRAIL-R3 to R-5 are antagonistic decoy receptors, which bind TRAIL,
but don’t transmit a death signal (Degli-Esposti et al., 1997b; Pan et al., 1997; Marsters et
al.,, 1997; Pan et al., 1998; Degli-Esposti et al., 1997a). TRAIL-R3 is a glycosyl-
phosphatidylinositol GPI-anchored cell surface protein, which lacks a cytoplasmic tail,
while TRAIL-R4 harbors a substantially truncated cytoplasmic death domain. In addition
to these four membrane-associated receptors, osteoprotegerin is a soluble decoy receptor,
which is involved in regulation of osteoclastogenesis (Emery et al., 1998).

4.3. Signaling through CD95 or TRAIL Receptors

Ligation of death receptors such as CD95 or the agonistic TRAIL receptors TRAIL-
R1 and TRAIL-R2 by their cognate ligands or agonistic antibodies results in receptor
trimerization, clustering of the receptors’ death domains and recruitment of adaptor
molecules such as FADD through homophilic interaction mediated by the death domain
(Kischkel et al., 1995; Barnhart et al., 2003). FADD in turn recruits caspase-8 to the
activated CD95 receptor to form the CD95 death-inducing signaling complex (DISC).
Oligomerization of caspase-8 upon DISC formation drives its activation through self-
cleavage. Caspase-8 then activates downstream effector caspases such as caspase-3.
Besides caspase-8, caspase-10 is recruited to the TRAIL DISC (Kischkel et al., 2001).
However, the importance of caspase-10 in the TRAIL DISC for apoptosis induction has
been controversially discussed (Kischkel et al., 2001; Sprick et al., 2002). In addition to
activation at the DISC caspase-8 can also be activated downstream of mitochondria, e.g.
by caspase-6, depending on the cell type and/or apoptotic stimulus (Cowling &
Downward, 2002). For the CD95 signaling pathway 2 distinct prototypic cell types have
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been identified (Scaffidi et al., 1998). In type I cells, caspase-8 is activated upon death
receptor ligation at the DISC in quantities sufficient to directly activate downstream
effector caspases such as caspase-3 (Scaffidi et al., 1998). In type II cells, however, the
amount of active caspase-8 generated at the DISC is insufficient to activate caspase-3
(Scaffidi et al., 1998). In these cells a mitochondrial amplification loop is required for full
activation of caspases involving Bid, which translocates to mitochondria upon cleavage
by caspase-8 to trigger the release of apoptogenic proteins such as cytochrome ¢ from
mitochondria into the cytosol (Scaffidi et al., 1998). Accordingly, CD95-induced
apoptosis is blocked by overexpression of Bcl-2 or Bcel-xp, which inhibit mitochondrial
alterations only in type II, but not in type I cells (Scaffidi et al., 1998). Also, a similar cell
type dependent organization (type I and type II) of the TRAIL signaling pathway has
been described (Fulda et al., 2001).

4.4. TNF-R1 Signaling

Although TNF can signal through two different cell surface receptors, TNF-R1 and
TNFR2, TNF-R1 initiates the majority of its biological functions (Grell et al., 1999). In
principal, the interaction of TNF with TNF-R1 can activate several different signaling
pathways, depending on the specific adaptor molecules recruited to the activated
receptor. Ligation of TNF-RI by TNF results in receptor trimerization and release of the
inhibitory protein SODD from the intraceilular domain of TNFR1. This in turn enables
the recruitment of the adaptor protein TRADD, which serves as a common platform
adaptor for several signaling molecules that mediate the different biological functions of
TNF. For example, FADD couples the TNF-RI-TRADD complex to apoptosis via
recruitment and activation of caspase-8. Alternatively, TNFRI can engage via TRADD
the adaptor molecule TRAF2 that initiates activation of the MAPK/INK signaling
cascade. This results in activation of the transcription factor c-jun, which is involved in
survival signaling. Binding of RIP to TNF-RI via TRADD stimulates another survival
pathway through activation of NF-xB. RIP is critical for the recruitment of the IKK
complex, which comprises the two catalytic subunits IKKa and IKKB and the regulatory
subunit IKKYy, resulting in degradation of kB and NF-xB activation. NF-xB in turn
suppresses apoptosis through transcriptional upregulation of anti-apoptotic molecules
such as ¢c-IAP1, c-IAP2, TRAF1, TRAF2 or FLIP.

5. SIGNALING THROUGH DEATH RECEPTORS IN CANCER THERAPY
5.1. The CD95 System and Cancer Therapy

The CD95 system has been implicated in chemotherapy-induced tumor cell death in
a number of studies (Friesen et al., 1996; Fulda et al., 2001; Muller et al., 1997; Muller et
al., 1998) (Houghton et al., 1997; Reap et al., 1997). To this end, treatment with
anticancer drugs triggered an increase in CD95SL expression which stimulated the
receptor pathway in an autocrine or paracrine manner by binding to its receptor CD95. In
support of this concept, upregulation of CD95L was observed in many different tumor
cell lines, e.g. leukemia, neuroblastoma, malignant brain tumors, hepatoma, colon, breast
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or small lung cell carcinoma cells in vitro and also ex vivo in primary, patients® derived
tumor cells. Various anticancer agents with different primary intracellular targets have
been used in these studies including DNA-damaging agents such as doxorubicin,
etoposide, cisplatin or bleomycin. The CD95 receptor/ligand system has also been
implicated in thymineless death in colon carcinoma cells following treatment with 5-FU
(Houghton et al., 1997). In an ex vivo colon carcinoma cell model, CD95/CD95L
interactions were found to link DNA damage induced by thymineless stress to the
apoptotic machinery of colon carcinoma cells (Houghton et al., 1997). Activation of the
transcription factors AP-1 and NF-kB was shown to mediate the increase in CD95L
transcription and mRNA levels in response to chemotherapy (Kasibhatla et al., 1998).
AP-1 and NF-«xB binding sites were identified in the human CD95L promotor, which
respond to DNA damage or inhibition of DNA metabolism by upregulating NF-xB
activity (Kasibhatla et al., 1998). In addition to CD95L, CD95 expression on the cell’s
surface increased upon drug treatment, in particular in cells harboring wild-type p53
(Muller et al., 1997). pS3-responsive elements have been identified in the first intron of
the CD95 gene, as well as three putative p53-binding sites within the CD95 promotor,
which showed limited homology with the p53 consensus binding site (Muller et al.,
1998). Moreover, antagonistic CD95L antibodies, soluble antagonistic CD95 receptors or
DN-FADD were found to reduce drug-induced apoptosis under certain circumstances. In
addition to upregulation of CD95L and CD95, anticancer agents have been reported to
activate the CD95 pathway by modulating expression and recruitment of pro- or anti-
apoptotic components of the CD95 DISC to activated receptors. Upregulation of FADD
and pro-caspase-8 was found upon treatment with doxorubicin, cisplatin or mitomycin C
in colon carcinoma cells (Micheau et al., 1999). Also, increased recruitment of FADD
and pro-caspase-8 to the CD95 receptor to form the CD95 DISC was observed in certain
tumor cells upon drug treatment in a CD95L-dependent or CD95L-independent manner
(Fulda et al., 2001). These findings indicate that in cells with an inducible CD95
receptor/ligand system, drug-induced apoptosis may involve CD95L-initiated DISC
formation and activation of downstream effector programs similar to activation-induced
cell death (AICD) in T-cells.

Despite the reproducibility of these findings in different model systems, other reports
challenged the model that death receptor signaling is involved in drug-mediated cell
death (Eischen et al., 1997; Petak & Houghton, 2001; Villunger et al., 1997; Engels et al.,
2000). To that end, antagonistic antibodies against CD95L or CD95 did not confer
protection against apoptosis induced by cytotoxic drugs in other cell lines. Although
splenocytes from lpr mice showed decreased sensitivity to y-irradiation, thymocytes of
these mice did not show increased proliferation upon y-irradiation or cytotoxic drugs
(Reap et al., 1997). Enforced expression of FLIP, DN-FADD or the serpin crmA did not
inhibit drug-induced apoptosis, although it inhibited caspase-8 activation (Kataoka et al.,
1998). Also, targeted disruption of genes involved in death receptor signaling conferred
no protection against cytotoxic drug treatment, at least in nontransformed cells. FADD™
and caspase-8” fibroblasts were sensitive to cytotoxic drugs, while they remained
resistant to death receptor stimulation (Yeh et al., 1998; LeBlanc et al., 2002).

The discrepancies in data may also be explained by differences in the inhibitory
reagents used to block CD95/CD95L interaction. The quality of CD95/CD95L blocking
agents including anti-CD95 antibody, anti-CD95L antibody or soluble decoy CD95-Fc
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receptor constructs may vary depending on their origin and preparation. Also, the lack of
efficacy of these CD95/CD95L neutralizing agents may be due to inaccessibility of their
proposed targets. Experiments with adenoviral delivery of a CD95L-GFP construct
showed that CD95 and CD95L are stored intracellularly and colocalize to the same
intracellular compartments, e.g. the Golgi and/or endoplasmatic reticulum (Hyer et al.,
2000). An anti-CD95 blocking antibody did not inhibit CD95L-induced cell death
suggesting that CD95L may trigger CD9S within the same intracellular compartment and
that these two molecules may already interact prior to surface presentation (Hyer et al.,
2000). Thus, CD95/CD95L neutralizing agents may under certain circumstances not even
gain access to their targets prior to triggering of the CD9S pathway. Moreover, some
studies that challenge an involvement of the CD95 system in chemotherapy of tumor
cells are based on experiments performed in nontransformed cells, e.g. embryonic
fibroblasts, but not in cancer cells. However, the mechanisms regulating apoptosis in
non-malignant cells may vary considerably from those in malignant tumor cells, which is
highlighted by the differential sensitivity of these cell types to various death stimuli.

Although a considerable amount of data support a role of the CD95 system in
anticancer drug-induced apoptosis, at least under certain circumstances, most cytotoxic
drugs are considered to primarily initiate cell death by triggering a cytochrome c¢/Apaf-
1/caspase-9 dependent pathway linked to mitochondria. Collectively, these data point to a
key role of the mitochondrial pathway in drug-induced apoptosis, while the CD95 system
may amplify drug-induced apoptosis under certain conditions. Importantly, this
amplification of the chemoresponse may have important clinical implications, since it
may critically affect the time required for execution of the death program. However, the
concept of mitochondria being the central initiator to integrate stress stimuli into an
apoptotic response has very recently been challenged by showing that a functional
apoptosome is dispensable for stress-induced apoptosis. Activation of caspases, e.g.
caspase-2, in response to cellular stress was found to be required for mitochondrial
permeabilization rather than vice versa (Lassus et al., 2002). In addition, Bcl-2 was
reported to regulate a caspase activation program independently of the cytochrome
c/caspase-9/Apaf-1-containing apoptosome (Marsden et al., 2002). These studies indicate
that mitochondria may act as amplifiers, but not initiators of cell death in stress-induced
apoptosis. Thus, key elements of apoptosis signaling pathways may yet have to be
reconsidered.

5.2. TRAIL and Cancer Therapy

Similar to CD95L, TRAIL rapidly triggers apoptosis in many tumor cells (LeBlanc
& Ashkenazi, 2003; Wajant et al., 2002; Walczak & Krammer, 2000). The TRAIL ligand
and its receptors are of special interest for cancer therapy, since TRAIL has been shown
to predominantly kill cancer cells, while sparing normal cells. The underlying
mechanisms for the differential sensitivity of malignant versus non-malignant cells for
TRAIL have not exactly been defined. One possible mechanism of protection of normal
tissues is thought to be based on the set of antagonistic decoy receptors, which compete
with TRAIL-R1 and TRAIL-R2 for binding to TRAIL (Ozoren & El-Deiry, 2003).
However, screening of various different tumor cell types and normal cells did not reveal a
consistent association between TRAIL sensitivity and TRAIL receptor expression.
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Therefore, susceptibility for TRAIL-induced cytotoxicity has been suggested to be
regulated intracellularly by distinct patterns of pro- and anti-apoptotic molecules.

Whereas systemic administration of CD95 ligand or TNF is hampered by severe
toxic side effects (Walczak & Krammer, 2000), TRAIL appears to be a relatively safe
candidate for clinical application, particularly in its non-tagged, zinc-bound homotrimeric
form (LeBlanc and Ashkenazi, 2003). Studies in nonhuman primates such as
chimpanzees and cynomolgus monkeys showed no toxicity upon intravenous infusion,
even at high doses (Ashkenazi et al., 1999). In addition, no cytotoxic activity of TRAIL
was reported on a variety of normal human cells of different lineages including
fibroblasts, endothelial cells, smooth muscle cells, epithelial cells or astrocytes
(Lawrence et al., 2001). However, some concerns about potential toxic side effects on
human hepatocytes or brain tissue have also been raised (Jo et al., 2000; Nitsch et al,,
2000). The loss of tumor selectivity may be related to the TRAIL preparations used in
these studies. TRAIL preparations, which are antibody-crosslinked or not optimized for
Zn content, have been reported to form multimeric aggregates thereby overpassing the
threshold of sensitivity of normal cells (LeBlanc & Ashkenazi, 2003). Importantly, recent
evidence suggest that besides triggering apoptosis, TRAIL is able to induce survival and
proliferation in cancer cells resistant towards TRAIL-induced apoptosis, which is
mediated by the transcription factor NF-x B (Erhardt et al., 2003). Thus, the
death—inducing ligand TRAIL might paradoxically promote tumor growth under certain
conditions, e.g. in TRAIL resistant tumors.

There is also mounting evidence for an important role of TRAIL in tumor
surveillance, e.g. from studies with TRAIL knockout mice (Smyth et al., 2003; Cretney et
al., 2002). Although the biology of the TRAIL system may differ significantly between
mice and humans, since there is only one TRAIL receptor in mice, which is homologous
to both TRAIL-R1 and TRAIL-R2, the phenotype of these knockout mice are informative
with respect to the physiological function of TRAIL in vivo. Importantly, TRAIL-
deficient mice were more susceptible to tumor metastasis than wild-type mice (Cretney et
al., 2002). These data are in accordance with studies showing an important role of NK
cells, which constitutively express TRAIL, in the control of tumor metastasis (Takeda et
al., 2001; Smyth et al., 2001). In addition, tumor formation induced by carcinogens was
found to be enhanced in the presence of antagonistic TRAIL antibodies (Takeda et al.,
2001). Thus, TRAIL may play an essential role as innate effector molecule in immune
surveillance during tumor formation and progression.

6. DEFECTIVE DEATH RECEPTOR SIGNALING IN CANCER

Based on the concept that cytotoxic therapies primarily act by triggering apoptosis in
cancer cells, defects in apoptosis programs may result in primary or acquired resistance.
Drug resistance constitutes a major clinical problem in oncology. Patients, who present at
tumor relapse usually have tumors, which are more resistant to therapy than their primary
tumors. Signaling to cell death in response to death receptor stimulation can principally
be inhibited by an increase in anti-apoptotic molecules or by a decrease in pro-apoptotic
proteins. Tumor cells can acquire resistance by multiple mechanisms, which interfere
with the death receptor pathway at various levels as outlined below.
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6.1. Death Receptors and Death-Induced Signaling Complex (DISC)

Surface expression of death receptors may vary between different cell types and can
be downregulated or absent in resistant tumor cells, which has been assumed to
contribute to immune escape of tumor cells from negative growth control. Drug-resistant
leukemia or neuroblastoma cells showed strong downregulation of CD95 expression
suggesting that critical levels of CD95 expression may have an impact on drug sensitivity
(Friesen et al., 1997; Fulda et al., 1998). Also, drug-resistant tumor cells were found to be
deficient in upregulation of CD95L in response to treatment with cytotoxic drugs that
was involved in drug response in chemosensitive tumor cells (Friesen et al., 1997).
Mutations of the CD95 gene have been identified in a variety of hematological
malignancies and solid tumors (Debatin et al., 2003). The incidence of CD95 mutations
found in human tumors has been taken as evidence that the CD95 system exerts a tumor
suppressor function. Moreover, soluble receptors such as soluble CD95 or decoy receptor
3 (DcR3), which act as decoy receptors by competitively binding CD95 ligand, can
interfere with CD95-triggered apoptosis (Ashkenazi & Dixit, 1999). Increased serum
levels of soluble CD95 lacking a transmembrane anchor, which is generated by
alternative mRNA splicing products, were found in adult T cell leukemia as well as in a
variety of nonhematopietic malignancies (Ugurel et al., 2001; Midis et al., 1996). DcR3 is
a decoy receptor unrelated to the CD95 protein, which can bind to both CD9S ligand and
to LIGHT, another TNF cytokine member. DcR3 was found to be genetically amplified
or overexpressed in lung carcinoma, colon carcinoma or glioblastoma (Roth et al., 2001)
(Pitti et al., 1998). TRAIL-R3, a decoy receptor for TRAIL, was found to be
overexpressed in gastric carcinoma (Sheikh et al., 1999). Moreover, loss of expression of
the agonistic TRAIL receptors TRAIL-R1 and R2 may account for TRAIL resistance.
Both receptors are located on chromosome 8p, a region of frequent loss of heterozygosity
(LOH) in tumors (LeBlanc and Ashkenazi, 2003). In a small percentage of cancers, e.g.
non-Hodgkin’s lymphoma, colorectal, breast, head and neck or lung carcinoma, deletions
or mutations were found, which resulted in loss of both copies of TRAIL-R1 or R2 (Lee
et al., 2001; Lee et al.,, 1999; Arai et al., 1998; Shin et al., 2001; Pai et al., 1998).

Impaired transmembrane expression of CD95 or TRAIL receptors may also be
caused by epigenetic changes such as CpG-island hypermethylation of gene promoters
(Baylin, 2002; van Noesel et al., 2003; Maecker et al., 2002). Also, alterations in
chromatin structure, e.g. chromatin condensation because of histone deacetylation, may
block transcription by preventing the access of transcription factors to the DNA (Marks et
al., 2001). Interestingly, epigenetic changes in CD95 expression have been reported to
determine immune escape and response to therapy (Maecker et al., 2002). In tumors with
epigentically silenced CD95, restoration of CD95 expression by histone deacetylase
inhibitors resulted in suppression of tumor growth and restoration of chemosensitivity in
an NK cell-dependent manner (Maecker et al., 2002). In addition, oncogenes have been
reported to repress CD9S5 transcription. To this end, oncogenic RAS was found to
downregulate the expression of CD95 (Peli et al.,, 1999), and STAT3 and c-jun
cooperated in transcriptionally repressing CD95 expression (Ivanov et al., 2001).

Signaling by death receptors can also be negatively regulated by proteins that
associate with their cytoplasmatic domains, e.g. FLIP or phosphoprotein enriched in
diabetes/phosphoprotein enriched in astrocytes-15kDa (PED/PEA-15) (Krueger et al.,
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2001; Barnhart et al., 2003). Two splice variants of FLIP, a long form (FLIP.) and a short
form (FLIPs), have been identified in human cells, which have sequence homology to
caspase-8 and caspase-10, but lack its catalytic site (Krueger et al., 2001). Consequently,
the recruitment of FLIP to the DISC instead of pro-caspase-8 or —10 can block caspase
activation (Krueger et al., 2001). High FLIP expression has been found in many tumor
cells and has been correlated with resistance to CD95- and TRAIL-induced apoptosis
(Fulda et al., 2000) (Zhang et al., 1999). In addition, FLIP expression was associated with
tumor escape from T cell immunity and enhanced tumor progression in experimental
studies in vivo pointing to a role of FLIP as a tumor-progression factor (Medema et al.,,
1999; Djerbi et al., 1999). Viral analogues of FLIP are encoded by several tumorigenic
viruses, e.g. human herpesvirus-8 (HHVS8), which has been implicated in the
pathogenesis of Kaposi’s sarcoma (Sturzl et al., 1999). Interestingly, high FLIP levels
were detected in advanced Kaposi’s sarcoma, while FLIP expression was low in early
disease stages (Sturzl et al., 1999). However, the impact of FLIP on apoptosis sensitivity
towards cytotoxic drugs may vary between cell types, since overexpression of FLIP did
not confer protection against cytotoxic drugs in T cell leukemia cells, while FLIP
antisense oligonucleotides sensitized osteosarcoma cells for cisplatin (Kataoka et al.,
1998; Kinoshita et al., 2000). Interestingly, recent evidence suggest that FLIP;, is a dual
function regulator for caspase-8 activation and CD95-mediated apoptosis (Chang et al.,
2002). At physiologically relevant levels, FLIP, enhanced pro-caspase-8 processing in
the CD95 DISC and apoptosis, while it inhibited apoptosis only at high ectopic
expression levels (Chang et al., 2002). PEA-15 is another death effector domain (DED)-
containing protein, which blocks CD95-, TRAIL- or TNF-triggered apoptosis in a
receptor-proximal manner by disrupting FADD and caspase-8 interactions (Barnhart et
al., 2003; Hao et al., 2001). PEA-15 has been implicated in tumor resistance, since
enhanced expression of PEA-15 has been detected in TRAIL-resistant malignant glioma
(Xiao et al., 2002). Furthermore, activation of protein kinase C (PKC) was found to
negatively regulate recruitment of death domain containing molecules into their
respective death receptor-associated signaling complex (Harper et al., 2003).

6.2. Caspases

Despite the key role of caspases for cell death execution, caspase mutations in
tumors have only been identified at low frequency in some tumors, e.g. colorectal cancer
or head and neck carcinoma (Mandruzzato et al., 1997; Kim et al., 2003). Instead,
caspase expression and function appears to be frequently impaired by epigenetic
mechanisms in cancer cells. To this end, caspase-§ expression was found to be
inactivated by hypermethylation of regulatory sequences of the caspase-8 gene in a
number of different tumor cells derived from neuroblastoma, malignant brain tumors,
Ewing tumor and small lung cell carcinoma both in vitro and also in vivo in primary
tumor samples (Teitz et al., 2000) (Fulda et al., 2001; Hopkins-Donaldson et al., 2003).
Interestingly, co-methylation for caspase-8 and FLIP and also for the pairs of agonistic
TRAIL receptors TRAIL-RI/TRAIL-R2 and antagonistic TRAIL receptors TRAIL-
R3/TRAIL-R4 was recently observed in neuroblastoma suggesting that genes are not
randomly targeted by methylation in cancer (van Noesel et al., 2003). Importantly,
restoration of caspase-8 expression by gene transfer or by demethylation treatment
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sensitized resistant tumor cells for death-receptor- or drug-induced apoptosis (Fulda et
al.,, 2001). Enhanced transcription of caspase-8 was also found upon treatment with
IFNy(Fulda et al., 2001). Interferon-sensitive response element were subsequently
identified in the caspase-8 promotor showing that IFNy could directly activate caspase-8
transcription (Yang et al., 2003b; Banelli et al., 2002). Another level of transcriptional
regulation of caspase expression in cancers is alternative splicing of caspases. For
example, the gene encoding pro-caspase-9 can generate short isoform that act as
dominant-negative variant to suppress apoptosis (Srinivasula et al., 1999).

6.3. IAPs

The family of endogenous caspase inhibitors “inhibitor of apoptosis proteins” (IAPs)
are highly conserved throughout evolution and comprise the human analogues XIAP,
c-IAP1, c-IAP2, survivin and livin (ML-IAP) (Salvesen & Duckett, 2002; Altieri,
2003b). IAPs have been reported to directly inhibit active caspase-3 and -7 and to block
caspase-9 activation (Salvesen & Duckett, 2002). Inhibition of apoptosis by IAPs in
response to cytotoxic therapy, e.g. chemotherapy treatment with TRAIL or after y-
irradiation has been suggested by several experimental studies. XIAP, c-IAP1, c-IAP2
and survivin are expressed at high levels in many tumors, e.g. leukemia, neuroblastoma,
and several carcinoma, which has been correlated with adverse prognosis (Salvesen &
Duckett, 2002). The c-IAP2 gene is affected by the t(11;18)(q21;q21) translocation,
which occurrs in 50% of mucosa-associated lymphoid tissue (MALT) lymphoma
suggesting that c-IAP2 is involved in the pathogenesis of this disease (Dierlamm et al.,
1999). High expression of livin (ML-IAP) is characteristic for melanoma compared to
low livin expression in normal melanocytes (Hersey & Zhang, 2001). Survivin is
expressed at high levels in the majority of human cancers representing the fourth most
common transcriptome of the human genome, but is not expressed in normal adult tissues
indicating that survivin may contribute to the malignant phenotype of cancer cells
(Altieri, 2003b; Velculescu et al., 1999). The role of survivin in regulation of apoptosis
and proliferation is more complex compared to other IAP family proteins. For example,
recent evidence suggest that direct interaction between survivin and Smac/DIABLO is
essential for the anti-apoptotic activity of survivin rather than binding to and inhibition of
effector caspases (Song et al., 2003). Interestingly, the antiapoptotic function of survivin
has also been related to inhibition of mitochondrial and AIF-dependent apoptotic
pathways, protecting against both caspase-independent and -dependent apoptosis (Blanc-
Brude et al., 2003) (Liu et al., 2004). In addition to regulation of apoptosis, survivin have
been found to be involved in the regulation of mitosis (Altieri, 2003). IAPs are negatively
regulated by caspase-mediated cleavage or by proteasomal degradation (Salvesen &
Duckett, 2002). In addition, mitochondrial proteins, e.g. Smac/DIABLO or Omi/HtrA2,
or nuclear proteins such as XIAP-associated factor 1 (XAF-1), which translocate into the
cytosol upon induction of apoptosis, antagonize the antiapoptotic function of IAPs
through binding to IAPs (van Loo et al., 2002b; Du et al., 2000; Liston et al., 2001).
Interestingly, reduced expression of XAF-1 was found in a variety of human cancers
(Fong et al., 2000). The XAF-1 gene resides on chromosome 17p13.2, a region frequently
targeted by mutation or loss of heterocygeoucity in human cancers (Fong et al., 2000). In
addition to mutational inactivation, epigenetic silencing by CpG-island promotor
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hypermethylation of the XAF-1 gene was recently detected in advanced human gastric
adenocarcinomas (Byun et al.,, 2003) indicating that XAF-1 may act as a tumor
suppressor gene.

6.4. Bcl-2 Proteins

Bcl-2 family proteins play a pivotal role in the regulation of the mitochondrial
pathway, since these proteins localize to intracellular membranes, in particular the
mitochondrial membrane (Cory & Adams, 2002). They comprise both anti-apoptotic
members, e.g. Bel-2, Bel-x;,, Mcl-1, as well as pro-apoptotic molecules such as Bax, Bak,
Bad and BH3 domain only molecules that link the death receptor pathway to the
mitochondrial pathway (Bid, Bim, Puma, Noxa) (Cory & Adams, 2002). Upon apoptosis
induction proapoptotic Bcl-2 proteins with multidomains such as Bax translocate from
the cytoplasm to the outer mitochondrial membrane, where they oligomerize to form a
pore like structure thereby promoting cytochrome c release (Wei et al., 2001) (Cheng et
al., 2001). This translocation to mitochondria can be triggered by Bcl-2 proteins which
have a BH3 domain only. BH3 domain only proteins include Bid, which is activated by
caspase-8-mediated cleavage, Bim, a microtubule-associated protein, or Noxa and
PUMA, two p53-induced proteins (Cory & Adams, 2002). Recent evidence obtained
from studies in mice with either noxa or puma disrupted indicate that Puma and Noxa are
critical mediators of the apoptotic responses induced by p53 and diverse p53-independent
cytotoxic insults, including cytokine deprivation and exposure to glucocorticoids, the
kinase inhibitor staurosporine, or phorbol ester (Villunger et al., 2003). Interestingly,
pharmacologic activation of p53 was recently reported to elicits Bax-dependent apoptosis
in the absence of transcription (Milosevic et al., 2003). Bcl-2 or Bel-x;, exert their anti-
apoptotic function, at least in part, by sequestering BH3 domain only proteins in stable
mitochondrial complexes, thereby preventing activation and translocation of Bax or Bak
to mitochondria (Cory & Adams, 2002). In addition, Bcl-2 and Bel-x;, block apoptosis by
preventing cytochrome c release through a direct effect on mitochondrial channels such
as the voltage-dependent anion channel (VDAC) or the permeability transition pore
complex (PTPC) (Cheng et al., 2003).

Imbalances in the ratio of anti-and pro-apoptotic Bcl-2 proteins may tip the balance
in favor of tumor cell survival instead of cell death and have been shown to drastically
alter apoptosis in response to several stimuli in a number of experimental systems (Cory
& Adams, 2002). Also, Bcl-2 can cooperate with oncogenes such as the c-myc oncogene
in the process of multistep carcinogenesis by blocking c-myc-induced apoptosis (Evan &
Vousden, 2001). Alterations in the expression of anti-apoptotic or pro-apoptotic members
of the Bcl-2 family proteins have been described in various human cancers and may
involve structural gene alterations. For example, a characteristic feature of follicular
lymphoma is the t(14;18) translocation, which brings the Bcl-2 gene under the control of
the immunglobulin heavy chain locus resulting in enhanced Bcl-2 expression (Cory &
Adams, 2002). Single nucleotide substitution or frameshift mutations, that inactivate the
Bax gene in mismatch repair (MMR)-deficient colon cancer or hematopoetic
malignancies, have also been described (Cory & Adams, 2002). Lack of Bax expression
in MMR-deficient colon cancer cells was associated with resistance to TRAIL because of
deficient release of Smac/DIABLO from mitochondria (Deng et al., 2002). Accordingly,
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restoration of Bax expression in MMR-deficient colon cancer cells also restored
sensitivity for TRAIL-induced apoptosis (Deng et al., 2002). Besides genetic alterations,
aberrant expression of Bcl-2 family proteins is mostly regulated at the transcriptional or
posttranscriptional level. For example, expression of several antiapoptotic Bcl-2 family
proteins, e.g. Bcl-2, Bel-xg, Mcl-1 or Bfl-1, is transcriptionally regulated by NF-xB
(Karin et al., 2002). Interestingly, Bcl-x, has recently been reported to be
transcriptionally upregulated by Stat3 and NF-«xB already in premalignant lesions in an in
vivo model of pancreatic carcinoma indicating that impaired apoptosis may contribute to
pancreatic carcinogenesis (Greten et al., 2002). It is tempting to speculate that Bcl-x;, may
cooperate with oncogenic H-RAS in the development of pancreatic cancer by blocking
RAS-induced apoptosis, similar to the oncogenic cooperation described for Bcl-2 and c-
myc (Evan & Vousden, 2001).

6.5. Novel Regulators of Death Receptor Signaling

In addition to well-characterized genes, novel regulators of death receptor signaling
have recently been identified by high throughput screening platforms. Using an RNA
interference-based forward genetic screen, novel regulators of the TRAIL pathway
including MYC, JNK3 or DOBI (downstream of Bid) were identified (Aza-Blanc et al.,
2003). Moreover, a recent analysis by expression profiling revealed fundamental
differences in gene expression between type I and type II CD95 tumor class cells
(Algeciras-Schimnich et al., 2003). Type I cell lines expressed mesenchymal-like genes
and were especially responsive to growth inhibition by actin-binding compounds. In
contrast, type II cell lines were characterized by epithelium-like markers and responded
to tubulin-interacting compounds (Algeciras-Schimnich et al., 2003). Future functional
genomics studies may provide further insight into the complexity of the signaling
network regulating death receptor-mediated apoptosis in response to anticancer therapy.

7. DEATH RECEPTOR-TARGETED THERAPIES FOR CANCER
7.1. Targeting Death Receptors and DISC Formation

The idea to specifically target death receptors to trigger apoptosis in tumor cells is
attractive for cancer therapy since death receptors have a direct link to the cell’s death
machinery (Ashkenazi, 2002). Also, apoptosis upon death receptor triggering is
considered to occur independent of the p53 tumor suppressor gene, which is impaired in
the majority of human tumors (El-Deiry, 2001). Recombinant soluble TRAIL induced
apoptosis in a broad spectrum of cancer cell lines, including colon carcinoma, breast
carcinoma, lung carcinoma, pancreas carcinoma, prostate carcinoma, renal carcinoma,
thyroid carcinoma, malignant brain tumors, Ewing tumor, osteasarcoma, neuroblastoma,
leukemia and lymphoma (LeBlanc & Ashkenazi, 2003; Wajant et al., 2002). Also,
TRAIL exhibited potent tumoricidal activity in vivo in several xenograft models of colon
carcinoma, breast carcinoma, malignant glioma or multiple myeloma. Furthermore,
monoclonal antibodies that engage the TRAIL receptors TRAIL-R1 or TRAIL-R2 also
demonstrated potent antitumor activity against tumor cell lines and in preclinical cancer
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models. In addition to recombinant soluble TRAIL ligand, several gene therapy
approaches have been developed to specifically target tumor cells. To this end, an
adenoviral vector expressing the TRAIL gene from the hTERT promoter elicited high
levels of TRAIL expression and apoptosis specifically in breast cancer cells, whereas
only minimal transgene expression and toxicity was detected in normal human primary
mammary epithelial cells (Lin et al., 2002). Intralesional administration of adenoviral
TRAIL effectively suppressed the growth of human breast cancer xenografts resulting in
long-term tumor-free survival of mice (Lin et al., 2002). The antitumor effect of an
intratumoral administration of an adenoviral vector expressing TRAIL in an in vivo
model of breast carcinoma was attributed to direct tumor cell killing as well as to a
bystander effect through presentation of TRAIL by transduced normal cells (Lee et al.,
2002).

Despite expression of both agonistic TRAIL receptors, many tumors remain resistant
towards treatment with death-inducing ligands such as TRAIL, which has been related to
the dominance of anti-apoptotic signals, e.g. those delivered by NF-xB, AKT or by
inhibitor of apoptosis proteins (IAPs). Importantly, numerous studies have shown that
TRAIL together with cytotoxic drugs or y-irradiation strongly synergized to achieve
antitumor activity in various cancers including malignant glioma, melanoma, leukemia,
breast, colon or prostate carcinoma (Rohn et al., 2001; Nagane et al., 2000) (Gliniak &
Le, 1999; Keane et al., 2000; Belka et al., 2001; Chinnaiyan et al., 2000). Remarkably,
TRAIL and anticancer agents also cooperated to suppress tumor growth in different
mouse models of human cancers. The molecular mechanisms, which account for this
synergistic interaction may include transcriptional upregulation of the agonistic TRAIL
receptors TRAIL-R1 and TRAIL-R2, which has been reported to occurr in a p53-
dependent or p53-independent manner (Meng & El-Deiry, 2001; Takimoto & El-Deiry,
2000). Recent evidence suggest that p53 is crucial for sensitization to TRAIL by
chemotherapy through transcriptional upregulation of TRAIL-R2 in some tumors, e.g.
mismatch repair-deficient colorectal cancer cells harboring Bax mutations (Wang & El-
Deiry, 2003). Intriguingly, pre-exposure to chemotherapy restored TRAIL sensitivity
through p53-mediated increase of TRAIL-R2 expression even in resistant colorectal
carcinoma cells lacking Bax expression indicating that sequential combination of
anticancer agents with TRAIL may overcome some forms of resistance (Wang & El-
Deiry, 2003). In addition, chemotherapy has been reported to enhance DISC assembly
upon TRAIL receptor triggering in colon carcinoma cells (Lacour et al., 2003).

Targeting elevated FLIP expression constitutes another approach to enhance death
receptor signaling in cancers. Downregulation of FLIP expression by metabolic inhibitors
such as actinomycin D sensitized various tumor cells for death receptor-induced
apoptosis (Kinoshita et al., 2000). Recent evidence indicate that PPARy ligands or
proteasome inhibitors may selectively reduce FLIP expression, thereby sensitizing tumor
cells for TRAIL treatment (Kim et al., 2002) (Sayers et al., 2003). Furthermore, inhibitors
of protein kinase C (PKC) restored sensitivity to TRAIL-or CD95-induced apoptosis, as
PKC activation negatively regulates recruitment of death domain containing molecules
into their respective death receptor-associated signaling complex (Harper et al., 2003).
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7.2. Bel-2/Bcel-x;, Antagonists

The majority of cancer cells falls into the catagory of type Il cells, which depend on
an intact mitochondrial pathway for cell death execution upon death receptor triggering.
Since overexpression of Bcl-2 related proteins, which occurs in more than half of human
cancers, confers tumor cell resistance by blocking the mitochondrial pathway, attempts
aimed at overcoming the cytoprotective effect of Bcl-2 may prove to be an effective
strategy to restore sensitivity of cancer cells for death receptor triggering. To this end,
nuclease-resistant Bcl-2 antisense oligonucleotides downregulating Bcl-2 mRNA are
currently tested in phase II/III clinical trials for hematological malignancies or solid
tumors, as single agent or in combination with chemotherapy (Chi et al., 2001).
Moreover, Bcl-2/Bcl-x;, small molecule antagonists targeting the BH3 binding site on
Bcl-2 or Bcel-x;, are under preclinical evaluation (Letai et al., 2002). Also, agonistic BH3
peptides have been designed that mimic BH3 only proteins in activating proapoptotic Bax
and Bak proteins (Letai et al., 2002).

7.3. IAP Antagonists

There is mounting evidence that cancer celis have an intrinsic drive to apoptosis that
is held in check by IAPs. To this end, high basal levels of caspase-3 and caspase-8
activities and active caspase-3 fragments in the absence of apoptosis were detected in
various tumor cell lines and cancer tissues, but not in normal cells (Yang et al., 2003a).
Tumor cells, but not normal cells also expressed high levels of IAPs (Yang et al., 2003a)
suggesting that upregulated IAP expression counteracted the high basal caspase activity
selectively in tumor cells. Thus, IAPs may serve as important molecular targets for the
development of cancer-specific therapeutics. To this end, several strategies have been
developed to target survivin, given the differential expression of survivin in cancers
versus normal tissues and its role in preservation of tumor cell viability. For example,
downregulation of survivin expression by antisense oligonucleotides, ribozymes, RNA
interference or dominant-negative survivin variants resulted in suppression of tumor
growth in several tumor models in vitro and also in vivo, alone and/or in combination
with chemotherapy (Williams et al., 2003; Altieri, 2003a; Blanc-Brude et al., 2003;
Grossman et al., 2001). Furthermore, pharmacological inhibition of survivin
phosphorylation at mitosis using cyclin-dependent kinase inhibitor such as flavopiridol or
purvanolol A strongly enhanced the cytotoxic effect of taxol both in vitro and in vivo
(O'Connor et al., 2002; Wall et al., 2003). Moreover, cancer vaccination strategies
showed that a strong antigen-specific immune response could be mounted against
survivin-bearing tumor cells (Pisarev et al., 2003; Schmidt et al., 2003; Schmitz et al.,
2000).

Furthermore, Smac peptides were found to promote caspase activation by
antagonizing IAPs and sensitized various tumor cells in vitro for apoptosis induced by
death-receptor ligation or cytotoxic drugs (Fulda et al., 2002). Importantly, Smac
peptides strongly enhanced the antitumor activity of TRAIL in an intracranial malignant
glioma xenograft model in vivo (Fulda et al., 2002). Complete eradication of established
tumors and survival of mice was only achieved upon combined treatment with Smac
peptides and TRAIL without detectable toxicity to normal brain tissue (Fulda et al.,
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2002). In addition to Smac peptides, peptides interacting with XIAP, which were
identified by screening of a phage library (Tamm et al., 2003), and non-peptidic small
molecule antagonists of XIAP derived from a polyphenylurea library were subsequently
described to exhibit antitumor activity (Schimmer et al., 2004). Thus, low molecular
weight antagonists targeting IAPs such as Smac peptides may be promising candidates
for cancer therapy by potentiating the efficacy of cytotoxic therapies selectively in cancer
cells.

8. CONCLUSIONS

Signaling by death receptors has been shown to play a crucial role in physiolo-gical
growth control, tissue homeostasis and surveillance of tumor formation. Also, tumor cell
killing by anticancer therapy is primarily mediated by triggering apoptosis in cancer cells.
Accordingly, defects in death receptor pathways may result in tumor cell resistance.
Targeting defects in apoptosis programs may therefore restore sensitivity in resistant
forms of cancer. Numerous studies over the last years have delineated various signaling
pathways involved in the regulation of tumor formation and progression. However,
further insight into the complex signaling network activated in response to anticancer
therapy using cancer cell lines, primary tumor cells and animal model systems are needed
to identify the best molecular targets for further evaluation. Also, studies on the role of
apoptosis signaling molecules in clinical samples using DNA or proteomic arrays are
clearly necessary to assess the impact of these molecular parameters on clinical outcome.
Hopefully, these studies may eventually allow the identification of novel therapeutic
targets thereby providing the basis for targeted, individual tumor therapy.
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CASPASES; MODULATORS OF APOPTOSIS
AND CYTOKINE MATURATION -
TARGETS FOR NOVEL THERAPIES

Chapter IV

Melissa J. Knight'* and Christine J. Hawkins®

1. INTRODUCTION

Numerous cells are eliminated during development of metazoans, through a process
variously referred to as programmed cell death, physiological cell death or apoptosis.
This cell removal also occurs throughout adult life, balancing cell division and regulating
the number of cells in organs and tissues. Diseases can result from dysregulation of
apoptosis. Inappropriate survival of dangerous cells (for example cells which are
precancerous, infected or have autoimmune specificities) may contribute to cancer,
infection and autoimmune diseases. Conversely, removal of essential cells through
excessive apoptosis plays a role in degenerative diseases, and can compromise the
success of organ transplantation. Modulating the expression or activity of apoptotic
pathway components is therefore a useful therapeutic approach to counter either
unwanted survival or death of particular cells associated with certain human diseases.

Most apoptotic pathways converge with the proteolytic activation of members of a
family of cysteine aspartyl-specific proteases, abbreviated “caspases” (Alnemri et al.,
1996). Other members of this family regulate maturation of inflammatory cytokines.
Because they play such a central role in the initiation and execution of cell death and / or
maturation of inflammatory cytokines, and their biochemical activation mechanisms are
well understood, caspases represent key targets for drug discovery and development.

This chapter discusses a number of approaches aimed at manipulating caspase
activity, with the goal of treating diseases whose pathogeneses involve perturbations in
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apoptosis and/or inflammation. Thousands of articles and numerous reviews have
previously presented ir vitro evidence for the utility of caspase modulation in treating
disease. This chapter focuses on the impact of manipulating caspase activity in animal
models of human diseases and highlights considerations for developing therapeutic
caspase inhibitors.

1.1. The Caspase Family

The first member of the caspase family, caspase-1, was cloned and characterized
years before the coining of the “caspase” term. This enzyme, formerly designated
interleukin-1f-converting enzyme (ICE), proteolytically generates the pro-inflammatory
cytokine interleukin (IL)-1p from its precursor (Thornberry et al., 1992). It also similarly
activates pro-IL-18. Subsequent demonstration of sequence and functional homology
between ICE / caspase-1 and CED-3, a nematode protein required for developmental
programmed cell death, was the first indication of a role for ICE-like enzymes in
apoptosis. Although overexpression of caspase-1 induced apoptosis in mammalian tissue
culture cells, data from subsequent experiments implied that its primary role is in
cytokine maturation rather than apoptosis. Caspases have been cloned from
evolutionarily diverse organisms, including mammals, insects and nematodes. Eleven
human relatives have now been identified. Some of these, like caspase-1, have primary
roles in cytokine processing. Others functionally resemble CED-3, acting in apoptotic
signaling pathways.

Like the first identified caspase substrate (pro-IL-1f), almost all known cellular
caspase substrates are cleaved on the carboxyl side of aspartate residues (termed the P1
site). Two instances of caspases cleaving after glutamate residues have also been reported
(Ethell et al., 2001; Hawkins et al., 2000). Somewhat surprisingly, no systematic
exploration of the ability of caspases to cleave non-aspartate P1 amino acids has been
published. However, based on the cleavage sites of natural substrates, caspases are
generally assumed to be relatively aspartate-specific proteases.

1.2. Caspase Activation

Caspases are translated as dormant precursors and are typically activated by
proteolytic processing after aspartate residues, releasing an amino terminal prodomain, a
large protease subunit and a small protease subunit. Two molecules of each of the
subunits form the active enzyme. The processing can be performed by active caspases,
leading to a caspase cascade in which initiator caspases proteolytically activate effector
caspases. At the onset of an apoptotic response, interactions between the prodomains of
upstream caspases and adaptor proteins promote autoactivation of initiator caspases. For
example, as detailed in Chapter III, ligation of receptors by death ligands of the TNF-
family triggers recruitment and aggregation of an adaptor molecule FADD and caspases-
8 and -10. The caspases become activated as a result of this “induced proximity”
(Salvesen & Dixit, 1999). As discussed in Chapter V, DNA damage (caused by
irradiation or chemotherapeutic drugs) triggers release of cytochrome-c from the
mitochondria to the cytosol. In concert with the co-factor dATP, cytosolic cytochrome ¢
forms a complex with another adaptor molecule, Apaf-1, which recruits and activates
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pro-caspase-9. The cytokine maturation enzymes caspases-1 and -5 are activated via their
recruitment into a third complex, dubbed the “inflammasome”, which contains Pycard
and NALP-1 (Martinon et al., 2002).

1.3. Substrate Specificity

The three residues preceding the P1 aspartate (P4-P2) strongly influence the
efficiency of substrate cleavage by different caspases. Comprehensive analyses of the
substrate specificity of caspases has been performed using a positional scanning substrate
combinatorial library (Thornberry et al., 1997). Based on substrate specificity data from
this and other studies, human caspases-1 to -10 have been sub-classified into three
groups. Group I comprises the cytokine processing caspases-1, -4 and -5, whose genes
reside in a cluster on chromosome 11¢22.3. The downstream apoptotic caspases-3 and -7
along with caspase-2, whose role is less well understood (Troy & Shelanski, 2003),
constitute Group II. Group III encompasses the distal death ligand signaling caspases-8
and -10. Caspase-6, a downstream pro-apoptotic family member which has received
relatively little research attention to date, also falls into Group III. Four other mammalian
caspases have also been described. The murine caspase-11 is probably a homologue of
human caspase-4 (Van de Craen et al., 1997). Human caspase-12 bears premature stop
codons, unlike the murine homologue, and is likely to be inactive (Fischer et al., 2002).
Caspase-13 is a bovine gene (Koenig et al., 2001). Elucidation of the substrate specificity
profile of caspase-14 has not yet been published.

1.4. Endogenous Caspase Inhibitor Proteins

Most, if not all, healthy cells contain caspases in their inactive precursor form.
Tightly controlled signal transduction pathways control their activation. Once activated,
caspases are regulated by endogenous caspase inhibitors. These include members of the
Inhibitor of Apoptosis (IAP) family, that inhibit caspases-3, -7 and -9 (Deveraux & Reed,
1999) and c-FLIP, an enzymatically inactive relative of caspase-8 that acts as a dominant
negative inhibitor. Some viral genomes encode caspase inhibitors, limiting the ability of
the host cell response to elude viral replication by undergoing apoptosis. Enforced
expression of caspase inhibitor proteins, such as the IAPs (Deveraux et al., 1997), have
been used in animal models of various diseases to determine the effect of modulating
caspase activity (Table 1).

1.5. Peptidomimetic Caspase Inhibitors

Members of the first generation of caspase inhibitors were designed to reflect the
cleavage sites of natural caspase substrates. These synthetic inhibitors can either block
caspases indiscriminately or be relatively specific for particular family members,
depending on the nature of the peptide used. Fusions to particular chemical groups
convert the peptide from a substrate into a pseudo-substrate inhibitor. Fusion of the
peptides to aldehyde, semicarbazone or thiomethylketone groups yields reversible
inhibitors while addition of fluoromethylketone, chloromethylketone, fluoroacyloxyme
thylketone or acyloxymethylketone groups generates irreversible inhibitors (Wu &Fritz,
1999) . Fluoromethylketone (fimk) or chloromethylketone (cmk) groups are often used in
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Table 1. Efficacy of protein-based caspase inhibitors

Inhibitor Efficacy in experimental models

NAIP Effective: Stroke
Member of the Inhibitor of Apoptosis family. Used

portion containing just the BIR domains, which

inhibits caspases-3 and -7 but not -1 nor -8 '

XIAP / hILP / BIRC4 / MIHA Effective: Stroke **, ocular hypertension ¢, Optic
Member of the Inhibitor of Apoptosis family which nerve axotomy

inhibits caspase-3, -7 and -9 *

PTD-XIAP Effective: Stroke ®

XIAP fused to the protein transduction domain of
human immunodeficiency virus transactivator of
TAT (cell membrane permeable) ®

Caspase-1 dominant negative (Active site mutant Effective: Huntington’s Disease *'°, stroke "',
C285G) traumatic brain injury ', Parkinson's Disease >
Apaf-1 dominant negative caspase recruitment Effective: Parkinson's Disease

domain (amino acids of 1-97) of Apaf-1 tagged with Ineffective: Parkinson's Disease
enhanced green fluorescent protein (EGFP).
Interferes with the ability of wild type Apaf-1 to
active caspase-9, thus blocking the mitochondrial
apoptosis pathways.
" Maier et al. (2002), * Xu et al. (1997), ° Deveraux et al. (1997), * Xu et al. (1999), ° Du et al. (2001), °
McKinnon et al. (2002), " Kugler et al. (2000), * Onteniente et al. (2003), * Ona et al. (1999), '° Fink et al.
(1999), "' Friedlander et al. (1997), *Klevenyi et al. (1999), * Mochizuki et al. (2001)

the context of in vivo settings, as they facilitate cellular uptake of the inhibitor.
Esterification of aspartic acid residues can also improve cellular uptake.

The peptide-based inhibitors vary substantially in their specificity for particular

members of the caspase family (Table 2). The caspase inhibitor most commonly used in
the laboratory is z-VAD-fmk. This molecule inhibits all caspases except caspase-2, but its
second order inactivation rates vary from 2.5 nM (caspases-3 and 8) to 130 nM (caspase-
4) (Garcia-Calvo et al., 1998). In addition, z-VAD-fmk can inhibit cathepsins (non-
caspase lysosomal cysteine peptidases), which may interfere with its in vivo efficacy and
safety (Schotte et al., 1999).
Tetrapeptide caspase inhibitors are more specific than the tri-peptide z-VAD-fmk
inhibitor. Inhibitors based on the site at which caspase-3 cleaves poly-(ADP-ribose)-
polymerase-1 (DEVD) preferentially inhibit caspase-3 (K; of Ac-DEVD-CHO is 0.23
nM), with caspase-8 (Ki=0.92 nM) and caspase-7 (Ki=1.6 nM) inhibited less efficiently
(Garcia-Calvo et al., 1998). Ac-YVAD-cmk and Ac-YVAD-CHO, which were designed
to mimic the caspase-1 cleavage site of pro-IL-18, strongly inhibit caspase-1. The other
caspases require at least 214 times the concentration of Ac-YVAD-CHO for inhibition
(Garcia-Calvo et al., 1998). However, despite this apparent specificity for caspase-1, Ac-
YVAD-cmk can bind to, and presumably inhibit, cathepsin B (Wu & Fritz, 1999).
Caspase-2 activity is only efficiently suppressed by peptide inhibitors incorporating at
least five amino acids (Talanian et al., 1997) and the most commonly used caspase-2
inhibitor is Ac-VDVAD-fmk. It is important to note that this inhibitor is unlikely to be
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Table 2. Efficacy of peptidyl caspase inhibitors

Inhibitor

Efficacy in experimental models

z-D-fmk (Boc-Asp-fluoromethylketone)
z-D-dcb (benzyloxycarbonyl-Asp-
dichlorobenzene) In cell line studies this inhibitor
was only transiently active, and was reversibly
inactivated by an unknown intracellular
mechanism *

OPH-001 / Quinoline-Val-Asp(OMe)-CH,-OPH
Irreversible inhibitor. Sensitivity to inhibition*:
Casp3>Caspl. Cathepsin B and calpain not
inhibited®

z-VD-fmk / MX1013 /CV1013
(benzyloxycarbonyl-Val-Asp-fluoromethylketone)
Sensitivity to inhibition: Caspl=3=6=7=8=9", less
potent than tripeptide or tetrapeptide inhibitors.
More water soluble than z-VAD-fink, cell
permeable ’ Poor inhibitor of calpain 1, cathepsin
B, cathepsin D, renin, thrombin, Factor Xa. 7
VE-13,045 (benzyloxycarbonyl-Val-Ala-Asp~(O-
Et)-CH,O-dichlorobenzoate). /n vivo this
compound is rapidly hydrolysed to give VE-
16,084 ° which is the bioactive molecule.
Irreversible peptidyl caspase-1 inhibitor’
z-VAD-dbe (benzyloxycarbonyl-Val-Ala-Asp-
dichlorobenzene). Sensitivity to inhibition: Caspl
> Casp4 >> Casp3 > Casp7 !

z-VAD-fmk (benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone). Short half life in vivo .
Sensitivity to inhibition : Caspl = Casp8 > Casp9
> CaspS > Casp7 > Casp3 > Casp6 > Casp4 >>
Casp2 ", Also inhibitsd cathepsins B and H "

Ac-YVAD-CHO (N-acetyl-Tyr-Val-Ala-Asp-
aldehyde) Reversible inhibitor of caspase-1 only

Ac-YVAD-cmk (N-acetyl-Tyr-Val-Ala-Asp-
chloromethylketone). Probably caspase-1 specific
47 however, unlike Ac-YVAD-CHO,
unpublished data suggests wider inhibition **. Also
binds cathepsin-B ¥.

1,14

Ac-YVAD-fmk (N-acetyl-Tyr-Val-Ala-Asp-
fluoromethylketone) Probably caspase-1 specific

46,47

Effective: Heart attack , stroke 2

Effective: Stroke *, severe pulmonary hypertension >
Ineffective: Severe pulmonary hypertension *

Effective: Acute tubular necrosis °

Effective: Fas-mediated liver failure ’, stroke ’, heart
attack ’, endotoxin-induced liver failure ®

Effective: Acute inflammatory disease °, collagen-
induced arthritis °, severe hemorrhagic pancreatitis '°

Effective: Stroke

Effective: Heart attack »'%'*, muscle ischemia-reperfusion
injury ', stroke %, traumatic brain injury >,
amyotrophic lateral sclerosis »’, Huntington’s Disease %,
systemic lupus ethryematosus *°, autoimmune disease ***',
autoimmune encephalomyelitis °, peritonitis *%, sepsis *,
pneumococcal meningitis **, pulmonary fibrosis **,
endotoxin-induced liver failure *, Fas-mediated induced
liver failure ***, endotoxin-induced myocardial dysfunctic
34 pulmonary fibrosis *

Ineffective: Neuronal transplant *', stroke *

Adverse effects: Exacerbated TNF-mediated liver failure

Ineffective: Fas-mediated liver disease *, Heart attack -
reduced apoptosis but not infarct size **

Effective: Heart attack ***2, cerebral inflammation >,
neuronal injury *', traumatic brain injury %, stroke **,
severe acute pancreatitis >°, Fas-mediated liver failure *"*,
endotoxin-induced liver failure ”**, inflammatory pain
hypersensitivity **, neuronal transplantation ®, liver failure
from low dose endotoxin with D-galactosamine

Ineffective: Septic shock (high dose endotoxin) */
Ineffective: Autoimmune disease *', heart attack '
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z-VDVAD-fmk (benzyloxycarbonyl -Val-Asp-
Val-Ala-Asp-fluoromethylketone). Sensitivity to
inhibition (based on peptide cleavage) probably
Casp2=Casp3>Casp7 *.

z-DEVD-fmk (benzyloxycarbonyl -Asp-Glu-Val-
Asp-fluoromethylketone). Sensitivity to inhibition
(based on peptide cleavage) is probably Casp3 =
Casp7 > Caspl > Casp4 > Casp6. No cleavage by
Casp2 7,

Ac-DEVD-CHO (N-Acetyl-Asp-Glu-Val-Asp-
aldehyde). Sensitivity to inhibition reported as:
Casp3 > Casp8 > Casp7 >> Caspl0 > Caspl >
Casp6 > Casp9 > Casp4 > Casp5 > Casp2 " or
Casp3 >> Caspl > Casp7 > Casp4 !
Ac-DEVD-cmk (N-Acetyl-Tyr-Val-Ala-Asp-
chloromethylketone). By analogy with Ac-DEVD-

Ineffective: Vasospasm *

Effective: Vasospasm ', traumatic brain injury %,

stroke **° heart attack '*
Ineffective: Stroke ‘>, Huntington’s Disease *, did not
restore function after traumatic brain injury

Effective: Myocardial infarction *_autoimmune disease
30 fas-mediated liver failure **%, endotoxin-induced liver
disease

Ineffective: Heart attack - reduced apoptosis but not
infarct size ¥

Effective: Neuronal transplant ', endotoxin-induced
myocardial dysfunction *

CHO, sensitivity: Casp3 > Casp7 > Casp8 >> Ineffective: Heart attack *°
Caspl10 > Caspl > Casp6 > Casp9 > Casp4 >
Casp5 > Casp2 ™

Ac-IETD-CHO (N-Acetyl-Tle-Glu-Thr-Asp-

aldehyde). Sensitivity to inhibition : Casp8 >

Casp6 > Caspl >

Caslgl0>Casp9>Casp3>Casp5>Casp4>Casp7>Cas

p2

z-LEHD-fmk (benzyloxycarbonyl-Leu-Glu-OMe-

His-Asp(OMe)-fluoromethylketone)

*= less than two fold better inhibition, > less than ten-fold better inhibition, >> more than ten-fold better
inhibition, ' Huang et al. (2000), > Cheng et al. (1998), * Sakurada et al. (2002), * Himi et al. (1998), *
Taraseviciene-Stewart et al. (2002), ® Melnikov et al. (2002), ’ Yang et al. (2003b), * Jaeschke et al. (2000), °
Ku et al. (1996), ' Norman et al. (1997), ' Margolin et al. (1997), ‘> Loddick et al. (1996), “Furlan et al.
(1999), “Garcia-Calvo et al. (1998), *Schotte et al. (1999), '® Yaoita et al. (1998), 7 Dumont et al. (2001), **
Chapman et al. (2002), "’ Iwata et al. (2002), *° Hara et al. (1997), > Endres et al. (1998), > Ma et al. (1998), B
Schulz et al. (1998), ** Felderhoff-Mueser et al. (2002), » Bittigau et al. (2003), ** Fink et al. (1999), ' Li et al.
(2000), ** Chen et al. (2000), »* Seery et al. (2001), ** Saegusa et al. (2002), *' Iwata et al. (2003), ** Catalan et
al. (2003), * Hotchkiss et al. (1999), * Braun et al. (1999), ** Kuwano et al. (2001), * Valentino et al. (2003),
¥ Rodriguez et al. (1996), ** Kunstle et al. (1997), * Fauvel et al. (2001), ** Neviere et al. (2001), *' Hansson et
al. (2000), “ Li et al. (2000), ** Cauwels et al. (2003), * Suzuki. (1998), ** Okamura et al. (2000), * Talanian et
al. (1997), *” Van de Craen et al. (1999), ** Livingston. (1997), © Gray et al. (2001), * Kovacs et al. (2001), *'
Wang et al. (2003), * Holly et al. (1999), * Yao et al. (1999), ** Rabuffetti et al. (2000), ** Paszkowski et al.
(2002), ** Rouquet et al. (1996), >’ Mignon et al. (1999), ** Mathiak et al. (2000), ** Samad et al. (2001),
Schierle et al. (1999), *' Aoki et al. (2002), © Yakovlev et al. (1997), © Clark et al. (2000), * Gillardon et al.
(1999), ** Fink et al. (1998), * Bajt et al. (2001)

Effective: Endotoxin-induced liver disease %.

Ineffective: Heart attack *

chromogenic substrate (AcVDVAD-pNA) is cleaved by caspase-3 almost as efficiently
as by caspase-2 (Talanian et al., 1997; Troy & Shelanski, 2003).

1.6. Non-Peptidic Caspase Inhibitors

The majority of the in vivo proof-of-concept studies using caspase inhibitors have
been performed using the first generation peptidyl compounds discussed above.
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Table 3. Efficacy of non-peptidyl caspase inhibitors

Inhibitor

Efficacy in experimental models

MB867 ((35)-3-({25)-2-[5-tert-butyl-3-{[4-methyl-1,2,5-
oxadiazol-3-yl)methyl}lamino }-2-oxopyrazin-1(2H)-
yl]butanoyl}amino)-5-[methyl(pentyl)-amino]-4-oxopentanoic
acid. Reversible inhibitor. Sensitivity to inhibition*: Casp3 >
Casp7 >> Casp4 > Casp5 > Casp6 > Casp8 >> Caspl0 '
M920 / L-826,920. Sensitivity to inhibition:
Casp3>1>7>8>4>6>5 (Casp2 and 9 not inhibited) *

M791 / L-826,791. Sensitivity to inhibition: Casp3>>7>>8.
(1,2, 4,5, 6,9 not inhibited) *

Minocycline Tetracycline derivative, lipophilic, penetrates
the blood-brain barrier *. Currently used for treating
rheumatoid arthritis *.

MMPSI / (S)-(+)-5-[1[(2-methoxymethylpyrro-lidinyl)
sulfoyl]isatin. Reversible inhibitor of caspases-3 and -7 °
IDN-1529 (N-f(indole-2-carbonyl)-alaniny!]-3-amino-4-oxo-5-
fluoropentanoic acid) . Irreversible. Sensitivity to inhibition:
Casp9 >> Casp2 > Casp8 > Caspl > Casp6 > Casp3 *'
IDN-1965 (N-[(1,3-dimethylindole-2-carbonyl)-valinyl]-3-
amino-4-oxo-5-fluoropentanoic acid). Rapidly cleared by and
targeted to the liver . Broad spectrum irreversible caspase
inhibitor %°. Sensitivity to inhibition: Casp9 > Casp6 > Casp8
> Casp2 > Casp3 > Caspl *!

IDN-6556, distributed in all tissues, highest concentration in
liver. Inhibits caspases —1, -3, -6, -7, -8, -9 in low to sub-
nanomolar range *’. No non-specific binding or activity was
seen against a “broad range” or receptors and enzymes ',
“Peptide-like” 2 but no structure disclosed.

Effective: Sepsis '

Effective: Peritonitis >
Effective: Peritonitis

Effective: Spinal cord injury °, Huntington’s
Disease®”'*", amyotrophic lateral sclerosis *"*,
Parkinson’s Disease

Ineffective: Huntington’s Disease
Adverse effects: Exacerbated MPTP-induced

damage to dopaminergic neuronal death ',
Effective: Heart attack *

15-17

Effective: Heart attack , septic shock

Effective: Heart attack 22, liver transplant 26,
Fas-mediated liver injury *%°
Ineffective: Septic shock *

Effective: Fas-mediated liver injury "%,

mild hepatic impairment (clinical trial) *°
Adverse effects: Phlebitis after intravenous
administration to clinical trial patients *.

*= less than two fold better inhibition, > less than ten-fold better inhibition, >> more than ten-fold better
inhibition, ' Methot et al. (2004), 2 Hotchkiss et al. (2000), *Klein & Cunha. (1995), * Stone et al. (2003), ° Lee
et al. (2003), ® Chen et al. (2000), " Wang et al. (2003), ® Zhu et al. (2002), ° Kriz et al. (2002), '° Van Den
Bosch et al. (2002), "' Zhang et al. (2003), ' Hersch et al. (2003), ™ Denovan-Wright et al. (2002), " Du et al.
(2001), ** Diguet et al. (2003), ** Smith et al. (2003), " Bonelli et al. (2003), "® Yang et al. (2003), *° Lee et al.
(2000), *° Chapman et al. (2002), >’ Wu & Fritz. (1999), * Dumont et al. (2001), ® Grobmyer et al. (1999), %
Mazur et al. (1998), ** Hoglen et al. (2001), ** Natori et al. (1999), ¥ Hoglen et al. (2003), ** Reed (2002),

Hoglen et al. (2004), *° Saegusa et al. (2002)

Questions have been raised about the suitability of these molecules for clinical usage due
to their relatively low efficacyand non-selectivity. However, these pre-clinical studies
provide valuable insight into the potential for caspase inhibitors to treat human diseases.
Pharmaceutical companies are developing caspase inhibitorswith more suitable clinical
profiles, enhancing parameters such as oral bioavailability, membrane permeability and
selectivity. (These and other drug design considerations are discussed in more detail in
section 3.) Designing specific inhibitors would also help to delineate more precisely the
individual roles of caspases in diseases. “Peptoid inhibitors” are made by chemically
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modifying peptide-based inhibitors to improve oral availability, potency and / or stability.
Small molecule screens using either intact cells, lysates or purified caspases are also
increasingly being used to seek novel caspase inhibitors. A number of promising
inhibitors with various specificities have been netted from such screens and subsequent
refinement (Table 3). These include isatin sulfonamides, which are potent inhibitors but
exhibit metabolic instability (Lee et al., 2000), and anilinoquinazolines (Scott et al.,
2003).

This chapter focuses on data reported in peer reviewed publications, so many
preliminary findings that are promising but currently unpublished have been omitted (but
are in some cases readily available on the company websites). Companies with active
programs for developing caspase inhibitors include GlaxoSmithKline, BASF, Idun
Pharmaceuticals, Vertex Pharmaceuticals, Aventis Pharma, Immunex, Merck, AstraZene-
ca, Maxim Pharmaceuticals, Sunesis Pharmaceuticals and Apoxis.

2. INDICATIONS FOR CASPASE ACTIVITY MODULATION

As mentioned above, diseases can result from either insufficient or excessive cell
death. Although this would imply that agents that either activate or inhibit caspases may
represent useful therapeutics, to date attention has been focused on the development of
caspase inhibitors. Strategies aimed at elevating caspase activity have so far tended to
target upstream elements of the pathways, rather than directly activating pro-caspases,
and these indirect caspase activating approaches are discussed in other chapters. Many
diseases have been associated with excessive apoptosis and/or inflammation, and some of
these have already been explored as potential targets for therapeutic application of
caspase inhibitors. Caspase inhibition has been tested in clinical trials and/or animal
models for the treatment of both acute and chronic diseases of the heart, liver and nervous
system, as well as autoimmune and infectious diseases.

2.1. Liver Disease

Apoptosis has been implicated in a number of diseases of the liver, including
Wilson’s disease and hepatitis (both alcoholic and viral). In addition, donor tissue suffers
significant levels of apoptosis during liver transplantation. Caspase inhibitors have been
tested in animal models of liver disease and transplantation, and the first published
clinical trial of a caspase inhibitor tested its application in liver disease.

2.1.1. Fas Mediated Liver Failure

A widely used animal model of liver disease involves the systemic administration of
FasL (or antibodies which mimic its actions) to rodents. This treatment triggers Fas
signaling in hepatocytes, and hence activation of caspase-8 and downstream caspases,
causing massive hepatocyte apoptosis, cardiovascular shock and death (Ogasawara et al.,
1993). Early studies demonstrated that treatment with pseudo-substrate caspase inhibitors
was protective (Bajt et al., 2001; Kunstle et al., 1997; Rodriguez et al., 1996; Rouquet et
al,, 1996; Suzuki, 1998). Arguing for the importance of apoptosis rather than
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inflammation in this model of liver injury, inhibitors with preferences for caspases-3 and
-8 were also effective (Bajt et al., 2001). z-VD-fimk, a broad spectrum, irreversible di-
peptide pseudosubstrate inhibitor, was protective against Fas-mediated liver disease
(Yang et al., 2003b). The novel pan-caspase inhibitor IDN-1965 reduced the apoptosis
induced by systemic administration of anti-Fas antibodies and improved liver function, as
measured by a decrease in alanine aminotransferase (ALT) activity (Hoglen et al., 2001).
IDN-1965 was effective when administered orally, and could be given up to one hour
after Fas-mediated liver injury (Mazur et al., 1998). A second novel irreversible inhibitor,
IDN-6556, efficiently inhibits caspases-1, -3, -7, -8 and -9, with ICses in the low to sub-
nanomolar range (Hoglen et al., 2003). IDN-6556 was protective when given orally and
preferentially distributes to the liver (Chen et al., 2003; Hoglen et al., 2004; Hoglen et al.,
2003).

2.1.2. Liver Disease Clinical Trial

IDN-6556 was the first caspase inhibitor to complete a phase I clinical trial
(Valentino et al., 2003). In that study, normal controls or patients with impaired liver
function (due either to hepatitis C infection, alcoholic liver disease, fatty liver disease or
of unknown diagnosis) were treated. Despite the efficacy of oral administration in the
animal study (Hoglen et al., 2004), IDN-6556 was administered intravenously to the
human subjects. The drug’s safety was determined to be acceptable, but as seen in rats
given IDN-6556 (Hoglen et al., 2003), phlebitis (vein inflammation) was a quite common
dose-dependent side-effect (Valentino et al., 2003). Statistically significant improvements
in the liver function of the hepatically impaired patients were observed during the period
of administration of IDN-6556, but this improvement was not maintained following drug
withdrawal. This compound is currently in phase II trials for liver disease.

2.1.3. LPS and Galactosamine

In a commonly used animal model of TNF associated liver injury, a mixture of
galactosamine and endotoxin are administered intraperitoneally to mice, causing
parenchymal apoptosis with neutrophil recruitment. As discussed below (section 2.7), co-
administration of galactosamine sensitizes animals to the lethal effects of LPS, leading to
TNF production and liver failure, in contrast to the systemic effects reminiscent of septic
shock provoked by high dose LPS. z-VD-fink, a cell-permeable irreversible pan-caspase
inhibitor, rescued animals from galactosamine/LPS lethality, suppressing the processing
and activation of caspases-3 and -8 and the resultant apoptosis (Jaeschke et al., 2000).
IDN-6556 could also reduce apoptosis and caspase activity, improve liver function in
mice and rats given galactosamine and LPS. This protection was observed both in rodents
that received IDN-6556 simultaneously with the apoptotic stimulus or within a few hours
of the toxic treatment. Ac-YVAD-cmk completely abolished the mortality associated
with LPS/galactosamine treatment, but curiously it did not affect IL-1p production
(Mathiak et al., 2000; Mignon et al., 1999). Caspase-1 mediated IL-18 processing may
therefore by important in this model. More perplexing, given the inability of Ac-YVAD-
cmk to directly inhibit caspase-3, was the finding that caspase-3-like activity in liver cells
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from LPS/galactosamine treated mice was significantly reduced in animals given Ac-
YVAD-cmk, but caspase-1-like activity was unaffected (Mignon et al., 1999).

2.1.4. Liver Transplantation

In addition to applications in treating liver diseases, caspase inhibition may improve
the outcome of liver transplantation. Considerable cell death occurs as preserved donor
liver tissue is warmed and reperfused prior to transplantation (Lemasters et al., 1995).
TNF has been implicated in this damage (Rudiger & Clavien, 2002) which, interestingly,
primarily involves sinusoidal epithelial cells rather than hepatocytes (Caldwell-Kenkel et
al., 1989; Ikeda et al., 1992). Using a rodent model of cold ischemia/warm reperfusion
(CI/WR), Natori ef al demonstrated that the caspase-3 processing and activity increased
following experimentally induced CI/WR (Natori et al., 1999). Administration of IDN-
1965 reduced caspase-3 activation, and rats that received IDN-1965 survived an average
of 30 hours post-transplant; a considerable improvement over control animals, which died
after nine hours (Natori et al., 1999).

2.1.5. INF

Despite these promising data, caspase inhibition is evidently unable to prevent all
forms of liver damage. z-DEVD-fmk, which preferentially inhibits caspase-3, did not
protect rats suffering from liver injury associated with hemorrhagic shock and
resuscitation (Mauriz et al., 2003). More disconcerting was the finding that, rather than
protecting mice from liver disease stimulated by TNF, z-VAD-fmk hastened TNF-
mediated death. Signalling through one of the two TNF receptors (TNF-R1) was
implicated, as the lethality of human TNF (which can ligate murine TNFR1 but not TNF-
R2) was similarly exacerbated by z-VAD-fmk. The cathepsin B inhibitor E64 and
inhibitors relatively specific for particular caspases (z-DEVD-fmk, z-IETD-fmk, z-
LEHD-fmk and z-VDVAD-fink) had no such deleterious effects, in fact providing partial
protection. The increase in TNF lethality by z-VAD-fmk was attributed to the generation
of reactive oxygen species and phospholipase A2 (PLA2) (Cauwels et al., 2003).

2.2. Neurological Diseases

Many neurological diseases involve excessive apoptosis, and the ability of caspase
inhibitors to reduce this cell death and slow disease progression has been examined. The
animal studies described below illustrate that caspase inhibitors can reduce neuronal
damage by directly inhibiting apoptosis (mainly by blocking caspase-3) and through
reducing production of inflammatory cytokines IL-1B and IL-18 (via caspase-1
inhibition). Mature IL-1f is involved in neuronal cell death (Friedlander et al., 1996;
Troy et al., 1996) and caspase-1 signaling has been implicated in the progression of both
acute and chronic neurological diseases including Huntington’s and Parkinson’s
Diseases, amylotrophic lateral sclerosis (ALS) and stroke. It is important to note that
clinical administration of caspase inhibitors to patients with neurological diseases will
often require overcoming the blood-brain barrier. While many of the studies summarized
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below document promising results from animal models, often the drugs were injected
directly into the brain - an unfavorable route of administration in a clinical setting.

2.2.1. Minocycline

Minocycline is an antibiotic for which a number of potential mechanisms of action
have been proposed, including inhibiting caspase independent cell death, downregulation
of expression of caspases-1 and -3 (Wang et al., 2003b) and / or direct caspase inhibition
(Lee et al., 2003). Conflicting outcomes were reported regarding the efficacy of
minocycline in animal models of neuronal disease including Huntington’s Disease
(Bonelli et al., 2003; Chen et al., 2000; Denovan-Wright et al., 2002; Diguet et al., 2003;
Hersch et al., 2003; Lee et al., 2003; Smith et al., 2003; Thomas et al., 2003; Wang et al.,
2003b) and Parkinson’s Disease (Du et al., 2001; Thomas & Le, 2004; Yang et al,,
2003a). Administration enhanced survival in models of ALS (Kriz et al., 2002; Van Den
Bosch et al., 2002; Zhang et al., 2003; Zhu et al., 2002). It also enhanced recovery
following spinal cord injury through decreasing apoptosis in rats (Lee et al., 2003).
Minocycline is a drug with a proven safety record and effectively penetrates the blood
brain barrier. It is currently in phase III clinical trials for ALS, and phases I and II for
Huntington’s disease. Further studies will hopefully clarify its mechanism of action and
the diseases for which it will be clinically useful.

2.2.2. Huntington’s Disease

Patients with the neurodegenerative Huntington’s Disease express a mutated
Huntingtin protein. Transgenic R6/2 mice, which are used as a model for the disease,
express exon 1 of human huntingtin bearing a polyglutamine repeat. R6/2 mice crossed
with transgenic mice expressing a dominant negative mutant of caspase-1 in the brain
exhibited delayed symptoms and increased survival time (Ona et al., 1999). Further
studies using these mice demonstrated that mutant huntingtin induces intracellular
toxicity which upregulates and activates caspase-1. As the disease progresses, caspase-3
is upregulated, suggesting that blocking both caspases is required for effective
neuroprotection. z-VAD-fmk treated mice lived 25% longer than controls. Co-
administration of Ac-YVAD-cmk and Ac-DEVD-fink increased survival but each of the
inhibitors were ineffectual alone. Daily intraperitoneal provision of minocyclin also
inhibited caspase-1 and -3 mRNA upregulation and increased survival by 14% (Chen et
al., 2000; Ona et al., 1999).

2.2.3. Amylotrophic Lateral Sclerosis

Blocking caspases with z-VAD-fmk delayed the onset of ALS in a transgenic mouse
model (Li et al., 2000b). In this study Li ef a/ also reported that z-VAD-fmk treatment
affected expression levels of caspases-1 and -3. Thus z-VAD-fmk mediated
neuroprotection may be due to both suppressing apoptosis and inhibiting activation of the
cytokine IL-1p.
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2.2.4. Parkinson's Disease

Anti-caspase therapies have also been explored to treat the cell death that underlies
the pathology of Parkinson's Disease. Administration of the neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) mimics some of the characteristics of
Parkinson's Disease. Enforced expression of a dominant negative Apaf-1 construct, using
an adeno-associated virus, reduced nigrostriatial degeneration triggered by MPTP
treatment, implicating the mitochondrial apoptotic pathway and caspase-9 activation in
the disease process (Mochizuki et al., 2001). Similar virally induced expression of a
protein designed to act as a dominant negative inhibitor of caspase-1 did not affect MPTP
induced neurotoxicity (Mochizuki et al., 2001). In contrast, transgenic expression of the
caspase-1 dominant negative protein could reduce MPTP toxicity (Klevenyi et al., 1999).
This discrepancy may reflect differences in the cell types expressing the inhibitor, as the
virus predominantly infected neurons, whereas the transgene was expressed in glial and
neuronal cells. Mice deficient for caspase-11, the likely murine homologue of the human
caspase-4, were resistant to MPTP induced neurological symptoms (Furuya et al., 2004),
providing additional evidence for the importance of inflammatory cytokines in this model
of Parkinson's Disease.

2.2.5. Neuronal Transplantation

Neuronal transplants may be clinically useful in treating Parkinson's Disease and
other neuronal disorders. As with the liver transplants discussed above, substantial levels
of apoptosis accompany neuronal grafts. Only 5-10 % of grafted dopaminergic neurons
survive transplant (reviewed by Brundin et al., 2000). In a rat model of Parkinson’s
Disease, lesions were created in the ascending mesostriatal dopaminergic pathway.
Exposure of donor ventral mesencephalic cells to the caspase-1 inhibitor Ac-YVAD-cmk,
prior to implantation, decreased apoptosis of transplanted cells from 90% to 70% and
eased Parkinsonian symptoms (Schierle et al., 1999). Subsequent experiments indicated
that the caspase-3-preferring inhibitor Ac-DEVD-cmk was similarly effective at
protecting donor cells from apoptosis. Surprisingly however, the more broad anti-caspase
agent z-VAD-fmk was ineffectual (Hansson et al., 2000). Co-treatment with Ac-YVAD-
cmk and a lipid peroxidation inhibitor, the lazaroid tirilazad mesylate, (Freedox,
Pharmacia Upjohn, approved for clinical use in the treatment of vasospasm) afforded
additional protection: three times the co-treated neurons survived compared to untreated
controls (Hansson et al., 2000). Augmenting neuronal survival following grafting is an
attractive therapy, as it would potentially reduce the amount of donor tissue required.
Such an ex vivo application for caspase inhibitors may also bypass many potential safety
issues associated with in vivo administration.

2.2.6. Stroke

Caspase inhibitors have been evaluated in animal models of stroke, where neuronal
apoptosis has been implicated in both the core and penumbral regions. Due to the limited
therapeutic window for stroke treatments, neuroprotective strategies are better focused on
interfering with the secondary apoptotic expansion of the primary lesion that occurs in
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the penumbral regions. Mitochondrial pathways have been implicated in this cell death
(Benchoua et al., 2001). Pan-caspase inhibition afforded substantial protection against
ishemia-induced neuronal cell death (Himi et al., 1998; Yang et al., 2003b), in some
cases even when given hours post-ischemia (Endres et al., 1998; Felderhoff-Mueser et al.,
2002; Loddick et al., 1996). Pre-treatment or post-treatment with z-DEVD-fink also
limited the apoptosis associated with cerebral ischemia (Endres et al., 1998; Fink et al,,
1998). These protective effects of caspase inhibition were further augmented by co-
treatment with an NMDA inhibitor (Ma et al., 1998; Schulz et al., 1998). Consistent with
apoptotic caspases being important in brain ischemia, overexpression of the Inhibitor of
apoptosis proteins (IAPs) XIAP or a portion of NAIP that inhibits caspases (Maier et al.,
2002) rescued neurons from ischemia-mediated death (Xu et al., 1999; Xu et al., 1997).
XIAP also limited the resultant functional deficiency (Xu et al., 1999). A novel method
of delivering caspase inhibitors to the brain was explored by Onteniente et al. The protein
transduction domain of the HIV transactivator of TAT protein assists attached proteins to
cross the plasma membrane. A fusion protein in which this domain was linked to XIAP
was given to mice following cerebral ischemia, substantially decreasing infarct volumes
(Onteniente et al., 2003). As discussed below, mere inhibition of apoptosis may not
provide functional improvement. Illustrating this point, z-DEVD-fmk protected
hippocampal neuronal apoptosis following ischemia, but the surviving neurons were non-
functional in long term potentiation assays (Gillardon et al., 1999).

2.2.7. Traumatic Brain Injury

Traumatic brain injury (TBI) is a major cause of death and morbidity, especially in
children under the age of six, whose brains appear to be particularly vunerable. Three
main animal models are used to recapitulate the key features of TBI: the fluid percussion,
controlled cortical impact and weight drop models (Bittigau et al., 2003). Brain tissue in
animals subjected to these procedures starts to undergo apoptosis within hours of the
injury, and peaks around 24 hours post-injury (Bittigau et al., 2003). Enforced expression
of a dominant negative caspase-1 mutant (Fink et al., 1999; Friedlander et al., 1997; Hara
et al., 1997), caspase-1 gene deletion (Friedlander et al., 1997) or administration of the
caspase-1 inhibitor Ac-YVAD-cmk (Rabuffetti et al., 2000) were protective in rodent
brain trauma models, as was z-VAD-fmk (Bittigau et al., 2003; Felderhoff-Mueser et al.,
2002). This implies that inflammatory cytokines are important in traumatic brain injury,
however apoptosis may also play a role, as the caspase-3-preferring inhibitor zDEVD-
fmk could also ameliorate damage caused by brain injury (Yakovlev et al., 1997).
Importantly, this treatment also improved neurological function (Yakovlev et al., 1997).
Another study assayed the effects on rat neurological function of cortical impact followed
by mild hypoxia. Immediate post-trauma administration of z-DEVD-fmk reduced the
neuronal death substantially, but the performance of injured rats treated with the caspase
inhibitor in a number of behavioural tests was impaired to a similar extent to that of
controls (Clark et al., 2000).
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2.2.8. Glaucoma

Glaucoma stems from apoptosis of retinal ganglion cells. McKinnon et al. used an
adeno-associated viral vector to express BIR4/XIAP in rat eyes, then experimentally
induced glaucoma. Axonal survival following the rise in intraocular pressure varied
considerably, but more axons survived from the eyes overexpressing the IAP than control
eyes (McKinnon et al., 2002). XIAP could also suppress apoptosis following optic nerve
axotomy in a rat model (Kugler et al., 2000).

2.2.9. Vasospasm

Endothelial cell apoptosis following cerebral vasospasm and subarachnoid
haemorrhage was studied in a dog mode! (Aoki et al., 2002). Two caspase inhibitors were
tested for efficacy in this model. One was z-VDVAD-fimk (the only efficient peptidyl
inhibitor of caspase-2, but which probably inhibits caspase-3 almost as efficiently) and
the other was the caspase-3-favoring inhibitor z-DEVD-fmk (Talanian et al., 1997). Both
inhibitors blocked the endothelial apoptosis, but only z-DEVD-fmk had a marginal
impact on the cerebral vasospasm (Aoki et al., 2002).

2.3. Cardiac / Vasculature Disease
2.3.1. Heart Attack

As for other organ systems mentioned above, apoptosis due to ischemia and
reperfusion is an important contributing factor in many types of heart disease. Caspase
inhibition by the di-peptide inhibitor z-VD-fmk halved the damage sustained by the
hearts of experimental animals during acute myocardial infarction (Yang et al., 2003b).
z-VAD-fink was also effective in a similar experimental model (Chapman et al., 2002;
Yaoita et al., 1998), significantly reducing the number of apoptotic cells and slightly
diminishing the gross infarct size, even when administered after the onset of ischemia but
before reperfusion (Huang et al., 2000). Ac-YVAD-fink was effective in some studies but
not others (Kovacs et al., 2001; Wang et al., 2003a). Ac-DEVD-cmk had little (Chapman
et al., 2002) or no effect on infarct size (Kovacs et al., 2001), as did z-LEHD-fmk
(Kovacs et al., 2001). Suprisingly, given the inefficient cellular uptake of aldehyde-
conjugated peptides, one group reported that Ac-YVAD-CHO and Ac-DEVD-CHO
decreased cardiac apoptosis following ischemia/reperfusion but could not reduce the
infarct size (Okamura et al., 2000). A mouse model was developed which allows real-
time visualization of cardiac apoptosis following ischemia/reperfusion. Using this
technology, substantial staining with Annexin-V (which binds to the phosphotidy! serine
on the outer leaflet of the plasma membrane in apoptotic cells) was detected once
reperfusion commenced in the injured area of the heart (Dumont et al., 2001). This
reperfusion-associated apoptosis was almost halved by pre-injection of IDN-1965
(relatively specific for caspases -6, -8 and -9) into the carotid artery. Pre-administration
of z-VAD-fmk rescued two thirds of the cells and IDN-1529 (a pan-caspase inhibitor
with a preference for caspase-9) protected 80% (Dumont et al., 2001).
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2.3.2. Peripheral Ischemia

Arterial injuries, induced in the hind limbs of mice by prolonged ischemia followed
by reperfusion, were reduced by administration of z-VAD-fmk prior to arterial clamping
(Iwata et al., 2002). The injury caused by this arterial clamping substantially impaired
hind leg function in the mice, however mice that received z-VAD-fink prior to the onset
of ischemia had almost normal hind leg function (Iwata et al., 2002).

2.3.3. Hypertension

Caspase inhibition was tested in a rat model of severe pulmonary hypertension, in
which blockade of vascular endothelial growth factor receptors (VEGFR) combined with
chronic hypoxia induces endothelial lung cell apoptosis (Taraseviciene-Stewart et al.,
2002). Mice were given repeated intraperitoneal injections of the caspase inhibitor z-
VAD-fmmk during the hypoxic period of three weeks. Treatment with z-VAD-fmk
abolished the effects of VEGFR blockade: z-VAD-fimk treated animals subjected to
hypoxia and VEGFR blockage had similar pulmonary arterial pressure and ventricular
mass to hypoxic animals not treated with the VEGFR antagonists. Caspase inhibition in
this model was as effective as treatment with the bradykinin inhibitor B9430
(Taraseviciene-Stewart et al., 2002).

2.4. Inmune System Disorders
2.4.1. Auto-immune Diseases

A complex process of lymphocyte differentiation and selection normally eliminates
by apoptosis cells that recognize self-epitopes. Autoimmune disease results from the
unwanted survival of these auto-reactive immune cells. Because caspases are critical for
the removal of the autoreactive cells, one might imagine that therapeutic activation of
caspases at the critical point during lymphocyte differentiation would be a useful avenue
to pursue. However, once autoreactive cells have been generated and a disease has
developed, it is not clear whether disease symptoms would be reduced through
preventing generation of additional autoreactive cells. In fact, as the autoreactive immune
cells cause problems by inducing apoptosis in their target cells, caspase inhibition has
been explored as a strategy for easing symptoms associated with auto-immune disease.
Clearly, the risk with such an approach would be that, unless the caspase inhibition is
exquisitely targeted, survival of auto-immune cells may be boosted in individuals who
already have a predisposition to the retention of auto-immune lymphocytes, potentially
exacerbating the underlying problem. Despite this theoretical concern, a few researchers
have reported promising outcomes of inhibiting caspases in animal models of
autoimmune disease.

One system in which caspase inhibition has been tested is a mouse model of
Sjorgen’s syndrome, a condition caused by lymphocytic infiltration into the salivary and
lacrimal glands. Caspase-mediated cleavage of a-fodrin creates a neo-epitope that acts as
an auto-antigen. Repeated intravenous injection of z-VAD-fmk or Ac-DEVD-CHO
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alleviated symptoms to a significant extent, as measured by a short term assay of saliva
and tear production (Saegusa et al., 2002).

Transgenic mice expressing IFNy in the suprabasal layers of the epidermis develop
an autoimmune inflammatory skin disease resembling systemic lupus ethryematosus
(SLE). Mice that had already started to develop symptoms were treated with z-VAD-fimk.
The skin disease progressed despite caspase inhibition, and no clear decrease in
autoantibody production was observed, but the kidney disease which develops in these
transgenic animals was ameliorated (Seery et al., 2001).

Caspase-1 is a crucial component of immune mediated inflammation due to its
pivotal role in the cellular export of IL-1p and IL-18, as mentioned in the introduction.
Caspase-1 expression increased in a model of experimentally induced auto-immune
encephalomyelitis (EAE; a model of multiple sclerosis) in which mice were immunized
with spinal cord homogenate or myelin oligodendrocyte glycoprotein. Consistent with
this notion, prior treatment with z-VAD-fmk lessened the development of symptoms, but
it was not useful in treating the disease if given post-immunization (Furlan et al., 1999),
suggesting that caspases are involved in the early stages of the disease leading to immune
mediated demylination. Inhibiting caspase-1 activity may therefore be an attractive target
for acute relapsing multiple sclerosis.

2.4.2. Asthma

Asthma is caused by an allergic response that leads to airway inflammation. This
disease can be modelled in a mice in which animals are sensitized to the antigen OVA,
and subsequently challenged immunologically with OVA peptides. Rather than
prolonging the lifespan of T lymphocytes or eosinophils and aggravating asthma in this
model, prior introduction of z-VAD-fmk had a protective effect, decreasing the
infiltration of airways, mucus hypersecretion, edema and Th2 cytokine release (Iwata et
al., 2003). Interestingly, Ac-YVAD-fmk had no such effect (Iwata et al., 2003). The
inefficacy of Ac-YVAD-fmk implied that the activity of z-VAD-fmk most likely related
to its ability to inhibit apoptotic caspases rather than caspase-1. The exact mechanism
underlying this effect of z-VAD-fmk is somewhat obscure, but could involve caspase-3
dependent maturation of IL-16 (Zhang et al., 1998), which has been associated with
airway hypersensitivity. Alternatively, suppression of caspase mediated differentiation of
T cells (Schwerk & Schulze-Osthoff, 2003; Walsh et al., 2003) may play a part.

2.5. Arthritis

Rheumatoid arthritis is characterized by immune-mediated breakdown of joint
cartilage. IL-1 is an important factor in the pathogenesis of this disease, and blockade of
IL-1 receptors has been explored as a potentially valuable therapy. Prophylactic
administration of VE-13,045, an irreversible peptidyl caspase-1 inhibitor, slowed
symptoms of arthritis resulting from intradermal collagen injections, and reduced arthritic
disease by 60% (Ku et al., 1996). In a therapeutic model, treatment with VE-13,045 ten
days after the collagen booster was given (after the onset of observable symptoms)
slowed the progression of the inflammation, prevented additional infiltration of immune
cells and suppressed further cartilage erosion (Ku et al., 1996).
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Vertex Pharmaceuticals completed a Phase Ila clinical trial with Pralnacasan, an
inhibitor of caspase-1 for rheumatoid arthritis. Administered orally, Pralcacasan
significantly reduced joint symptoms and inflammation. However it was withdrawn from
clinical trials due to liver abnormalities in long-term animal studies.

Osteoarthritis is a degenerative joint disease is caused by the degradation of cartilage
through chondrocyte apoptosis. The specific cause of the degeneration in this form of
arthritis is unclear. “Wear-and-tear” seems to play a part, as the frequency of
osteoarthritis increases with age and people who play vigorous sports tend to be
disproportionally afflicted. The impact of caspase inhibition on osteoarthritis was
evaluated in spontaneous and collagen-induced mouse models of the disease. Pralnacasan
reduced joint damage in both models (Rudolphi et al., 2003).

2.6. Kidney Disease

Caspases have been shown to be mediators of necrotic renal cell injury in vivo (Ortiz
et al.,, 2003), and administration of z-VAD-fmk prevented apoptosis, inflammation and
tissue damage in an ischemia/reperfusion mouse model (Daemen et al., 1999). A newly
developed broad-spectrum caspase inhibitor, OPH-001, was tested in a mouse model in
which ischemic-induced acute renal failure was experimentally triggered by surgical
clamping of the renal pedicles (Melnikov et al., 2002). Caspase-1 was previously
implicated in ischemia-induced renal injury, as caspase-1 deficient mice do not undergo
renal failure following this procedure (Melnikov et al., 2001). Administration of OPH-
001 to wild-type mice an hour prior to clamping substantially prevented the onset of renal
failure, as monitored by serum creatinine and blood urea nitrogen levels. Agonistic
antibodies against IL-18 also conferred partial protection. While OPH-001 attenuated
apoptosis, its predominant effect was on proximal tubule necrosis. Histological
examination indicated that only 11-25% of tubules were necrotic in OPH-001 treated
animals, compared to 46-75% of tubules in contro! animals. The substantial neutrophil
infiltration accompanying ischemia was abolished by pretreatment with OPH-001.

2.7. Septic Shock and Infection
2.7.1. Sepsis

Given the importance of caspase-1 in the generation of the inflammatory cytokines,
modulating its activity has been an attractive approach to controlling the many diseases in
which these cytokines have been implicated, including infection (Rosenwasser, 1998;
Sugawara, 2000). Early studies using knockout mice indicated that caspase-1 is required
for septic shock induced by high doses of the bacterial cell wall component
lipopolysaccharide (LPS) (Kuida et al., 1995; Li et al., 1995). Caspase-1 inhibition also
provided protection in a central sepsis model (Yao et al., 1999). Anorexia results when
LPS is administered intracranially. In contrast, mice deficient for caspase-1 or treated
with Ac-YVAD-cmk had normal appetites following intracranial LPS administration
(Yao et al., 1999). A new inhibitor (M867) with a preference for caspase-3 (and to a
lesser extent caspase-7) was tested in a rodent model in which sepsis was triggered by
cecal ligation and perforation. M867 dramatically improved survival following cecal
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puncture (Hotchkiss et al., 2000), and substantially decreased thymocyte death when
given intraveneously for 24 hours after sepsis was induced (Methot et al., 2004).
Importantly, these studies defined the critical window during which caspase inhibition
would be effective: lymphocyte survival during the first 24 hours following sepsis was
crucial for animals to survive this treatment.

Administration of LPS is commonly used to experimentally induce hemodynamic
and metabolic symptoms associated with septic shock. This treatment, which is lethal in
sufficient doses, involves the generation of inflammatory cytokines, and the symptoms
can be prevented by co-administration of caspase-1 inhibitors, such as Pralnacasan (Ku et
al., 2002; Siegmund & Zeitz, 2003) and VE-13,045 (Ku et al., 1996). IDN-1529, whose
preferred target is caspase-9 but which also inhibits caspase-1 quite well, promoted
survival in this model, even when given after the onset of symptoms (Grobmyer et al.,
1999). Consistent with the notion that caspase-1 activity is required for the lethal effects
of high dose LPS, IDN-1965 (a pan-caspase inhibitor that inhibits caspase-1 23-fold less
well than IDN-1529), was ineffectual (Grobmyer et al.,, 1999). Treatment with
galactosamine dramatically sensitizes animals to LPS: lethal doses are reduced by 2,500
fold by co-treatment (Galanos et al., 1979). This co-treatment protocol has been used by
many groups as a model for sepsis, however questions have been raised regarding its
relevance to human sepsis (Leist et al., 1995; Mignon et al., 1999). It has been postulated
that the lethality associated with cotreatment with galactosamine and LPS is due to TNF
mediated liver injury rather than IL-1f related sepsis involving multiple organs. The
impact of caspase inhibitors on symptoms triggered by co-treatment with galactosamine
and LPS is discussed in section 2.1.

2.7.2. Peritonitis

Inhibition of caspase-1 was reported to hasten the resolution of peritonitis triggered
in mice by intraperitoneal injection of Staphylococcus aureus (Catalan et al., 2003),
modelling a major clinical complication of peritoneal dialysis. z-VAD-fmk treatment
produced a slight improvement in bacterial clearance and a dramatic decrease in
apoptosis of peritoneal neutrophils (Catalan et al., 2003).

2.7.3. Pulmonary Fibrosis

z-VAD-fmk was also effective in a mouse model of pulmonary fibrosis, a disease
thought to result from alveolitis. In this study, symptoms of pulmonary fibrosis were
triggered in mice by administration of bleomycin, and these symptoms were alleviated by
inhalation of z-VAD-fmk (Kuwano et al., 2001).

2.7.4. Pancreatitis

Inhibition of caspase-1 afforded significant protection again acute pancreatitis,
induced in rats by sodium taurocholate. The death rate from pancreatitis in this system
was reduced by administration of Ac-YVAD-cmk (Norman et al., 1997; Rau et al., 2001),
even when given after disease induction (Paszkowski et al., 2002).
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2.7.5. Colitis

Colitis was induced in mice by feeding them 3.5% dextran sulfate in drinking water
for 10 days (Loher et al., 2004). This treatment triggered IL-18 production, and
subsequent IFNy generation by splenocytes. Intraperitoneal Pralnacasan significantly
reduced IL-18, IFNy production and improved symptoms such as body weight and stool
consistency (Loher et al., 2004). Oral administration was less effective (Loher et al.,
2004).

3. CONSIDERATIONS FOR THERAPEUTIC CASPASE INHIBITOR DESIGN

The animal studies and single human clinical trial cited above yielded generally
encouraging results, and it is likely that many caspase inhibitors will be developed and
tested in clinical trials in the near future. It is therefore useful to discuss the
considerations associated with developing and using caspase inhibitors clinically.

3.1. Limitations of Available Animal Models

The initial stages of drug development exploit animal models that permit validation
of the predicted activity of novel drugs, but these often do not replicate human disease.
While these proof-of-concept studies are essential, meaningful data regarding likely
clinical efficacy of caspase inhibitors will only be yielded if the apoptotic pathway
stimulated in the model accurately reflects that triggered in patients. This will be
particularly true for inhibitors of specific caspases. Unfortunately many of the animal
models currently available are not yet fully characterized at the molecular level, so while
they may mimic the symptoms of human disease, the components of the apoptotic
pathways may differ from those in patients’ cells. For this reason, an enhanced
understanding of the molecular pathways responsible for the apoptosis associated with
particular diseases will be extremely valuable in choosing and developing appropriate
animal models for testing candidate drugs.

3.2. Inhibiting Apoptosis versus Restoring or Retaining Function

A pertinent question is whether inhibiting apoptosis equates with restoring cellular
viability and function. In many of the studies described above, drugs were deemed
effective if they reduced apoptosis. However, ir vitro at least, inhibiting caspase activity
has sometimes been shown to merely shift the mode of cell death from apoptosis to
necrosis (Hartmann et al., 2001; Lemaire et al., 1998) This may also be relevant in vivo -
in one myocardial infarction model, caspase inhibition decreased apoptosis of heart cells
but did not reduce infarct size (Okamura et al., 2000). Even if the cells rescued from
apoptosis do survive, they may be substantially damaged and incapable of carrying out
their normal physiological roles. This appears not to be the case in most liver injury
models, where caspase inhibition either rescued the animals from lethality or improved
their liver function as measured by transaminase levels. In some neuronal and cardiac
models, caspase inhibition also resulted in retention of cellular function (Friedlander et
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al., 1997; Himi et al., 1998; Mochizuki et al., 2001; Neviere et al., 2001; Ona et al., 1999;
Schierle et al., 1999). However, other data indicate that apoptosis inhibition may not be
suffficient to relieve clinically relevant symptoms in neuronal conditions (Clark et al.,
2000; Gillardon et al., 1999) and, in vitro, neurons in which apoptosis was suppressed
through caspase inhibition were functionally impaired (von Coelln et al., 2001). Future
studies should therefore encompass measures of function, in addition to assaying cellular
survival.

3.3. Therapeutic Caspase Inhibitor Design

Ideally, caspase inhibitors would possess the required pharmacokinetic properties to
target the disease and caspase(s) of interest. Altering such properties of caspase inhibitors
as specificity, stability, reversibility, solubility and perhaps even targeting specific
tissues, imposes significant hurdles to successful drug design. Due to lesser requirements
for stability, specificity and toxicity, companies are mainly focusing drug development
programs on acute indications. Indeed broad spectrum caspase inhibition may be
desirable to achieve effective therapy in acute diseases due to the amplifying nature of the
caspase cascade. However, for the treatment of chronic disease (such as Capase-1
inhibition to delay the progression of Huntington’s disease), selective inhibition will be
paramount so that side effects are minimized, as discussed below. Drug stability is also
an important issue, as the drug half-life requirements will be different for acute versus
chronic diseases. Targeting particular tissues, especially in the cases of chronic diseases,
may minimize adverse affects. As an example, IDN-6556 targets and is rapidly cleared
by the liver, making it an ideal drug for liver disease. In contrast, targeting caspase
inhibitors to the brain for stroke or neurodegenerative disorders would prove more
difficult, and would require improvements in solubility for blood barrier penetration.
Non-peptidyl inhibitors may be favored for diseases of the brain, as peptide-based
inhibitors typically access the brain very poorly (Robertson et al., 2000). Providing an
example of an experimental strategy adopted to overcome this problem, Onteniente et al.,
fused caspase inhibitors to the HIV-1 protein transduction domain protein, conferring
membrane permeability (Onteniente et al., 2003). One particularly promising application
of caspase inhibitors, which is likely to be safe, is the prevention of apoptosis in donor
tissue, such as for liver transplants. In this application, targeting the caspase inhibitor to
the donor cells is straightforward as the administration can be performed in vitro, sparing
the recipient’s cells from any side effects of the drug. An additional benefit may be that
only short term treatment would be required.

When comparing reversible and irreversible inhibitors, which bind to caspases with
similar affinities, irreversible inhibitors provide better protection from apoptosis at a
given dose. To illustrate this point, Wu and Fritz calculated that ICs, values could be 42-
137 fold better for irreversible inhibitors than reversible inhibitors of equivalent binding
affinity (Wu & Fritz, 1999). This would argue that development of irreversible inhibitors
for clinical use should be favored, as lower doses would be required to effect a given
response. However it should be noted that this greater potency associated with
irreversible inhibition may be deleterious if the inhibitor was not totally specific, as
irreversible inactivation of molecules other than the target caspases could lead to adverse
effects.
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3.4. Administration

Route and timing of administration are important considerations. As for most drugs,
oral administration of caspase inhibitors would be preferable, especially for long term
administration for chronic diseases. For acute indications, injections may be more
acceptable. The timing of drug administration also varies for different indications. It
becomes critical for diseases such as stroke, where there is a therapeutic window to
reduce apoptosis in the penumbral region. In many of the successful animal trials
summarized above, caspase inhibitors were administered prior to or simultaneous with
disease onset. Future studies should focus on whether candidate drugs are effective when
given at a time reflecting feasible clinical administration (at the very least, after
symptoms are detectable).

3.5. Avoiding Foreseeable Adverse Effects

Given the central and diverse roles played by apoptosis, one could envisage a
number of adverse scenarios resulting from indiscriminate modulation of apoptotic
pathways. Global suppression of IL-1f and IL-18 maturation could also provoke
unwanted effects. Although less well understood, caspases may play roles in proliferation
and differentation (Schwerk & Schulze-Osthoff, 2003), the inhibition of which may also
lead to undesirable side-effects.

It should be noted that the studies reported to date and summarized here have only
assessed the short-term impact of caspase inhibition. One theoretical long-term risk of
caspase inhibitor administration would be cancer development. Inhibition of apoptotic
pathways at other points has been conclusively demonstrated to contribute to oncogenesis
(Igney & Krammer, 2002) and blocking upstream steps in apoptosis pathways, by
enforcing Bcl-2 expression or knocking-out Apaf-1, increased clonigenic survival
(Haraguchi et al., 2000; Vaux et al., 1992). In contrast, inhibition of apoptosis pathways
at distal points, as would be achieved by caspase inhibition, appears to have a
qualitatively different effect. Cells lacking caspase-9 merely exhibited a short term
apoptosis resistance, but the surviving cells did not proliferate to form colonies (Ekert et
al, 2004, in press). In total, these data tend to suggest that caspase inhibition would be
unlikely to contribute to oncogenesis, however long-term animal studies addressing this
issue would be warranted.

The possibility of deleterious ramifications caused by long term caspase inhibition,
apart from cancer development, should also be considered. Vertex and Alventis
announced, in a November 2003 press release, that phase IIb trials of the caspase-1
inhibitor Pralnacasan in rheumatoid arthritis patients had been discontinued when a
toxicology study revealed that animals exposed to high doses for nine months developed
liver abnormalities. Publication of the details of this animal toxicology study and others
investigating the long term effects of various caspase inhibitors should assist in designing
new drugs and treatment protocols to minimize the risks associated with therapeutic
caspase inhibition.

Caspase inhibitor-based therapy for chronic viral conditions such as viral hepatitis
could be quite risky. In evolutionary terms, apoptosis can be used to limit viral spread
and replication (Cuconati & White, 2002). If caspase inhibitors are to be used for treating
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viral hepatitis, for example, it would be wise to carefully assess the impact of the drug on
viral load in medium and long term in animal models before embarking on clinical trials.
The use of untargeted caspase inhibitors to prevent auto-immune cellular destruction may
also be counterproductive, as it could limit the apoptotic removal of autoimmune cells.

4. CONCLUSIONS

Dysregulated apoptosis contributes to a multitude of human diseases, and drugs that
modulate caspase activity may have many clinical applications in the future. Although
the development of caspase inhibitors for clinical use has a long way to go, many
promising results have already been gleaned from animal studies. As the compounds used
in many of these studies are not optimal for in vivo caspase inhibition, new inhibitors
with improved cell penetration and pharmacokinetic properties could well yield better
results. In time, agents designed to enhance caspase activity, rather than inhibit it, will
probably also be developed for therapeutic application. With due attention to the potential
risks outlined above, therapeutic modulation of caspase activity is likely to offer
significant health benefits for patients with a number of debilitating or fatal conditions.
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THE INTRINSIC (MITOCHONDRIAL) DEATH
PATHWAY AND NEW CANCER THERAPEUTICS:
BCL-2 FAMILY IN FOCUS

Chapter V

Sanjeev Shangary' ", Christopher L. Oliver®, and Daniel E. Johnson'”

1. INTRODUCTION

Apoptosis is a genetically programmed form of cell death by which multi-cellular
organisms maintain tissue homeostasis during growth and development (Jacobson et al.,
1997). The execution of apoptosis is generally tightly regulated through complex
interactions between apoptosis-promoting and apoptosis-opposing molecules. However,
aberrant regulation of apoptosis is seen in, and contributes to, a myriad of patho-
physiologic conditions such as malignancy, neurologic disorders and autoimmune
diseases (MacGibbon et al., 1997; Eguchi, 2001; DeVries et al., 2001; Johnstone et al.,
2002; Shangary & Johnson, 2003).

Apoptosis ensures timely cellular suvicide through two autonomous, but
interconnected pathways: The intrinsic pathway, characterized by disruption of
mitochondrial integrity, and the extrinsic pathway, characterized by death receptor/death
ligand signaling. Members of the Bcl-2 protein family play a critical role in regulating the
intrinsic, mitochondrial cell death pathway. Research performed over the past 15 years
has shown that defective apoptosis due to abnormal expression or function of Bcl-2
family members is a characteristic feature of many malignancies. Overexpression of anti-
apoptotic proteins, such as Bcl-2 and Bcl-xy, not only promotes tumorigenesis, but
subsequently confers resistance to traditional treatment modalities (Johnstone et al., 2002;
Shangary & Johnson, 2003). Thus, there is tremendous need to develop novel anti-cancer
agents which directly target apoptosis regulatory proteins. This review will focus on the
regulation of the intrinsic apoptosis pathway by Bcl-2 family members, and will attempt
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to clarify the past, present and future of anti-cancer therapeutics targeting this cell death
pathway.

2. MITOCHONDRIAL EVENTS ASSOCIATED WITH THE INTRINSIC
APOPTOTIC PATHWAY

The intrinsic pathway of apoptosis is activated in response to cell death signals such
as chemotherapy drugs, UV, DNA damage, growth factor withdrawal, and pS3 and c-myc
activation (Zong et al., 2001; Wei et al., 2001). These diverse apoptotic stimuli activate
intracellular signals that converge at the level of the mitochondria, resulting in the loss of
mitochondrial membrane potential and the release of apoptogenic proteins (Fig. 1). The
precise mechanisms responsible for the release of apoptogenic factors into the cytosol are
not well understood, but recent reports suggest an initial pore-dependent efflux of
apoptogenic factors followed by a more lengthy remodeling of mitochondrial architecture
and loss of membrane potential (Scorrano et al., 2002; Kuwana et al., 2002). The
apoptogenic factors known to be released from the mitochondria include cytochrome ¢
(Yang et al., 1997; Kluck et al., 1997; Liu et al., 1996), apoptosis-inducing factor (AIF)
(Susin et al., 1999), and Smac/DIABLO (Du et al., 2000; Verhagen et al., 2000). Of
these, cytochrome ¢ is perhaps the best characterized. Once released into the cytosol,
cytochrome ¢ binds to Apaf-1 protein, inducing conformational changes which allow
association with pro-caspase-9 (Li et al., 1997; Zou et al., 1999; Yoshida et al., 1998).
Formation of this ‘apoptosome’ complex results in the activation of caspase-9, which
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Figure 1. The intrinsic, mitochondrial-mediated cell death pathway.
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then cleaves and activates the executioner caspases, caspase-3 and -7. Ultimately,
activation of this caspase cascade leads to the fragmentation of genomic DNA and
changes in cellular morphology that are characteristic of apoptotic death.

Although mitochondrial release of cytochrome c initiates a well amplified cascade,
post-mitochondrial regulatory controls do exist. Cytosolic IAPs (inhibitors of apoptosis
proteins), including c-IAP1, c-IAP2 and XIAP, have been shown to bind to inhibit
caspases, and have been reported to be overexpressed in several tumor types (Tamm et
al., 2000; Holcik et al., 2000). Smac/DIABLO normally acts to inhibit the activities of
1APs, such as XIAP, by displacing the inhibitor protein from caspase enzymes (Verhagen
& Vaux, 2002). Additionally, apoptotic stimuli result in the mitochondrial release of AIF,
which migrates to the nucleus and induces genomic DNA fragmentation (Susin et al.,
1999).

3. THE INTRINSIC MITOCHONDRIAL PATHWAY OF CELL DEATH:
REGULATION BY THE BCL-2 PROTEIN FAMILY

Members of the Bcl-2 protein family act as important regulators and participants in
the intrinsic mitochondrial pathway. The release of apoptogenic proteins from the
mitochondria is inhibited by anti-apoptotic Bcl-2 family members (e.g. Bcl-2 and Bel-x;)
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Figure 2. The Bel-2 protein family. The figure shows schematic representations of anti-apoptotic and pro-
apoptotic members of the Bcl-2 protein family. The following structural domains are shown: transmembrane
(TM) domains (solid black), BH1 and BH2 (striped), BH3 (checkered), and BH4 domains (striped).
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and promoted by pro-apoptotic members (e.g. Bax, Bak and Bid). However, these
regulatory activities are modulated by protein/protein interactions between the Bcl-2
family members. Knowledge regarding the structural composition of Bcl-2 family
proteins has contributed significantly to our understanding of the protein/protein
interactions occurring in this family.

The Bcl-2 family consists of multiple proteins that share sequence homologies in
regions termed Bcl-2 Homology domains (BH domains; Fig. 2). Anti-apoptotic family
members share all four of the known Bcl-2 homology domains, BH1, BH2, BH3 and
BH4, and include Bcl-2 (Tsujimoto & Croce, 1986), Bcl-x,. (Boise et al., 1993), Mcl-1
(Kozopas et al., 1993), Bfl-1 (Choi et al., 1995), and Bcl-w (Gibson et al., 1996). The
pro-apoptotic Bcl-2 family members are functionally and structurally divided into multi-
domain and ‘BH3 domain-only’ proteins. Multi-domain pro-apoptotic members are
structurally similar to anti-apoptotic Bcl-2, and also contain BH!-3 domains. Currently
identified members of the multi-domain pro-apoptotic subgroup include Bax (Oltvai et
al., 1993), Bak (Chittenden et al., 1995b), Bok/Mtd (Hsu et al., 1997a; Inohara et al.,
1998), and Bcl-xs (Boise et al., 1993). Included among the ‘BH3 domain-only’ proteins
are Bad (Yang et al., 1995), Bid (Wang et al., 1996), Bim/Bod (O'Connor et al., 1998),
Bmf (Puthalakath et al., 2001), Bik/Nbk (Boyd et al., 1995), PUMA/Bbc3 (Nakano &
Vousden, 2001; Yu et al., 2001), Noxa (Oda et al., 2000), and Mcl-15 (Bae et al., 2000).

3.1. Anti-Apoptotic Members Exemplified by Bcl-2 and Bcl-x;,

Bcl-2, the prototypic anti-apoptotic protein, was initially discovered as an
overexpressed oncoprotein in human follicular lymphomas harboring a t(14;18)
translocation (Tsujimoto & Croce, 1986; Tsujimoto et al., 1984). The majority of anti-
apoptotic proteins, including Bcl-2 and Bcl-x, contain carboxyl-terminal transmembrane
domains which dictate their subcellular localization to organellar membranes, primarily
the outer-mitochondrial membrane (OMM). In addition to the OMM, Bcl-2 and Bcl-x;,
have also been found to be localized to endoplasmic reticulum (ER) and nuclear
membranes (Conus et al., 2000; Hsu et al., 1997b). The localization of Bcl-2 and Bcel-x;.
at the OMM enables both proteins to inhibit cytochrome c release in cells treated with an
apoptotic stimulus.

Anti-apoptotic Bcl-2 family members characteristically contain BH1, BH2 and BH3
domains, and these domains fold together to form a hydrophobic binding pocket, termed
the BH3 binding pocket (Aritomi et al., 1997; Muchmore et al., 1996). The BH3 binding
pocket has been shown to be integral for the anti-death activity of these proteins (Yin et
al., 1994). Additionally, early studies determined that anti-apoptotic proteins, such as
Bcl-2, easily formed heterodimers with pro-apoptotic proteins such as Bax, and that this
heterodimerization was dependent on an intact BH3 binding pocket in the anti-apoptotic
protein (Yin et al., 1994; Zhang et al., 2000; Sedlak et al., 1995; Wang et al., 1998). An
intact BH3 domain in the pro-apoptotic protein also was required for heterodimerization
(Chittenden et al., 1995a; Simonen et al., 1997). The Bcl-2/Bax Rheostat Model,
proposed by Oltvai and colleagues, in 1993, predicted that the ratio of anti- to pro-
apoptotic proteins within a cell determines whether a cell will live or die in response to an
apoptotic stimulus (Oltvai et al., 1993). This model rested on observations that pro-
apoptotic proteins are neutralized by heterodimerization with anti-apoptotic members,
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and vice versa. Supporting evidence for this model included reports that loss of function
mutants of Bcl-2 and Bcl-x;, were unable to bind to pro-apoptotic Bax and Bak (Yin et
al., 1994; Sedlak et al., 1995).

3.2. Multi-Domain Pro-Apoptotic Members Exemplified By Bax and Bak

Pro-apoptotic members of the Bcl-2 family are functionally and structurally divided
into two subgroups: multi-domain proteins and ‘BH3 domain-only’ proteins. The most
extensively characterized multi-domain pro-apoptotic proteins are Bax and Bak.
Landmark studies in a murine Bax/Bak double knock-out model revealed that the
expression of either Bax or Bak was essential for cell death induced by etoposide,
staurosporine, or UV radiation (Zong et al., 2001; Wei et al., 2001).

Under normal conditions, Bax occupies a cytosolic distribution. However, in
response to death stimuli, cytosolic Bax translocates to the mitochondria (Hsu et al.,
1997b). In addition, conformational changes occur which reveal a mitochondrial targeting
transmembrane domain, facilitating association with the OMM (Desagher et al., 1999)

“BH3 domain-only” proteins

Indirect activation
of Bax or Bak

Direct activation
of Bax or Bak

Release of apoptogenic
factors and cell death

Figure 3. Apoptosis induction by “BH3 domain-only” proteins. The figure depicts two models for Bax or
Bak activation by “BH3 domain-only” proteins (represented as triangles). In the first model, “BH3 domain-
only” proteins (e.g. Bid and Bim) bind directly to Bax or Bak, inducing oligomerization of Bax or Bak in the
mitochondrial membrane. The oligomerization of Bax or Bak then leads to the release of apoptogenic factors
into the cytosol. In the second model, “BH3 domain-only” proteins (eg. Bad) bind to anti-apoptotic Bcl-2 or
Bcl-X,, displacing bound pro-apoptotic proteins. The released pro-apoptotic proteins may be Bax or Bak
themselves, or may be other “BH3 domain-only” proteins that subsequently bind to Bax or Bak. The release of
pro-apoptotic proteins from Bcl-2 or Bel-X,. leads to oligomerization of Bax or Bak in the outer mitochondrial
membrane, followed by the release of apoptogenic factors into the cytosol.
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(Nechushtan et al., 1999; Suzuki et al., 2000). Once positioned at the mitochondria, Bax
can bind to anti-apoptotic proteins such as Bcl-2, which serves to neutralize Bax pro-
apoptotic activity. Alternatively, if Bcl-2 is in low abundance, or is inactivated by another
mechanism, Bax can undergo oligomerization in the OMM, which promotes Bax pro-
apoptotic activity (Antonsson et al., 2001; Mikhailov et al., 2001).

In contrast to Bax, Bak normally resides in the OMM, where it may be bound and
neutralized by Bcl-2 or other anti-apoptotic proteins (Griffiths et al., 1999; Mahajan et
al., 1998). The activation of Bak pro-apoptotic activity in response to death stimuli is
characterized by oligomerization in the OMM (Wei et al., 2000). The activation and
oligomerization of Bax and/or Bak leads to disruption of mitochondrial integrity and the
release of apoptogenic factors (Fig. 3). Based on the structural resemblance between Bcl-
2-related proteins and bacterial toxins that form pores in biologic membranes, it was
suggested that Bax and Bak promote the release of apoptogenic proteins through pore
formation (Petros et al., 2004; Aritomi et al., 1997; Muchmore et al., 1996). Indeed,
accumulating evidence suggests that multimers of Bax and Bak form pores that are
permeable to cytochrome ¢ (Kuwana et al., 2002; Saito et al., 2000; Korsmeyer et al.,
2000).

The premature or non-specific activation of Bax and Bak is inhibited by negative
regulatory systems. Mitochondrial VDAC?2 protein has been shown to associate with, and
stabilize Bak as an inactive monomer in the OMM (Cheng et al., 2003), and cytosolic
protein 14-3-3 has recently been shown to function as a similar negative regulator of Bax
(Nomura et al., 2003). The interactions of Bax and Bak with their respective negative
regulators are disrupted in response to overwhelming cell death signals.

3.3. ‘BH3 Domain-Only’ Pro-Apoptotic Members Of The Bcl-2 Family

‘BH3 domain-only’ members of the Bcl-2 family are a structurally diverse group,
sharing homology only at the BH3 domain. This essential BH3 domain confers variable
ability to heterodimerize with Bcl-2 family members that contain a BH3 binding pocket
consisting of BH1-3 domains (i.e. Bcl-2, Bcl-x;, Bax and Bak). Bid was the first member
of the ‘BH3 domain-only’ subgroup to be identified (Wang et al., 1996), and is unique for
its ability to link the extrinsic and intrinsic apoptotic pathways (Li et al., 1998; Luo et al.,
1998). Several studies have shown that the ‘BH3 domain-only’ proteins require an intact
BH3 domain as well as expression of Bax or Bak to induce cellular apoptosis (Wei et al.,
2001; Zong et al., 2001). The ‘BH3 domain-only’ proteins reside upstream in the intrinsic
apoptotic pathway, acting as sensors of cellular damage and transducing signals to the
mitochondria that cause activation of multi-domain Bax or Bak and/or inhibition of anti-
apoptotic Bcl-2 or Bel-xg, (Fig. 3), (Oda et al., 2000; Nakano & Vousden, 2001; Yu et al.,
2001; Jeffers et al., 2003; Putcha et al., 2001; Puthalakath et al., 1999; Puthalakath et al.,
2001).

3.4. Integration of Bcl-2 Family Members in the Regulation of Apoptosis
Current evidence suggests that the conversion of an apoptotic stimulus to an

intracellular cell death signal is mediated by ‘BH3 domain-only’ members of the Bcl-2
family (Luo et al., 1998; Puthalakath et al., 2001; Putcha et al., 2001). ‘BH3 domain-
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only’ proteins are subject to numerous mechanisms of activation including, but not
limited to dephosphorylation, caspase-mediated cleavage and disruption of
protein/protein interactions. Two basic models have been proposed to account for the
pro-apoptotic action of ‘BH3 domain-only’ proteins (Fig. 3) (Letai et al., 2002). In the
first model, ‘BH3 domain-only’ proteins directly bind and activate multi-domain pro-
apoptotic Bax or Bak, leading to Bax or Bak oligomerization and breech of mitochondrial
integrity (Eskes et al., 2000; Marani et al., 2002; Liu et al., 2003; Letai et al., 2002). In
the second model, there is an indirect initiation of the apoptotic cascade through
inhibitory interactions of the ‘BH3 domain-only’ protein with Bcl-2 or Bel-x,.. According
to this model, interaction of the ‘BH3 domain-only’ protein with Bcl-2 or Bcl-x., causes
release and activation of sequestered pro-apoptotic Bax or Bak (Cheng et al., 2001; Yang
et al., 1995; Letai et al., 2002). Alternatively, binding of the ‘BH3 domain-only’ protein
to Bcl-2 or Bel-xp may cause release of a different, bound ‘BH3 domain-only’ protein,
which then goes on to bind and activate Bax or Bak.

Structural variations among ‘BH3 domain-only’ proteins confer variable binding
affinity to different Bcl-2 family members. Fluorescence polarization (FP) assays have
uncovered significant differences in the abilities of BH3 peptides derived from various
‘BH3 domain-only’ proteins to bind to Bcl-2 and Bcel-x, (Letai et al., 2002). In addition,
sequences outside of the BH3 domain may influence binding affinities (Woo et al., 2003).
Overall, the relative binding selectivity of ‘BH3 domain-only’ proteins to multi-domain
Bcl-2 family members may influence whether a given ‘BH3 domain-only’ protein
promotes apoptosis by directly interacting with Bax or Bak, or indirectly, by interacting
with anti-apoptotic Bcl-2 or Bcel-x, (Fig. 3). For example, Wei and colleagues found that
Bid can directly bind Bak, inducing Bak oligomerization and cytochrome c release (Wei
et al., 2000). By contrast, Letai and collaborators found that a peptide derived from the
BH3 domain of Bad failed to directly activate Bak. Instead the Bad BH3 peptide
sensitized cells to apoptosis by displacing pro-apoptotic proteins that were bound to Bcl-2
(Letai et al., 2002).

3.5. Transcriptional Regulation

Certain Bcl-2 family members are subject to finely tuned transcriptional regulation.
Early studies identified Bax as a p53-regulated target (Miyashita & Reed, 1995;
Thornborrow et al., 2002). More recently, the ‘BH3 domain-only’ proteins PUMA and
Noxa have been shown to be induced by p53 (Oda et al., 2000; Nakano & Vousden,
2001; Yu et al., 2001; Han et al., 2001). Both Noxa and PUMA are critical mediators of
cell death induced by DNA damaging agents (Villunger et al., 2003; Jeffers et al., 2003).
PUMA is also important for apoptosis induced by pS53-independent signals such as
cytokine withdrawal, staurosporine, PMA and dexamethasone (Villunger et al., 2003;
Jeffers et al., 2003). Due to the presence of p53 mutations in a large number of cancers,
and the modulation of PUMA, NOXA and Bax by p53 expression, these Bcl-2 family
members may hold prognostic and therapeutic significance in a variety of cancers.
Additional studies have shown that the ‘BH3 domain-only’ protein Bim is
transcriptionally regulated in growth factor-deprived neuronal cells via a INK-dependent
pathway (Putcha et al., 2001; Whitfield et al., 2001; Harris & Johnson, 2001), and in
cytokine-deprived hematopoietic cells through a pathway dependent on forkhead
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transcription factor (Dijkers et al., 2000; Shinjyo et al., 2001). Other genes, including
bcl-x (Boise et al., 1993), bfl-1/al (Lin et al., 1993; Zong et al., 1999), and bcl-2 (von
Freeden-Jeffry et al., 1997) are subject to transcriptional regulation in certain settings.

3.6. Post-Translational Modifications

Post-translational modifications are also critical in regulating the function of Bcl-2
family proteins. The two best characterized examples involve the ‘BH3 domain-only’
proteins, Bid and Bad. Bid is activated following engagement of cell surface death
receptors by their cognate death ligands (Li et al., 1998; Luo et al., 1998). Death receptor
activation results in the activation of caspase-8, which then is able to cleave full-length
Bid (FL-Bid) to produce a 15 kDa fragment termed truncated Bid (tBid). Following
cleavage, the tBid proteolytic fragment migrates to the mitochondria and activates the
intrinsic apoptotic machinery through direct binding to, and activation of, Bax or Bak (Li
et al., 1998; Eskes et al., 2000; Wei et al., 2000). N-Myristoylation of the tBid fragment
has been found to facilitate translocation to the mitochondria (Zha et al., 2000).
Additional evidence suggests that phosphorylation of FL-Bid by cellular kinases can
inhibit caspase cleavage and tBid formation (Desagher et al., 1999).

In the case of Bad, survival signals such as IL-3 promote phosphorylation at specific
serine residues. This results in binding to, and sequestration by, the ubiquitous cytosolic
protein 14-3-3, thereby nullifying any pro-apoptotic activity. Phosphorylation of Bad has
been demonstrated by a number of kinases including p9ORSK, PKB/AKT, PKA, and the
MAPK/ERK kinases (Zha et al., 1996b; Tan et al., 1999; Harada et al., 1999; Scheid et
al., 1999). On the contrary, phosphorylation of Bik at T33 and S35 promotes the pro-
apoptotic function of this protein (Verma et al., 2001).

Bim and Bmf are ‘BH3 domain-only’ proteins that are uniquely sequestered at two
distinct cytoskeletal structures. The Bim isoforms Bimg; and Bimy are associated with
microtubulin-associated dynein motor complex through interaction with an 8-kDa dynein
light chain 1 (DLC1 or LCS8). In response to UV- and y-irradition, or treatment with taxol
or staurosporine, DLC1-bound Bim dissociates from the dynein motor complex,
translocates to mitochondria and binds to Bcl-2 (Puthalakath et al., 1999). The pro-
apoptotic activity of Bimg; can be further enhanced following phosphorylation of S65 by
mitochondrial c-JNKs (Putcha et al., 2003). Bmf is sequestered by myosin V actin motor
complex via interaction with DLC2. Death signals such as detachment from substratum
or treatment with actin depolymerizing agents lead to detachment and activation of Bmf
(Puthalakath et al., 2001).

Several studies have reported phosphorylation of Bcl-2, with consequent regulation
of the anti-apoptotic function of this molecule. In addition, Deverman and colleagues
have reported that treatment of cells with DNA damaging agents, including cisplatin and
etoposide, resulted in deamidation of Bcl-x, at asparagine residues 52 and 66, and loss of
anti-apoptotic activity (Deverman et al., 2002). Clearly, further efforts are needed to
identify the full range of post-translational modifications that impinge on the Bcl-2 protein
family, and the impact these modifications have on the regulation of cellular apoptosis.
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4. DYSREGULATION OF THE BCL-2 FAMILY AND CANCER

In view of the important role that Bcl-2 family members play in the regulation of
apoptosis, it is perhaps not surprising that impairment in their function or expression has
profound consequences on cellular development and leads to pathological conditions.
Aberrant expression or function of Bcl-2 family members has been frequently observed
in a variety of human malignancies. Below we describe what is known about
dysregulation of Bcl-2 in human cancers. While much is known in this regard, less is
known about the involvement of other Bcl-2 family members, and considerable work lies
ahead in this area.

Overexpression of Bcl-2 has been observed in both hematologic and solid tumor
malignancies. With respect to hematologic cancers, Bcl-2 is overexpressed in non-
Hodgkin’s lymphomas (NHL), chronic lymphocytic leukemias (CLL), multiple
myeloma, and acute myeloid leukemias (AML). NHL is a malignancy of B or T cells and
is comprised primarily of patients with either follicular lymphoma or diffuse large B-cell
lymphoma. Over 85% of follicular lymphomas and 20% of diffuse large B-cell
lymphomas display a t(14;18)(q32;21) chromosomal translocation (Crisan, 1996; Yunis
et al., 1982; Ngan et al., 1988; Levine et al., 1985; Hill et al., 1996). This translocation
places the bcl-2 gene from chromosome 18 under the control of immunoglobulin heavy
chain (IgH) promoter on chromosome 14, resulting in overexpression of Bcl-2. Elevated
Bcl-2 levels have been reported in follicular lymphomas of diverse histologic grades and
are associated with chemoresistance (Ngan et al., 1988; Gaulard et al., 1992; Gribben et
al., 1993; Lorsbach et al., 2002). Moreover, the t(14;18)(q32;21) translocation is used as
marker of clinical response in B-cell NHL and detection of this translocation correlated
with disease relapse (Gribben et al., 1993; Hill et al., 1996).

Chronic lymphocytic leukemia (CLL) involves failed apoptosis and immune
dysfunction resulting in the accumulation of CD5* B-cells. Bcl-2 is overexpressed in a
majority of CLL samples, although only a minority of these cases exhibit the t(14;18)
translocation (Adachi et al., 1990). Promoter hypomethylation has been cited as a cause
of Bcl-2 overexpression in the absence of bcl-2 gene rearrangement (Hanada et al., 1993).
High levels of Bcl-2 and/or high Bcl-2/Bax ratios correlate with disease progression, poor
clinical outcome, and chemoresistance in CLL (Hanada et al., 1993; Pepper et al., 1996;
Aguilar-Santelises et al., 1996; Marschitz et al., 2000; Consoli et al., 2002; Robertson et
al., 1996; Faderl et al., 2002; Stamatoullas et al., 2000; Pepper et al., 1998). Additionally,
overexpression of Mcl-1 (Kitada et al., 1998) and a high Mcl-1/Bax ratio (Bannerji et al.,
2003) are directly related to chemoresistance and inversely related to complete remission
in B-CLL patients.

High levels of Bcl-2 (Campos et al., 1993; Karakas et al., 1998) and high Bcl-2/Bax
ratios (Ong et al., 2000) are also frequently found in AML, where they are associated
with chemoresistance and failure to achieve complete remission (Ong et al., 2000;
Campos et al., 1993; Bincoletto et al., 1999; Karakas et al., 1998; Maung et al., 1994).
High Bcl-x, (Pallis et al., 1997), low Bcl-xs (Yamaguchi et al., 2002) and/or a high Bcl-
x1/Bcl-xs ratio (Deng et al., 1998) also correlates with poor prognosis or relapse in AML
patients. Mcl-1 has also been implicated in the relapse of AML (Kaufmann et al., 1998).

Multiple myeloma (MM) is a disease in which slowly proliferating malignant plasma
cells accumulate in the bone marrow. High expression of Bcl-2 in MM patients is linked
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to resistance to interferon therapy (Harada et al., 1998; Sangfelt et al., 1995). Treatment
of myeloma cells with dexamethasone and etoposide, traditionally used in MM therapy,
was found to upregulate Bcl-2, rendering the MM cells resistant to future treatment
(Gazitt et al., 1998; Tu et al., 1996). While Bcl-2 is present during early stages of MM,
Bcl-xy is expressed at later stages of the disease (Harada et al., 1998). The response of
MM patients to chemotherapy is much lower in patients that overexpress Bcl-xy (Tu et
al., 1996). Mcl-1 also provides an important survival signal for MM cells (Zhang et al.,
2002).

An altered expression profile of Bcl-2 family proteins is also found in non-
hematologic malignancies such as malignant melanoma, prostate, breast, lung, and colon
cancer, and in some cases is correlated with prognosis. In malignant melanoma, Bcl-2
expression levels have been found to increase with the severity of the disease and
overexpression in metastatic melanoma is associated with shorter patient survival (Leiter
et al., 2000; Grover & Wilson, 1996). Similarly, Bcl-x; levels progressively increase
during progression of primary malignant melanoma to metastatic disease (Leiter et al.,
2000; Tang et al., 1998). Mcl-1 has been found to be overexpressed in primary as well as
metastatic melanoma and is associated with chemoresistance (Tang et al., 1998).

Prostate cancer typically progresses from a hormone-dependent stage to a poorer
prognosis hormone-independent stage. Treatment options for hormone-refractory prostate
cancer include chemotherapy and radiotherapy, with limited success. One of the
molecular events occurring during advancement to hormone-refractory status is an
increase in Bcl-2 levels (McDonnell et al., 1992), and expression of Bcl-2 is a useful
molecular marker of clinical outcome in prostate cancer (Bauer et al., 1996; Kaur et al.,
2004; Pollack et al., 2003).

Overexpression of Bcl-2, in combination with reduced Bax, has been associated with
lower apoptotic potential in breast carcinomas (Wu et al., 2000). Breast cancer patients
that are responsive to chemotherapy showed decreased Bcl-2 in their tumors, while non-
responders exhibited stable levels of Bcl-2 (Buchholz et al., 2003). However, other
studies have indicated that Bcl-2 expression predicts a favorable prognosis in breast
cancer (Hellemans et al., 1995; Yang et al., 2003b). As compared to Bcl-2, which is
expressed in lower grade breast cancers, Bcl-x; is expressed at high levels in invasive
breast cancer. Overexpression of Bcl-x; has been linked to decreased patient survival in
this disease (Olopade et al., 1997).

Bcl-2 is also expressed in small-cell lung cancer (SCLC), (Ikegaki et al., 1994; Jiang
et al,, 1995) and non-small-cell lung cancers (NSCLC), (Groeger et al., 2004). In
NSCLC, it remains controversial whether Bcl-2 expression is a positive or negative
indicator of survival (Groeger et al., 2004; Gregorc et al., 2003; Martin et al., 2003;
Fontanini et al., 1995; Pezzella et al., 1993). In SCLC, Bcl-2 has been reported to be
overexpressed in 90% of patient samples, although the significance of this overexpression
has not been determined (Jiang et al., 1995). Thus, despite a large number of studies,
confusion remains over the significance of Bcl-2 overexpression in lung cancer (Martin et
al., 2003).

Bcl-2 has also been implicated in ovarian cancer (Mano et al., 1999; Marx et al.,
1997), neuroblastoma (Gallo et al., 2003), bladder transitional cell carcinoma (Pollack et
al., 1997) and colorectal cancers (Sinicrope et al., 1995). In head and neck cancers, Bcl-2
and Bcl-x;, are overexpressed, although overexpression of Bcl-x; is more common (Pena
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et al., 1999). Bcl-x, expression in pancreatic cancer is associated with decreased patient
survival and poor prognosis (Friess et al., 1998; Miyamoto et al., 1999).

The studies cited above clearly indicate that anti-apoptotic Bcl-2 family members,
particularly Bcl-2, Bcl-xp, and Mcl-1 are involved in the development and progression of
several forms of cancer, as well as the resistance of tumors to conventional chemotherapy
and radiotherapy regimens. Additional studies have described cancer-associated
mutations that result in functional inactivation of pro-apoptotic Bax (Meijerink et al.,
1998; Packham, 1998). Thus, members of the Bcl-2 protein family represent attractive
targets for novel anti-cancer agents. Further information on the expression profiles of
these targets in various cancers and detailed knowledge regarding their molecular
mechanisms of action will continue to facilitate the development of new cancer
therapeutics. In the remaining sections, we highlight the progress that has been made in
the development and application of novel agents that selectively target members of Bcl-2
protein family.

5. TARGETING THE BCL-2 PROTEIN FAMILY FOR ANTI-CANCER
THERAPEUTICS

Anti-apoptotic Bcl-2 family members that are dysregulated in human cancers are
being targeted by the design and discovery of novel agents which impair the expression
or function of the target protein. A variety of targeting agents are being developed and
tested, and can broadly be divided into three major categories: (i) antisense molecules,
(i) peptides, and (iii) small organic molecules. Antisense-based approaches were the first
to be developed, but more recently, approaches using peptides and small organic
molecules have capitalized on new structural and mechanistic knowledge, and are making
considerable progress.

5.1. Antisense

Antisense-based targeting relies on a single strand of oligodeoxynucleotides (ODN)
complementary to a specific sequence in the mRNA coding for the target protein. The
first report describing antisense to Bcl-2 demonstrated a death-promoting activity of TI-
AS, a 20-mer Bcl-2 antisense (5’-CAGCGTGCGCCATCCTTCCC-3’) targeting the
translation initiation site in Bcl-2 mRNA (Reed et al., 1990). Phosphorothioate
modification was found to enhance the death-inducing activity of the TI-AS antisense
molecule (Reed et al., 1990). Ex vivo treatment of AML blasts with TI-AS resulted in
decreased Bcl-2 levels and enhanced sensitivity to chemotherapy drugs (Keith et al.,
1995) (Konopleva et al., 2000; Campos et al., 1994). A slightly different Bcl-2 antisense
molecule (5’-GTTCTCCCAGCG TGCGCCAT-3’), also targeting the Bcl-2 translation
initiation site, was shown to downregulate Bcl-2 in DoHH?2 lymphoma cells carrying a
t(14;18) translocation (Cotter et al., 1994). Pre-treatment of the lymphoma cells with Bcl-
2 antisense prior to inoculation into SCID mice prevented tumor development (Cotter et
al., 1994).

Ziegler and coworkers screened a panel of thirteen antisense molecules targeting
different regions of the Bcl-2 mRNA and identified ODN 2009 (20-mer; codons 141-147)
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to be the most potent at reducing Bcl-2 protein levels (Ziegler et al., 1997). ODN 2009
was found to induce cell death in SW2 lung cancer cells, and enhance chemosensitivity in
CLL cell lines and patient samples (Vu et al., 2000; Pepper et al., 1999).

An antisense molecule targeting codons 1-6 of Bcl-2 mRNA, better known as G3139
or Genasense (Genta Inc.; http://www.genta.com) or oblimersen sodium (Aventis Inc.;
http://www.aventisoncology.com), has been the Bcl-2 antisense most extensively utilized
in human clinical trials of cancer. Reported initially by Kitada colleagues, the G3139
antisense molecule (5’-TCTCCCAGCGTGCGCCAT-3") caused reduction of Bcl-2
levels in a t(14;18)-bearing cell line, and enhanced the sensitivity of lymphoma cells to
cytosine-arabinoside (ara-C) and methotrexate (Kitada et al., 1994). In the first clinical
trial of Bcl-2 antisense, G3139 was used as single agent in a phase I trial of 9 relapsing
non-Hodgkin’s lymphoma (NHL) patients that were positive for Bcl-2 (Webb et al,,
1997). This study found that 2 of the 5 evaluable patients showed decreased Bcl-2 levels,
1 patient showed a complete response, 3 had stable disease and 5 had progressive disease.
No adverse side effects were observed with the exception of an inflammatory response in
one patient, a side effect normally associated with the phosphorothioate backbone (Webb
et al., 1997). In a different phase I trial, 21 NHL patients who had previously been treated
with chemotherapy were given the G3139 antisense. A reduction in Bcl-2 levels was seen
in 7 of 16 evaluated patients. Additionally, 1 patient showed complete response, 2 had
partial responses, 9 had stable disease, and 9 had progressive disease (Waters et al.,
2000). :

Aside from use as a single agent, the efficacy of G3139 has also been tested in
combination with chemotherapy drugs in a SCID mouse model of lymphoma (Klasa et
al., 2000). G3139 was found to be effective in combination with cyclophosphamide at
reducing tumor burden (Klasa et al., 2000). G3139 in combination with 2 chemotherapy
agents and G-CSF was tested in a phase I clinical study of 17 AML and 3 ALL patients
that were either refractory to previous treatment or in relapse (Marcucci et al., 2003). Bcl-
2 levels were lowered in 9 of 12 (7 AML and 2 ALL) assessable patients. Additionally, 9
of the 20 patients demonstrated a clinical response; 6 patients (5 AML, 1 ALL) went into
complete remission and 3 (2 AML and 1 ALL) into incomplete remission (Marcucci et
al., 2003).

G3139 has also proven to be effective in solid tumor malignancies. In a mouse model
(Jansen et al., 1998) and in phase I-II human trials (Jansen et al., 2000) of malignant
melanoma, G3139 decreased Bcl-2 levels and increased chemosenstivity; 6 of 14 patients
showed minor to complete response. In a mouse xenograft model of human breast cancer,
G3139 in combination with doxorubicin suppressed the growth of established breast
tumors (Lopes de Menezes et al., 2000). In xenograft models of multi-drug resistant
multidrug resistant (P-glycoprotein®) breast carcinoma, G3139 in combination with
PSC833 (P-gp* inhibitor) and doxorubicin effectively reduced the tumor growth (Lopes
de Menezes et al., 2003).

Treatment of the Shionogi mouse model of androgen-dependent prostate cancer, or
treatment of mice harboring androgen-dependent human prostate cancer, with G3139 as a
single agent or in combination with paclitaxel caused regression of established tumors
and delayed the appearance of hormone-independent tumors (Miayake et al., 2000;
Miyake et al., 1999; Gleave et al., 1999; Leung et al., 2001). In human trials of hormone-
refractory prostate cancer, G3139 has been used either as a single agent (Morris et al.,
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2002) or in combination with mitoxantrone (Chi et al., 2001) or docetaxel (Tolcher,
2001). Additionally, a pilot trial of G3139 and paclitaxel was also conducted in
chemorefractory SCLC patients (Rudin et al., 2002). In all of these trials, G3139 was
generally well-tolerated with minor side effects that included fatigue, anorexia, and
temporary hematological toxicities. Additionally, G3139, in concert with antisense
against protein kinase A, showed anti-tumor activity in a mouse model of human colon
cancer (Tortora et al., 2001), and in combination with cisplatin enhanced the survival of
SCID mice bearing human gastric cancer (Wacheck et al., 2001).

Due to the presence of two potential CpG motifs in G3139, it has been argued that
the anti-tumor activity of this molecule may be due to immune stimulation. However,
generation of an immune-silent version of G3139 (G4232) by methylating the cytosine
residue in the CpG motifs failed to diminish the anti-tumor activity in a SCID mouse
model of human melanoma (Wacheck et al.,, 2002). Currently, peptide nucleic acid
derivatives of G3139 are being designed to improve affinity, specificity, and biological
activity (Gallazzi et al., 2003).

To date, antisense directed against Bcl-x; has been applied in only limited fashion.
Bcl-x,, antisense (ISIS 15999) sensitized CEM cells, an ALL cell line, to chemotherapy
(Broome et al., 2002), and Bcl-x; antisense treatment of BCR-ABL-overexpressing HL60
cells restored the sensitivity to staurosporine (Amarante-Mendes et al., 1998). Treatment
of MCF7 breast cancer cells with antisense to Bcl-x; downregulated Bcel-x;, and induced
apoptosis (Simoes-Wust et al., 2000). A 20-mer antisense (ODN 4259) lowered the levels
of Bcl-x;. in both SCLC and NSCLC, but was able to induce apoptosis only in NSCLC
(Leech et al., 2000). Antisense to Bcl-x also sensitized prostate cancer cell lines to
chemotherapy drugs (Lebedeva et al., 2000) and the PI3 kinase inhibitor LY294002
(Yang et al., 2003a). Additionally, Bcl-x;, antisense sensitized colorectal cancer cells to
irinotecan (Hayward et al., 2003), gliobalstoma cells to paclitaxel (Guensberg et al.,
2002), and squamous cell carcinoma cells to carboplatin (Itoh et al., 2002).

Some tumors simultaneously express Bcl-2 and Bcl-x;, and forced downregulation
of one molecule can lead to upregulation of the other. Thus, simultaneous downregulation
of both molecules, using a cocktail of two different antisense molecules or a single
bispecific antisense molecule, may be advantageous. Miyake and collaborators used a
cocktail of Bcl-2 and Bcl-x,, antisense molecules along with taxol in the Shionogi mouse
tumor model to delay the emergence of androgen-independent prostate cancer (Miyake et
al., 2000). Treatment of lung cancer cell lines with a bispecific antisense molecule (ODN
4625) caused downregulation of Bcl-2 and Bcl-x., and induced apoptosis (Zangemeister-
Wittke et al., 2000). This bispecific antisense (ODN 4625) also reduced Bcl-2 and Bcel-xg,
expression levels in vivo in xenograft models of breast and colon cancer, and slowed the
growth of tumors (Gautschi et al., 2001). Additionally, this antisense sensitized breast
cancer cell lines to chemotherapy (Simoes-Wust et al., 2002), induced apoptosis in
human melanoma cell lines and patient samples (Olie et al., 2002; Strasberg Rieber et al.,
2001), and inhibited tumor angiogenesis (Del Bufalo et al., 2003).

In a markedly different approach, antisense has been used to alter pre-mRNA
splicing. In the case of bcl-x gene expression, splicing determines whether an anti-
apoptotic (Bcl-x.) or a pro-apoptotic (Bcl-xs) gene product is generated (Fig. 2). Taylor
and coworkers designed a 20-mer antisense molecule (ISIS 22783) that targets and
inhibits a key splicing site in Bcl-x pre-mRNA (Taylor et al., 1999). The ISIS 22783
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molecule allows the splicing to occur in favor of pro-apoptotic Bcl-xs. Treatment of lung
cancer cells with ISIS 22783 resulted in decreased Bcl-x; and a proportional increase of
Bcl-xg expression, and sensitized the cells to chemotherapy and UV radiation (Taylor et
al., 1999). Mercante and collaborators employed a similar 18-nucleotide molecule
(5’Bcl-x AS) that also shifted the expression pattern in favor of pro-apoptotic Bcl-xs, and
found that this antisense promoted cell death and chemosensitivity in prostate and breast
cancer cell lines (Mercatante et al., 2001; Mercatante et al., 2002).

Recently, downregulation of gene expression using small interfering RNA (siRNA)
technology has become popular. Wacheck and colleagues showed that Bcl-2 siRNA
sensitized melanoma cells to chemotherapy (Wacheck et al., 2003). Jiang and Milner
showed that Bcl-x; siRNA induced apoptosis in a colorectal cancer line in p53-
independent manner (Jiang & Milner, 2003). Future studies will undoubtedly focus on
siRNA-based strategies as a means of targeting Bcl-2 family members in human cancers.

5.2. BH3 Peptides

Detailed knowledge regarding the mechanisms of action of Bcl-2 family members
has facilitated the design of peptide-based agents that inhibit the function of Bcl-2 and
Bcl-x;. As discussed earlier, the function of Bcl-2 family members is regulated by homo-
and hetero-dimerization interactions. Heterodimerization between anti- and pro-apoptotic
proteins serves to neutralize the activities of the interacting molecules, and a high ratio of
anti-apoptotic to pro-apoptotic proteins leads to cell survival even in the presence of
death-inducing stimuli (Oltvati et al., 1993). Thus, an idea emerged that agents capable of
disrupting heterodimerization interactions would liberate pro-apoptotic proteins and
promote apoptosis. Efforts to rationally devise such agents have relied on our current
understanding of the structural domains that are important for heterodimerization.
Structure/function analyses have determined that heterodimerization of B¢l-2 with Bax or
Bak requires all four BH domains in Bcl-2 (Hanada et al., 1995; Hunter et al., 1996;
Hirotani et al., 1999; Yin et al., 1994), while Bax or Bak only need to contribute a
functional BH3 domain (Zha et al., 1996a; Chittenden et al., 1995a). Also, the BH3
domains of Bax and Bak were found to be sufficient for the pro-apoptotic functions of
these proteins (Simonen et al., 1997; Chittenden et al., 1995a). Moreover, replacement of
the BH3 domain in Bcl-2 with a Bax BH3 domain converted Bcl-2 into an inducer of cell
death (Hunter & Parslow, 1996). In “BH3 domain-only” molecules the BH3 domain is
sufficient for binding to Bcl-2 and Bcl-x;, and for pro-apoptotic activity, further stressing
the importance of this region (O'Connor et al., 1998; Puthalakath et al., 2001; Yu et al.,
2001; Zha et al., 1997). Structural studies of Bcl-x; (Aritomi et al., 1997; Muchmore et
al., 1996), and later Bcl-2 (Petros et al., 2001), revealed that folding of the BH1-3
domains in an anti-apoptotic protein creates a hydrophobic pocket that serves as the site
where the BH3 domain of pro-apoptotic proteins dock. Thus, these studies suggested that
short peptides based on BH3 domains in pro-apoptotic proteins might be capable of
disrupting heterodimerization interactions and promoting apoptosis.

The abilities of BH3 peptides to disrupt heterodimerization interactions have been
tested in a number of different systems. In in vitro heterodimerization assays, Diaz et al.
(Diaz et al., 1997) showed that a 21-amino acid peptide representing the Bax BH3
domain was capable of disrupting Bax/Bcl-2 and Bax/Bcl-x; interactions, as well as
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homodimerization of Bcl-2 or Bel-x.. A 16-amino acid peptide derived from the Bak
BH3 domain (a.a. 72-87) also inhibited each of these interactions (Diaz et al., 1997).
Ottilie et al. (Ottilie et al., 1997) found that Bad BH3 peptide (21-mer; a.a. 103-123) was
more effective than Bak BH3 (16-mer; a.a. 72-87) at disrupting Bax/Bcl-x,
heterodimerization interactions. Interestingly, Bad BH3 peptide (21-mer; a.a. 103-123)
selectively inhibits Bax/Bcl-x; heterodimerization without affecting Bax/Bcl-2
interactions, while Bax BH3 peptide (20-mer; a.a. 55-74) can inhibit both types of
interactions (Shangary & Johnson, 2002).

Additional studies, using a variety of model systems, have demonstrated the abilities
of BH3 peptides to activate apoptosis. In early studies, 16-mer BH3 peptides derived
from Bax, Bak, and Bid were found to induce caspase activation in a cell-free system of
Xenopus egg extracts (Cosulich et al., 1997). Subsequently, the release of cytochrome ¢
from purified mitochondria has been used as a measure of apoptosis induction. Bax BH3
peptides have been found to induce cytochrome ¢ release from mitochondria purified
from sources such as rat liver (Narita et al., 1998), Jurkat cells (Shangary & Johnson,
2002), and neuronal cells (Polster et al., 2001), while Bid and Bim BH3 peptides induced
cytochrome c release from mitochondria obtained from FL5.12 cells (Letai et al., 2002).

The use of BH3 peptides in whole cell studies, with an eye towards potential clinical
application, has required the development of methods to facilitate cellular permeability.
Various approaches have been used, including: (i) fusion of the BH3 peptide to short
peptide transduction domains (PTDs) derived from proteins such as Drosophila
Antennapedia protein Ant, (Holinger et al., 1999; Vieira et al., 2002) or fusion to
polyarginine-containing peptides (Letai et al., 2002), (ii) conjugation of the BH3 peptide
to fatty acids (Wang et al., 2000b), (iii) cationic lipid-mediated transduction (Shangary &
Johnson, 2002), and (iv) electroporation (Finnegan et al., 2001). Holinger coworkers
provided the first report of cell death-inducing activity of a cell-permeable BH3 peptide
in experiments using Ant-Bak BH3 peptide (Holinger et al., 1999). Ant-Bak BH3
promoted caspase-dependent cell death in Bcl-x-overexpressing HeLa cells, and, when
used at sublethal doses, enhanced sensitivity to Fas ligand (Holinger et al., 1999).
Similarly, a 27-amino acid Bad BH3 peptide fused to decanoic acid induced cell death in
Bcl-x;-overexpressing HL60 cells, and reduced the growth of human myeloid leukemic
cells in a SCID mouse model (Wang et al.,, 2000b). Strikingly, this peptide had
insignificant effects on the viability of normal peripheral blood lymphocytes. Bax BH3
and Bak BH3 peptides have been found to induce cell death in the PC-3 hormone-
refractory prostate cancer cell line, and in Jurkat cells that overexpress Bcl-2 or Bel-xp
(Finnegan et al., 2001; Shangary & Johnson, 2002). Apoptosis induced by the Bax BH3
or Bak BH3 peptides was accompanied by disruption of intracellular Bax/Bcl-2 and
Bak/Bcl-2 heterodimerization (Finnegan et al., 2001; Shangary, unpublished).

Although the precise mechanism of action of BH3 peptides remains to be
determined, recent studies have provided some significant insights. Based on
experimental evidence, Letai and colleagues have proposed that BH3 peptides derived
from “BH3 domain-only molecules” can be divided into two distinct categories (Fig. 3)
(Letai et al., 2002). The first category includes BH3 peptides (e.g. Bid BH3 and Bim
BH3) that bind directly to Bax and Bak, inducing oligomerization and cytochrome c
release. The second category includes BH3 peptides such as Bad BH3 that do not bind to
Bax or Bak, but instead bind to Bcl-2 or Bcl-x; and promote cellular sensitivity to Bid
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and Bim. This second category of peptides may act by promoting the release of a bound
pro-apoptotic factor from Bcl-2 or Bcl-xp (Letai et al.,, 2002). Also, Moreau et al.
(Moreau et al., 2003) have shown that Bax BH3 peptide does not bind to Bax, but likely
acts by binding to Bcl-x., causing release of pro-apoptotic molecules. However, others
have shown that Bax BH3 peptide binds to the adenine nucleotide translocator (ANT)
present on the mitochondrial surface, and that binding to ANT can render ANT-
containing liposomes permeable to small organic molecules (Vieira et al., 2002).

Lastly, although BH3 peptides derived from pro-apoptotic proteins can be potent
inducers of cell death, their usefulness in the clinic is likely to be hindered by
susceptibility to proteolytic degradation, poor permeability, and poor solubility. In
particular, the peptide backbone consisting of L-amino acids is highly susceptible to
cellular proteases. In this regard, it should be possible to enhance stability by employing
D-amino acids or by cyclization of the peptide. Permeability can be significantly
improved by fusion of the peptide to a PTD, but this also serves to increase the overall
length of the peptide backbone. Moreover, different PTDs likely display cell-type
specificity, limiting their use in certain cell types. Thus efforts to maximize delivery of
BH3 peptides will benefit greatly from continued discovery and characterization of
PTDs. In addition, continued structure/function studies of BH3 peptides and the BH3
binding pocket should help to define size-optimized BH3 peptides. Once size-optimized
peptides have been determined, it may be possible to generate peptido-mimetic molecules
with similar biologic activities. Such mimetics are likely to exhibit increased solubility,
stability, and cell permeability relative to the parental peptide molecules.

5.3. Small-Molecule Inhibitors

The elucidation of the tertiary structure of Bcl-x; through nuclear magnetic
resonance (NMR) spectroscopy and X-ray crystallography, coupled with the screening of
chemical libraries, has facilitated the identification and rational design of small-molecule
inhibitors of Bcl-2 and Bel-x;, (Muchmore et al., 1996) (Aritomi et al., 1997). Most of the
currently available small-molecule inhibitors of Bcl-2 or Bcl-x;, have been identified
using: a) cellular activity assays, b) fluorescence polarization (FP)-based or NMR-based
binding assays, or ¢) computer-assisted molecular modeling. Additionally, certain small
molecules such as polyphenols from green and black tea were identified as Bcl-2 or Bel-
x. inhibitors on the basis of their known anticancer activities and their resemblance to
previously identified polyphenols that bind to Bcl-2 or Bel-x,.

5.3.1. Inhibitors Identified By Cell-based Activity Assays

Tetrocarcin A (TC-A) was the first small-molecule inhibitor of Bcl-2 to be reported,
and was identified by screening a library of natural products for compounds that induce
apoptosis in Bcl-2-overexpressing cells (Nakashima et al., 2000). TC-A was originally
characterized as an antibiotic (isolated from Micromonospora chalcea), but was also
known to exhibit antitumor activity in mouse models of melanoma, hepatoma, and lung
carcinoma (Tomita et al., 1980; Morimoto et al., 1982). Nakashima and coworkers have
shown that TC-A sensitizes Bcl-2- and Bcl-xp-overexpressing HeLa cells to
chemotherapy- and death-ligand-induced cell death (Nakashima et al., 2000). Although,
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TC-A possesses antimicrobial properties, TC-A derivatives that lack this property still
retain Bcl-2 antagonistic activity (Kaneko et al., 2001). In T-ALL cell lines, TC-A-
induced apoptosis is accompanied by upregulation of HSP-70 and activation of caspase-
12, both of which are associated with ER stress signaling (Tinhofer et al., 2002). TC-A-
induced apoptosis also involves Bid cleavage, Bax activation, and loss of mitochondrial
membrane potential (Tinhofer et al., 2002). However, a direct interaction of TC-A with
Bcl-2 or Bel-xp has not been demonstrated, and the precise mechanism of action of this
compound remains unknown.

Antimycin A; was discovered by screening various inhibitors of mitochondrial
respiration for molecules capable of triggering cell death in hepatocyte cell lines
overexpressing Bcl-x;, (Tzung et al.,, 2001). Previously known as an inhibitor of the
cytochrome bcl complex (CoQH,-cytochrome ¢ reductase) and electron transfer,
antimycin A; was found to induce a higher degree of cell death in Bcl-x -overexpressing
murine hepatocytes than in cells expressing low levels of Bcl-x;, (Miyoshi et al., 1991;
Tzung et al., 2001). By contrast, chemotherapy drugs were ineffective at killing the Bcl-
xp-overexpressing hepatocytes (Ziegler et al., 1997). Hypersensitivity to antimycin A has
also been observed in Bcl-2-transfected 1.929 fibrosarcoid cells (Hennet et al., 1993).
However, antimycin A failed to provoke potent killing in Bcl-x, -overexpressing FL5.12
pro-B lymphoid cells (Vander Heiden et al., 1997). The death-inducing effects of
antimycin Aj; in murine hepatocytes are accompanied by mitochondrial swelling and
membrane depolarization, and in purified liposomes, antimycin Aj; inhibits pore-
formation by Bcl-x;, (Tzung et al.,, 2001). In FP assays, antimycin A; was shown to
compete with Bak BH3 peptide for binding to Bcl-2. Molecular modeling has verified
that antimycin A; binds to the hydrophobic BH3 binding pocket of Bcl-2 and Bcel-xp
(Tzung et al., 2001; Kim et al., 2001).

5.3.2. Inhibitors ldentified By Fluorescence Polarization-Binding Assays

A series of small molecules called BH3 inhibitors (BH3Is) were identified by
screening a chemical library consisting of 16,320 compounds (Degterev et al., 2001). The
library was screened using a high throughput FP-based assay to detect compounds
capable of binding to recombinant Bcl-x;. Seven distinct compounds were isolated,
representing two different structural classes of molecules. NMR analyses revealed that,
like BH3 peptides, BH3I compounds target the hydrophobic pocket of Bcl-x,.. Moreover,
BH3Is were found capable of disrupting key intracellular heterodimerizations such as
Bad/Bcl-x;, Bax/Bcl-x1, and Bad/Bcl-2 (Degterev et al., 2001). Apoptosis induced by
these compounds is caspase-dependent, accompanied by cytochrome c¢ release, and
inhibited by overexpression of Bcl-x;. The efficiency with which different BH3Is induce
apoptosis has been shown to correlate with their affinity towards Bcl-x;, supporting the
contention that Bcl-xy is the true intracellular target (Degtereyv et al., 2001).

Gossypol is a polyphenolic natural product derived from cotton seeds. Gossypol was
previously known to possess antitumor activities in vitro and in vivo, and has shown
limited activity in clinical trials of breast and adrenal cancers, glioblastoma and
anaplastic astrocytoma (Flack et al., 1993; Van Poznak et al., 2001; Bushunow et al.,
1999). However, the molecular target(s) of gossypol were unknown. Recently, gossypol
and another plant product, purpurogallin (present in Quercus nutgall), were selected from
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a library consisting of 50 natural products in FP-based Bcl-x, binding assays (Kitada et
al., 2003). Gossypol was found to exhibit 5-fold stronger binding to Bcl-xp. than
purpurogallin. NMR spectroscopy and molecular modeling confirmed the binding of
these compounds to the BH3 binding pocket of Bcl-x,. Interestingly, the (-) stereomer of
gossypol exhibits a higher affinity towards Bcl-x,. than the (+) stereomer, consistent with
a reported tenfold higher cytotoxic activity of the (-) stereomer (Kitada et al., 2003; Qiu
et al., 2002). Gossypol, but not purpurogallin, has been shown to induce cell death in
breast cancer cell lines that coexpress high levels of Bcl-2 and Bcl-x.. The poor cell
permeability of purpurogallin has been suggested as a reason for a lack of activity, since
purpurogallin derivatives predicted to have better permeability, acquire cell-killing
activity (Kitada et al., 2003).

5.3.3. Inhibitors Identified by Structure-Based Virtual Screening

HA14-1 was the first small molecule Bcl-2 inhibitor discovered on the basis of the
predicted 3-D structure of Bcl-2 (Wang et al., 2000a). HA14-1 was identified by
computer-assisted virtual screening of a library of 193,833 compounds. The initial screen
yielded 1000 compounds capable of binding to the BH3 binding pocket of Bcl-2, of
which 28 compounds were chosen for subsequent testing in cellular assays. HA14-1 was
ultimately selected based on its ability to potently induce cell death. Further studies have
shown that apoptosis induced by HA14-1 is caspase-dependent, and is also dependent on
expression of Bax and Bak (Wang et al., 2000a; Chen et al., 2002; An et al., 2004). Other
studies have determined that HA14-1-induced apoptosis is characterized by generation of
reactive oxygen species and redistribution of Ca** from the ER to the mitochondria,
followed by release of cytochrome ¢ into the cytosol (An et al., 2004).

Recent findings demonstrate that HA14-1 can synergize with inhibitors of the
MEK/MAPK pathway and inhibitors of the peripheral benzodiazepine receptor (PBR) to
promote apoptosis. Constitutive activation of MEK/MAPK and overexpression of PBR
has been reported in a number of different cancers (Hardwick et al., 1999; Allen et al.,
2003). PBR resides on the mitochondrial membrane and is part of the permeability
transition pore complex (Vander Heiden & Thompson, 1999). Combination treatment of
HA14-1 with the MEK inhibitor PD184352 or the PBR inhibitor PK11195 led to
synergistic induction of apoptosis in HL60 cells (Milella et al., 2002; Chen et al., 2002).
Additionally, sublethal doses of HA14-1 sensitized primary leukemic blasts to Ara-C
(Lickliter et al., 2003). Co-treatment of multiple myeloma cell lines with the proteasome
inhibitor (bortezomib) and HA14-1 also led to synergistic induction of cell death,
accompanied by an upregulation of p53 and Bax, activation of caspases and JNK, and
release of apoptogenic proteins from the mitochondria (Pei et al., 2003).

BH3I-1SCH3, an analogue of BH3I-1, was identified by computational methods as a
putative Bcl-x -binding molecule (Lugovskoy et al., 2002). Lugovskoy and coworkers
selected compounds from two online chemical libraries on the basis of structural
similarity to BH3Is, and wused a virtual screening approach based on shape-
complementarity to identify BH3I-1SCH3 (Lugovskoy et al., 2002). However,
information on the biological activity of this small molecule is not yet available.
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5.3.4. Inhibitors Identified Using Combined Approaches

Enyedy and colleagues used a combination of structure-based computer modeling,
FP assays, NMR chemical shift assays, and cell-killing assays to screen an NCI 3-D
database containing 206 876 small organic molecules to identify inhibitors of Bcl-2
and/or Bcl-x; (Enyedy et al., 2001). In an initial computer-assisted screen based on the 3-
D structure of Bcl-2, 35 compounds were identified. The compounds were subsequently
tested in in vitro FP-based Bcl-2 binding assays and 7 were found to disrupt Bak BH3
peptide/Bcl-2 interactions with ICsy values of less than 15pM. Screening of the 7
molecules for killing activity in cancer cell lines led to the identification of compound 6,
a small molecule capable of killing breast cancer and leukemic cell lines at low doses.
Compound 6 was also found to bind to Bcl-x;, in FP assays and binding to the Bcl-x,.
hydrophobic pocket was revealed by NMR chemical shift studies (Enyedy et al., 2001).

5.3.5. Tea Polyphenols as Bcl-2/Bcl-xL Small-Molecule Inhibitors

Previous studies have reported the anticancer properties of green and black tea, but
the compounds responsible for this activity, as well as the molecular targets, were not
known (Jankun et al., 1997). Recently, NMR chemical shift- and FP-based assays, along
with computer modeling studies have revealed the binding of certain tea polyphenols to
Bcl-2 and Bcel-x. (Leone et al., 2003). Of the 8 green tea polyphenols tested, 3 were
found to bind to Bcl-2 and Bcl-x;, and of the 4 black tea polyphenols tested, 3 bound to
both proteins (Leone et al., 2003). Thus, certain tea polyphenols and other naturally-
occurring polyphenols such as gossypol are now becoming known as binders and/or
inhibitors of Bcl-2 and Bcel-xp
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SURVIVIN, OTHER IAPS, SMAC/DIABLO,
AND OMI/HTRA2 - MODULATION
OF THE ADVANCING APOPTOTIC PROCESS

Chapter VI

Fengzhi Li*

1. INTRODUCTION

Many diseases including cancer, immune diseases (such as autoimmunity and
immunodeficiency), cardiovascular diseases (such as restenosis, ischaemia and heart
failure), and neurodegenerative disorders (such as Alzheimer’s, Huntington’s and
Parkinson’s Diseases) are attributed to a deficiency or an excessiveness of the organized
cell suicide process or programmed cell death called “apoptosis”. Mechanistically, the
cause of these diseases is at least in part due to the deregulation of one or more members
of the inhibitor of apoptosis (IAP) protein family. IAP family proteins are characterized
by an evolutionarily conserved motif termed the baculovirus IAP repeat or BIR in short
(~70 amino acids), originally found in baculoviral genomes in 1993 (Miller, 1999). Eight
human IAP proteins have been described so far. They are c-IAP1, c-IAP2 (Rothe et al.,
1995), XIAP (Duckett et al., 1996), NAIP (Liston et al., 1996; Roy et al., 1995), survivin
(Ambrosini et al.,, 1997), apollon (Chen et al., 1999), ML-IAP/livin (Kasof & Gomes,
2001; Vucic et al., 2000) and ILP-2 (Richter et al., 2001). The corresponding orthologues
of these human IAP proteins are found in mouse as well, with the exception of ILP-2
(Richter et al., 2001). It has been shown that mice with the deletion of X/4P (Harlin et al.,
2001) or NAIP (Holcik et al., 2000) are developmentally normal. In contrast, mice with
deletion of survivin are lethal during embryo development (Uren et al., 2000). The
strikingly different roles of IAP proteins during development suggest that the role of
survivin is functionally indispensable in development while some other IAP proteins may
be dispensable during development or can be functionally compensated by a yet to be
defined mechanism. Nevertheless, cell culture studies indicate that c-IAPI1, c-IAP2,
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XIAP, NAIP and survivin all play critical roles in apoptosis inhibition (Deveraux &
Reed, 1999; Li, 2003; Salvesen & Duckett, 2002). Moreover, the expression of IAP
proteins can be regulated both transcriptionally and post-transcriptionally, and their
protein function can be also modulated by the IAP regulatory proteins — Smac (Du et al.,
2000) (DIABLO in mouse (Verhagen et al., 2000)) and Omi/HtrA2 (Suzuki et al., 2001).
Therefore, the IAP proteins are considered as versatile apoptosis regulators. Manipulation
of their expression or function is potentially able to control cell viability for treatment of
apoptosis-associated human diseases. Thus, IAP proteins are currently considered
important targets for the treatment of several human diseases, including cancer.

2. SURVIVIN AS A THERAPEUTIC TARGET
2.1. Survivin and its Significance in Cancer and Other Diseases

Survivin is a unique member in the IAP protein family since several features of
survivin do not share with other members in this family. Survivin is the smallest member
in this family containing 142 amino acids [140 amino acids in mouse (Li & Altieri,
1999)] with only one BIR domain (Ambrosini et al., 1997). Survivin has a long alpha-
helical tail at the carboxyl terminal instead of a RING finger motif, and it homodimerizes
in solution (Chantalat et al., 2000; Muchmore et al., 2000; Verdecia et al., 2000).
Presumably, disruption of the homodimmerization of survivin may be a potential
approach for abrogation of survivin function. Unlike other IAP proteins (Deveraux &
Reed, 1999; Salvesen & Duckett, 2002), expression of survivin is undetectable in most
normal adult tissues but is highly expressed in cancer. Many studies based on RT-PCR
and immunohistochemical approaches revealed that survivin expression in cancer is
associated with carcinogenesis, cancer progression, drug resistance and shorter patient
survival [see reviews, (Altieri, 2003b; Li, 2003)], suggesting survivin is a novel cancer
prognostic indicator. Moreover, a number of studies using DNA array approaches also
obtained supportive data for this notion from human breast cancer (van't Veer et al.,
2002), colorectal cancer (van de Wetering et al., 2002; Williams et al., 2003) and diffuse
large B cell lymphoma (Kuttler et al., 2002). Expression of survivin is cell cycle-
regulated with a robust increase in G2/M phase (Li & Altieri, 1999; Li et al., 1998).
However, a number of studies indicate that survivin also plays a role outside of mitosis,
and upregulation of survivin can be induced in interphase cells by various ligands
(Fukuda & Pelus, 2002; Fukuda & Pelus, 2001; Ling et al., 2004; Suzuki et al., 2000),
suggesting that survivin may play a role in all phases of the cell cycle. Survivin protein
binds to the mitotic spindle (Li et al., 1998), centromere/kinetochore (Uren et al., 2000)
or both (Fortugno et al., 2002) during mitosis. Consistent with its multiple foci of
localization, survivin was shown to be involved in both inhibition of apoptosis and
regulation of cell division (Li et al., 1999; Li et al., 1998), which have been validated by
many studies (see reviews: Altieri, 2003b; Li, 2003), while the known functions of other
IAP members are restricted to one of these two functions (Deveraux & Reed, 1999;
Salvesen & Duckett, 2002). Together, these unique features make survivin an exciting
target for cancer therapy. On the other hand, studies of survivin with endothelial and
smooth muscle cells suggest that survivin also plays an important role in these cell
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proliferation and/or migration up on the stimulation with various ligands. Therefore,
manipulation of survivin expression or function may also benefit patients with
cardiovascular diseases (see review Li, 2003).

2.2. Cancer Treatment Using Survivin as a Target

Plasmid-mediated expression of survivin in survivin-negative NIH3T3 cells
suppresses taxol-induced cell death (Li et al., 1998). On the other hand, overexpression of
survivin antisense RNA or a dominant-negative survivin mutant induces cell death and a
cell division defect in survivin-positive HeLa cervical carcinoma cells (Li et al., 1999).
These initial observations triggered enthusiasm to explore the possibility of cancer
therapy using survivin as a target. Such studies could be classified into four different
categories: 1) survivin immunotherapy, 2) inhibition of survivin expression, 3)
suppression of survivin function and 4) using the survivin promoter for cancer gene-
therapy.

2.2.1. Survivin Immunotherapy

Studies in this category have demonstrated the following concept [see recent review
for detail, (Li, 2003)}. Monocyte-derived dendritic cells (DCs) pulsed with survivin
protein can stimulate naive T cells to mature into cytotoxic T lymphocytes (CTL), and
these CTL cells can lyse survivin-positive but not survivin-negative cells in vitro
(Schmitz et al., 2000). Tumors of different tissue origins are able to process and present
the same set of survivin-derived peptide epitopes on the cancer cell surface via the class I
MHC complex. CD8+ T cells and DCs can move into the primary solid tumor site in
vivo, where the cancer cells in the primary tumor site may act as survivin-antigen
presenting cells to mature CD8+ T cells into CTL cells (Andersen et al., 2001a). This
notion is based on the observation that small clusters of CTL cells were detected in the
primary tumor site. Metastatic tumor cells can also act as survivin antigen presenting
cells to mature CD8+ T cells in the immune system (lymph node) into CTL, and CTL
cells can be released into the circulation system and then travel to the primary tumor site
(Andersen et al., 2001a; Andersen et al., 2001b). Recently, more survivin-derived CTL
Epitopes have been identified (Reker et al., 2004), which would significantly increase the
number of patients eligible for immunotherapy based on survivin derived peptides and
reduce the risk of immune escape by HLA-allele loss. Interestingly, although survivin is
expressed in CD34(+) hematopoietic progenitor cells (HPCs) (Carter et al., 2001; Fukuda
& Pelus, 2001), survivin-specific CTLs with CD34(+) cells did not significantly decrease
the colony-forming ability of HPCs (Pisarev et al., 2003). This observation further
validates the feasibility for immunotherapy using survivin peptide epitopes as targets.
Future studies focusing on identification and validation of the most effective endogenous
proteasome-processed survivin peptides and/or modified ones will be also important for
survivin antigen-specific cancer inmunotherapy.
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2.2.2. Inhibition of Survivin Expression

A number of approaches have been utilized to suppress survivin expression. These
include the use of survivin antisense oligonucleotides (ASO) or survivin antisense
expression vectors, RNA interference (RNAi), ribozymes, triplex DNA formation and
anticancer agents.

Utilization of survivin antisense approaches for cancer treatment is being actively
explored. Inhibition of survivin expression by survivin ASO (Ansell et al., 2004; Chen et
al., 2000; Jiang et al., 2001; Li et al., 1999; Olie et al., 2000; Xia et al., 2002; Younis et
al., 2004) or by survivin antisense expression vectors (Ambrosini et al., 1998; Grossman
et al., 1999a; Grossman et al., 1999b; Kanwar et al., 2001; Tu et al., 2003; Yamamoto et
al.,, 2002) in various cancer cells has been shown to induce tumor cell growth inhibition,
cell death and/or to sensitize cells to death induced by chemotherapeutic drugs (Olie et
al., 2000; Yamamoto et al., 2002) or immunotherapy (Kanwar et al., 2001). However,
the mechanism of these effects has not yet been well defined. Additionally, recent studies
indicated that inhibition of survivin expression in tumor cells suppresses tumor growth in
a mouse xenograft model (Ansell et al., 2004; Tu et al., 2003). However, the results using
a mouse lung metastatic model (Younis et al., 2004) suggest that the methods used for
survivin ASO formulation and administration in animal models significantly affect the
outcome. Much more work will be required before survivin ASO could be a feasible
approach for cancer treatment.

RNAi-mediated silencing of mammalian gene expression is a recently recognized
approach, which can be conducted either using in vitro synthesized 21-25 nucleotide (nt)
double-stranded RNAs with 2-nt 3' overhangs (small interfering RNA, siRNA) or the
vector-based expression of the 21-29 nt short hairpin double-stranded RNA (shRNA).
The RNAIi approach is believed to be more effective in gene silencing than the ASO
approach. Recent studies showed that survivin expression could be silenced by both
approaches (Ling & Li, 2004). RNAi-mediated survivin depletion induced cell growth
inhibition, apoptosis (Ling & Li, 2004) and a cell division defect (Beltrami et al., 2004;
Kappler et al., 2004). Although RNAI technology is a useful tool for the study of gene
function and gene therapy, the much higher cost for siRNA synthesis than ASO may
restrict its application in routine cancer treatment.

Similarly, targeting survivin by ribozymes (Choi et al., 2003; Pennati et al., 2003;
Pennati et al., 2004; Pennati et al., 2002) and triplex DNA formation (Shen et al., 2003)
induced cell growth inhibition and apoptosis, and also increased therapeutic drug
sensitivity. These approaches are definitely alternative approaches for study of gene
function but it is unlikely to apply these approaches to routine cancer treatment.

Another attractive approach to inhibit survivin expression is the application of
survivin transcription inhibitors. Survivin transcription-specific inhibitors are currently
not available. However, it was shown that doxorubicin indirectly inhibits survivin
transcription by enhancing p53 protein (Hoffman et al., 2002; Mirza et al., 2002; Zhou et
al., 2002). Our recent studies indicate that Hoechst33342, a drug that binds A/T rich
regions within the DNA minor groove, upregulates survivin expression in HeLa and
HCT116 cells while Hedamycin, a drug that binds G/C rich regions within the major
groove, downregulates its expression (Wu et al., 2004). This finding suggested the
concept that it may be possible to find certain chemical molecules that specifically inhibit



SURVIVIN, OTHER IAPS, SMAC/DIABLO, AND OMI/HTRA2 141

survivin transcription; this concept is worthy of a further exploration. In addition, it was
recently shown that the ATPase domain of HSP-90 interacted with survivin BIR domain
to form HSP-90-survivin complexes, and that disruption of this complex destabilized
survivin protein (Fortugno et al., 2003). This finding may provide an alternative approach
for modulating survivin expression via post-transcriptional control, such as dissociating
HSP-90-survivin complexes.

2.2.3. Suppression of Survivin Function

This includes the approaches using survivin dominant-negative mutant (DNM) and
pharmacological inhibitors. The first survivin DNM identified is survivin-C84A.
Transfection-mediated expression of this mutant showed induction of apoptosis (Li et al.,
1999; Tu et al., 2003) and mis-localization of survivin protein (Skoufias et al., 2000) with
a cell division defect (Li et al., 1999). However, how the survivin-C84A mutant gains this
ability is not clear. On the other hand, the functional mechanism of the survivin-T34A
mutant has been well studied. The T34 position in survivin is a CDC2/cyclin B1
phosphorylation site. Phosphorylation of this site is required for survivin to interact with
and to inhibit casapse-9 activity during mitosis (O'Connor et al., 2000). Abrogation of
survivin phosphorylation on the T34 site either by mutation (O'Connor et al., 2000) or by
pharmacological inhibitors of CDC2 (O'Connor et al.,, 2002; Wall et al., 2003)
destabilizes survivin protein and abrogates the inhibition of caspase-9 by survivin,
resulting in apoptotic cascade. A pharmacological inhibitor that can directly suppress
survivin protein function is not yet available. However, based on the physical and
functional relationship of survivin with caspase-9, it may be possible to develop
pharmacological molecules that disrupt the interaction of survivin with caspase-9.
Interestingly, it was recently shown that survivin forms complexes with a cellular protein
(HBXIP) originally recognized for its association with the X protein of hepatitis B virus,
and that survivin-HBXIP complexes, but not survivin itself, interact with pro-caspase-9,
preventing activation of the mitochondrial/cytochrome ¢ pathway (Marusawa et al.,
2003). This finding provides an alternative therapeutic approach by disrupting the
survivin-HBXIP complex. Additionally, a new survivin mutant (D5S3A) was recently
identified that shows not only loss of antiapoptotic function, but also a gain of pro-
apoptotic properties (Song et al., 2003a). The mechanistic function of this mutant is likely
a result of the loss of its ability to interact with and to inhibit Smac (Song et al., 2003a)
(see Smac/DIABLO section below).

2.2.4. Cancer Therapy Using the Survivin Gene Promoter

Consistent with the fact that survivin is highly expressed in cancer but not in normal
adult tissues, reporter genes driven by the survivin promoter are highly expressed in
cancer cells, but not in normal cells (Bao et al., 2002; Li & Altieri, 1999; Yang et al.,
2004; Zhu et al., 2004). This suggests that the survivin promoter may be an ideal cancer-
specific promoter for driving a cytotoxic gene expression for cancer therapy. A luciferase
reporter driven by the survivin promoter in an adenovirus expression vector showed no or
very low activity in liver and other normal tissues after transfection into mice (Zhu et al.,
2004), suggesting utilization of the survivin promoter for cancer therapy will have a
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minimal toxicity to normal tissues. Furthermore, expression of the toxic autocatalytic rev-
caspase-3 gene driven by the survivin promoter specifically kills transfected cancer cells
but not normal cells (Yang et al., 2004). Additionally, since the interior of solid tumors
are hypoxic, the finding that hypoxia induces survivin expression (Yang et al., 2004) has
significant consequences for utilization of the survivin promoter in gene therapy of
cancer.

3. OTHER IAPS AS THERAPEUTIC TARGETS

c-IAP1 and c-IAP2 were initially identified as NF-xB-mediated survival components
that interact with TRAF1 and/or TRAF2 in the TNF receptor 2 (TNF-R2) (Rothe et al.,
1995) and TNF-R1 (Shu et al., 1996) signaling pathways (Chu et al., 1997). XIAP (Sanna
et al., 1998), NAIP and ML-IAP (Sanna et al., 2002) were shown to activate JNK
signaling as an alternative mechanism for antiapoptotic (Sanna et al., 2002; Sanna et al.,
1998) or proapoptotic (Tang et al., 2001) properties. In addition, XIAP was shown to be
involved in TGF-$ signaling (Birkey Reffey et al., 2001; Yamaguchi et al., 1999) and the
anti-apoptotic activity of XIAP is retained upon mutation of both the caspase 3- and
caspase 9-interacting sites (Silke et al., 2001; Silke et al., 2002). However, strategies for
using the above findings to treat cancer or other human diseases through targeting these
IAPs have not yet been developed. In contrast, the antiapoptotic mechanism of c-IAP1, c-
IAP2, XIAP (Deveraux & Reed, 1999; Salvesen & Duckett, 2002) and survivin (Li,
2003) as caspase inhibitors has been well defined, and several studies based on this
information have attempted to treat human cancer and/or other human diseases.

XIAP, c-IAPI and c-IAP2 have been shown directly to interact with and to inhibit
caspases-3, -7 and -9 but not caspases-1, -6, -8 and -10 (Deveraux et al., 1998; Deveraux
et al., 1997; Roy et al., 1997), indicating that the mechanism by which these IAPs block
mitochondrial-mediated apoptosis differs from Bcl-2 family members (Duckett et al.,
1998; Orth & Dixit, 1997) (refer to Chapters I and V for more information). Further
studies indicated that the BIR2 domain of XIAP is involved in inhibition of caspases-3
and -7 (Deveraux et al., 1999; Sun et al., 1999; Takahashi et al., 1998), and the linker
region between BIR1 and BIR2 is critical for inhibiting caspases-3 and -7, while the
BIR2 domain may serve as a regulatory element (Chai et al., 2001; Huang et al., 2001;
Riedl et al., 2001; Sun et al., 1999). This structural basis for the interaction of XIAP with
caspases-3 and -7 provides opportunities to design antagonists to disrupt the interaction
for therapeutic purposes.

Identification of peptides targeting XIAP was recently reported (Tamm et al., 2003).
Using recombinant full-length human XIAP or a fragment containing only the BIR2
domain, a consensus motif, C(D/E/P)(W/F/Y)-acid/basic-XC, was recovered from two
independent screenings by using different phage peptide libraries. The authors
demonstrated that CEFESC (Kp=1.8 nM) and CPFKQC peptide phages bound
specifically to the BIR2 domain of XIAP but not to XIAP’s BIR1, BIR3 or RING
domain, nor to survivin, ¢-IAP1, c-IAP2 or NAIP. The binding of XIAP or BIR2 to
CEFESC peptide phages could be displaced by adding free CEFESC peptides or capsase-
7 protein in a concentration-dependent manner. However, this binding could not be
displaced by adding an ARKGER control peptide or caspase-8 protein (Tamm et al.,
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2003). This observation indicates that the CEFESC peptide targets a domain in BIR2 of
XIAP relevant to the caspase-binding site. Consistent with this hypothesis, the authors
pointed out that the core sequence EFES is homologous to a loop unique to caspase-3 and
caspase-7 that are targeted by XIAP (Chai et al., 2001; Huang et al., 2001) (Riedl et al.,
2001). Finally, the authors showed that a permeable version of the CPFKQC peptide
could induce apoptosis in leukemia cells. However, since the Kp for CPFKQC was not
presented in the report, it is not clear why the permeable version of the CEFESC peptide
with a Kp of 1.8 nM has no significant effect on cell viability. Nevertheless, the phage-
derived peptides may serve as prototypes for the design of small chemical compounds to
inhibit IAP function.

Recently, using an assay based on disruption of the XIAP-caspase-3 interaction
resulting in increased caspase-3 activity, high-throughput screening of a combinatorial
chemical library led to the discovery of a novel small organic molecule (TWX024) that
disrupts the interaction of XIAP/caspase-3 or XIAP/caspase-7 (Wu et al., 2003). The
authors demonstrated that apoptosis induced by overexpression of CD95 in 293 cells
could be inhibited by overexpression of XIAP in the absence of TWX024 but failed to do
so in the presence of TWX024 (25 nM). However, treatment of 293 cells with TWX024
alone at even 40 uM did not induce apoptosis (Wu et al., 2003), suggesting that TWX024
directly inhibits the function of XIAP. Although the high IC5, (25 pM) of this compound
may prevent its clinical application, TWX024 represents the first generation of small
non-peptide molecules capable of releasing caspases 3/7 from XIAP and thus triggering
apoptosis. This compound may serve as a prototype to facilitate the development of
therapeutically useful agents that target XIAP function for the treatment of cancers since
it is known that at least in some cancers, apoptosis resistance is due to overexpression of
XIAP.

More recently, using a caspase-3 derepression assay similar to that above, screening
of 11 mixture-based combinatorial chemical libraries containing about a million
compounds identified eight compounds with significant XIAP-inhibitory activity from
one library of 89,956 unique polyphenylureas (Schimmer et al., 2004). The authors
showed that these compounds, but not inactive structural analogs, could trigger the
activation of caspase-3 but not caspase-9. These authors characterized one of the eight
compounds (1396-34) identified in depth and showed that it directly induced apoptosis in
many types of tumor cell lines in culture with a LDsy (lethal dose-50%) range of 6-
17 pM. 1396-34 significantly sensitized cancer cells to chemotherapeutic drugs
(etoposide, doxorubicin, paclitaxel) and apoptotic inducer, TRAIL. Moreover, 1396-34
inhibited colony formation by >95% at 10 uM, and suppressed growth of established
tumors in mouse xenograft models, while displaying little toxicity to normal tissues
(Schimmer et al., 2004). This is the best study of IAP-targeting for cancer treatment
reported so far. This study not only validated XIAP is a valid target for cancer drug
discovery but the compounds identified also have a great potential to develop into
chemotherapeutic drugs and/or chemosensitizers for molecular targeting of cancer
therapy. The effective induction of apoptosis by 1396-34 compounds is consistent with
the recent finding that in comparison with normal cells, tumor cell lines and cancer
tissues simultaneously express high basal levels of both antiapoptotic factors (survivin &
XIAP) and proapoptotic factors (caspase-3 and caspase-8 activities and active caspase-3
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fragments) in the absence of apoptotic stimuli (Yang et al., 2003a). Therefore, disruption
of the interaction of caspase-3 with XIAP for example presumably triggers apoptosis.

Studies of the interaction of XIAP with caspase-9 indicated that BIR3 domain of
XIAP contributes to the inhibition of caspase-9 (Deveraux et al., 1999; Sun et al., 2000),
that the 9 amino acid linker region prior to BIR3 appears important for caspase 9
inhibition (Sun et al., 2000), and that XIAP associates with the active caspase-9-Apaf-1
holoenzyme complex through binding to the amino terminus of the linker tetrapeptide on
the small subunit of caspase-9, which becomes exposed after proteolytic processing of
pro-caspase-9 at Asp315 (Srinivasula et al., 2001). The X-ray crystallographic structure
reveals that the BIR3 domain forms a heterodimer with a caspase-9 monomer to block its
homodimerization and that the monomeric caspase-9 is catalytically inactive (Shiozaki et
al., 2003). This structural framework of BIR3-caspase-9 interaction implies that
disruption of the interaction of the BIR3 domain of XIAP with the N-terminal linker
tetrapeptide on the small subunit of caspase-9 may release caspase-9 from XIAP to
trigger apoptosis. A recent study determined the affinity of the BIR3 domain of XIAP for
a limited combination of the tetrapeptides derived from or based on its natural binding
partners including human Smac, HtrA2/Omi and caspase-9 as well as Drosophila Reaper,
Grim, Hid and Sickle (Kipp et al., 2002). The result indicated that most of the peptides
tested have a Kp at or near the micromolar level. The best one (ARPF) derived from the
tetrapeptide (ATPF) of human caspase-9 has a Kp at 20 nM (Kipp et al., 2002). Since this
study used a limited tetrapeptide combination, it is not known whether ARPF is the best
tetrapeptide among all possible tetrapeptides. Nevertheless, based on this study, we may
expect that it is possible to use a tetrapeptide or a small chemical molecule mimicking the
tetrapeptide to disrupt the interaction of BIR3 of XIAP with caspase-9.

In terms of cancer therapeutics using XIAP as a target, the critical question is
whether disruption of the XIAP-BIR3/caspase-9 interaction will be a good approach for
triggering apoptosis, even if an ideal tetrapeptide or a small chemical compound is
available for the disruption. This question arises because the increased activity of
caspases 3 and 7 triggered by the activated caspase-9 will be still inhibited by the linker-
BIR2 domain of XIAP, which may result in the abrogation of apoptosis. In this regard,
targeting downstream of caspases may be a better approach for triggering apoptosis.
However, it was reported by Dr. Xiaodong Wang on the 95™ AACR Meeting (Orlando,
FL, March 27-31, 2004) that a small organic chemical molecule that disrupts the
interaction of XIAP and Smac (the interaction is similar to caspase-9) effectively induces
caspase 3 activation and apoptosis. This suggests that the mechanistic function of these
inhibitory molecules in caspase activation and apoptosis requires further investigation
and/or novel mechanisms for apoptosis induction remains to be defined.

Additionally, inhibition of XIAP expression may be an alternative approach to
induce apoptosis. In this regard, it was reported that inhibition of XIAP expression by
antisense approaches induced apoptosis (Liet al., 2001; Sasaki et al., 2000) and
sensitized cancer cells to anticancer drug treatments in both cell culture (Bilim et al.,
2003) and xenograft models (Hu et al., 2003).

NAIP was identified as a candidate gene potentially involved in spinal muscular
atrophy (SMA), a neuromuscular disease with progressive motor-neuron cell death, since
a high percentage of SMA patients show a defect in this gene (Hahnen et al., 1995; Roy
et al., 1995). Exogenous expression of NAIP was shown to inhibit apoptosis (Liston et
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al., 1996) and reduce ischemic damage (Xu et al., 1997), probably through its inhibition
of caspases-3 and -7 (Maier et al., 2002). Moreover, it was demonstrated that NAIP
and/or XIAP could prevent neuron cell death in several in vivo rat and/or mice models
(Crocker et al., 2003; Crocker et al., 2001; Kugler et al., 2000; Perrelet et al., 2002;
Perrelet et al., 2000; Xu et al., 1999). These studies suggest that IAPs may be utilized as a
novel gene-therapy approach to reduce cell loss in various human diseases associated
with excessive apoptosis.

4. SMAC/DIABLO AND OMI/HTRA2: WHAT IS THE DIFFERENCE IN THEIR
FUNCTIONS?

Current studies indicate that, although Smac/DIABLO and Omi/HtrA2 seemingly
have similar roles to enhance apoptosis by eliminating the inhibitory effect of IAPs on
caspases during apoptosis induction, they have much different roles in normal
physiology. For example, while Omi/HtrA2 likely has important physiological roles such
as the neuromuscular disorder of mnd2 mutant mice is likely due to the loss of
Omi/HtrA2 protease activity (Jones et al., 2003), Smac/DIABLO knockout mice do not
show any abnormality in comparison with wild type mice (Okada et al., 2002). Therefore,
their value in therapeutics of human disease is likely different.

4.1. Smac/DIABLO

Smac in human (Du et al., 2000) and DIABLO in mouse (Verhagen et al., 2000)
were independently discovered as apoptosis inducers. Similar to cytochrome c,
Smac/DIABLO is situated in the mitochondrial inter-membrane space and is released into
the cytoplasm during apoptosis induction, and its release could be blocked by
overexpression of Bcl-2. However, different from cytochrome c, release of
Smac/DIABLO requires the presence of active caspases (Adrain et al., 2001), indicating
that Smac/DIABLO release is a later event relative to cytochrome ¢ release. The
released/mature Smac/DIABLO removes the N-terminal 55 amino acids and exposes a
new N-terminal, the first four amino acids of which are homologous to the N-terminal of
matured Omi/HtrA2 (Suzuki et al., 2001), the small subunits of caspase-9 and several
other Drosophila proteins involved in cell death controls (Srinivasula et al., 2001). It has
been demonstrated that the mature Smac/DIABLO interacts with XIAP, ¢c-IAP1, c-IAP2,
survivin (Du et al., 2000; Song et al., 2003b) and ML-IAP/livin (Vucic et al., 2002).
Binding of the N-terminal 4 amino acid peptide of mature Smac to the XIAP BIR3
domain is critical for the release of caspase-9 (Liu et al., 2000; Srinivasula et al., 2000;
Wu et al., 2000). This competition is a result of a complete overlap in the binding site for
caspase-9 binding of XIAP BIR3 (Srinivasula et al., 2001; Sun et al., 2000). Additionally,
although less important, it was reported that mature Smac also activates caspases-3/-7 by
interacting with the BIR2 domain of XIAP (Srinivasula et al., 2000), which likely
requires a homodimer structure of Smac (Chai et al., 2000). Although Smac variants,
Smacf (Roberts et al., 2001) and Smac3 (Fu et al.,, 2003) may have alternative
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mechanisms to potentiate apoptosis, the structural relationship among Smac, XIAP and
caspase-9 provides an interesting opportunity for cancer therapeutics.

It was shown that forced expression of Smac/DIABLO or treatment with the mature
Smac N-terminal peptide without linking to a cell-permeable sequence increased Epo B-
and TRAIL-induced PARP-1 cleavage and caspase-3 activity in Jurkat cells (Guo et al.,
2002), which was associated with increased apoptosis, although overexpression of mature
Smac alone could not induce apoptosis (Guo et al., 2002). However, the permeability of
the Smac peptide without conjugating a cell-permeable peptide was shown to be very
poor in another report (Yang et al., 2003b). Expression of Smac or treatment with cell-
permeable Smac peptide has been shown to sensitize resistant neuroblastoma or
melanoma cells and patient-derived primary neuroblastoma cells to chemotherapeutic
drugs- or TRAIL-induced apoptosis (Fulda et al., 2002). Moreover, local administration
of cell-permeable Smac peptides strongly enhanced the antitumor activity of TRAIL in an
intracranial malignant glioma xenograft mouse model. Complete eradication of
established tumors and survival of mice was only achieved upon combined treatment
with permeable Smac peptides and TRAIL, without detectable toxicity to normal brain
tissue (Fulda et al., 2002). The cell-permeable Smac peptide was also shown to enhance
the induction of apoptosis and long-term antiproliferative effects of various
chemotherapeutic agents (paclitaxel, etoposide, SN-38 and doxorubicin) in breast cancer
cells as well as in immortalized cholangiocytes (Arnt et al., 2002). It was also reported
that the cell-permeable Smac peptide could restore the defect in apoptosome activity in
H460 human lung cancer cells that overexpress XIAP, but it has no striking effect on the
apoptosome activity of normal lung fibroblast cells, although these cells expressed
modest amounts of IAP. The cell-permeable Smac peptide SmacN7-(R)s, but not the non-
cell-permeable peptide SmacN;, when used in combination with cisplatin, induced H460
cell death irn vitro and suppressed tumor growth in a mouse xenograft model with little
toxicity to the mice (Yang et al., 2003b). These studies indicate that Smac peptides are
promising candidates for potentiation of cancer therapy.

Smac may also be involved in different mechanisms for enhancing apoptosis. It was
recently shown that TNF-induced Smac release disrupts the TRAF2-cIAP! complex
(Deng et al., 2003), and Smac may differentially degrade IAPs (Yang & Du, 2004).
Additionally, since Smac has been shown to interact with XIAP, c-IAP1, c-IAP2,
survivin (Du et al., 2000; Song et al., 2003b) and ML-IAP/livin (Vucic et al., 2002), the
effect of IAP-targeting Smac peptides on potentiating apoptosis is likely attributable to an
overall antagonist effect on IAPs, rather than on a particular IAP, in most cases.
Interestingly, a recent report showed that substitution of Proline3' in the Smac peptide
(AVPIAQKSE) with (2S,3S)-3-methylpyrrolidine-2-carboxylic acid [(3S)-methyl-
Proline] results in a peptide with 7-fold greater affinity for ML-IAP-BIR and about 100-
fold specificity for ML-IAP-BIR relative to XIAP-BIR3 (Franklin et al., 2003). This new
peptide may be an important reagent for studying the function of individual IAPs in cell
survival. Regardless of mechanism, from a therapeutic perspective, utilization of IAP-
targeting Smac peptides is an attractive approach to increase tumor cell death induced by
chemotherapy. However, development of small molecule Smac peptide mimetics will be
essential for routine clinical application of this approach in cancer treatment.
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4.2. Omi/HtrA2

Human Omi/HtrA2 was initially described as a transformation-sensitive protein since
it is expressed in human fibroblasts, but not in their matched SV40 transformed
counterparts (Zumbrunn & Trueb, 1996). Omi/HtrA2 was found to be upregulated in
cartilage from individuals with osteoarthritis (Hu et al., 1998). Structurally, Omi/HtrA2 is
highly homology to the essential bacterial HtrA endoprotease that functions as a
chaperone protein at normal temperatures and as a serine protease to degrade misfolded
proteins at high temperatures (Spiess et al., 1999). Consistently, it was found that the
protein expression and/or proteolytic activity of human Omi/HtrA2 were upregulated in
response to stress induced by ischemia/reperfusion (Faccio et al., 2000a), heat shock or
tunicamycin treatment (Gray et al., 2000). Interestingly, while Omi/HtrA2 is ubiquitously
expressed in human tissues, an alternative splicing form of Omi called D-Omi, which
lacks proteolytic activity, is predominantly expressed in the kidney, colon, and thyroid
(Faccio et al., 2000b). These observations indicate potentially unique roles for
Omi/HtrA2 in normal physiology.

Recently, however, several groups reported that Omi/HtrA2 from human (Hegde et
al., 2002; Martins et al., 2002; Suzuki et al., 2001) or mouse (van Loo et al., 2002;
Verhagen et al., 2002) is actually involved in promoting apoptosis in a manner very
similar to Smac. Although it was shown that Omi/HtrA2 is localized in the endoplasmic
reticulum (Faccio et al., 2000a) or nucleus (Gray et al., 2000), these authors consistently
showed that Omi/HtrA2 is a mitochondrial protein, and mature Omi/HtrA2, after removal
of the N-terminal 153 amino acids, was released from mitochondria during apoptosis
induction. Mature Omi/HtrA2, which contains an N-terminal four amino acid motif
similar to that of mature Smac, interacted with XIAP but not with survivin (Suzuki et al.,
2001; Verhagen et al., 2002). This suggests that the antiapoptotic property of XIAP but
not survivin may be affected by Omi/HtrA2. Mature Omi/HtrA2 interacts with both BIR2
and BIR3 but not BIR1 of XIAP (Suzuki et al., 2001; Verhagen et al., 2002) to activate
both caspase-3 (Hegde et al., 2002; Suzuki et al., 2001; van Loo et al., 2002; Verhagen et
al., 2002) and caspase-9 (Suzuki et al., 2001) in vitro; this is similar to the competitive
interaction of mature Smac with BIR2 and BIR3 of XIAP to activate caspases-3, -7 and -
9. It seems that Omi/HtrA2 is not able to induce apoptosis by itself, but it is able to
sensitize cells to death induced by many apoptotic stimuli (Hegde et al., 2002; Suzuki et
al., 2001; van Loo et al., 2002; Verhagen et al., 2002). Mature Omi/HtrA2 promoted cell
death induced by UV (Martins et al., 2002; Verhagen et al., 2002) and other apoptotic
stimuli (staurosponrine, Fas, TRAIL) (Hegde et al., 2002). Induction of apoptosis was
determined by cell morphology (Hegde et al., 2002), Annexin V labeling (Martins et al.,
2002; Verhagen et al., 2002) and DNA fragmentation cell death ELISA assay (Martins et
al., 2002). It was shown that apoptosis contributed by Omi/HtrA2 is dependent on both
the IAP inhibition and serine protease activities of Omi (Hegde et al., 2002; Verhagen et
al., 2002). Overexpression of Omi/HtrA2 but not the protease-dead mutant of Omi in
HEK293 cells was shown to induce a caspase-independent cell death (Cilenti et al., 2003;
Suzuki et al., 2001), and a compound (ucf-101) identified in a high-throughput screening
based on an assay to inhibit the serine protease activity of Omi/HtrA2 was found to
inhibit Omi-induced cell death (Cilenti et al., 2003), indicating serine protease activity
contributes to Omi-induced cell death. More recently, it was shown that binding of
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Omi/HtrA2 to XIAP increases its serine protease activity (Martins et al., 2003) and
results in degradation of IAPs in vitro and in cells (Srinivasula et al., 2003; Yang et al.,
2003c), which may be an alternative mechanism contributing to apoptosis enhancement.
Interestingly, the yeast homolog of mammalian Omi, Nmalllp is situated in the nucleus,
its pro-apoptotic activity also depends on its serine-protease activity, and yeast cells that
lack Nmal11p survive better at 50°C than wild-type cells (Fahrenkrog et al., 2004).

Although recent studies have defined a major role of Omi/HtrA2 in promoting
apoptosis, initial observations suggest Omi/HtrA2 likely plays a role in normal
physiology. Consistently, neuromuscular degenerative disease in mnd2 (motor neuron
degeneration 2) mutant mice was genetically mapped to the S276C missense mutation in
the protease domain of Omi/HtrA2(Jones et al., 2003). The S276C mutant protein loses
its protease activity (Jones et al., 2003). In contrast to the evidence above that the
protease activity of Omi is involved in promoting apoptotic cell death (Hegde et al.,
2002; Suzuki et al., 2001; Verhagen et al., 2002), these authors found that loss of the
protease activity of Omi increases sensitivity to stress-induced cell death probably as a
result of increased mitochondrial membrane permeability. This effect could be
responsible for the massive loss of striatal neurons in mnd2 mutant mice (Jones et al.,
2003). Although these results require further validation by comparison of the phenotype
of Omi knockout mice with the phenotype of Omi S276C mutant mice, this study
suggests that the protease activity of Omi is important in physiology for maintenance of
normal mitochondrial permeability, which is essential for cell survival. However, during
apoptotic induction, Omi will be released from mitochondria into the cytoplasmic
compartment, and the protease activity of released Omi actually promotes apoptosis. In
this regard, it is likely that the function of Omi as an apoptosis promoter is actually a
result of a good guy present in the wrong place. Therefore, the cancer therapeutic value
of Omi requires further investigation.

5. SUMMARY

Survivin appears to be a novel member in the IAP protein family since its structure,
expression pattern, regulation, subcellular localization and function are unique. Although
specific disruption of survivin function by small chemical molecules remains to be
reported, a number of studies have shown significant consequences of interfering with
survivin expression or function in apoptosis induction, which may provide extensive
applications in cancer therapeutics (Altieri, 2003a; Li, 2003). However, in comparison
with XIAP, less detail at the molecular level is known for survivin’s mechanistic function
in apoptosis as well as in cell division. Therefore, much more efforts will be required in
the coming years to elucidate the mechanisms by which survivin is regulated in cancer
versus normal cells, and it functions in cell survival and division. This will be essential
for development of novel and highly effective approaches for cancer therapeutics using
survivin as a target. On the other hand, the mechanistic function of XIAP at the molecular
level is much clearer than that for other IAPs. As a result, several research groups have
recently reported the feasibility using peptides or small organic molecules to specifically
disrupt the inhibitory effect of XIAP on the activity and/or activation of caspases.
Together, current studies have convincingly demonstrated that targeting IAPs is a feasible
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and attractive novel approach for caner treatment. Additionally, overexpression of Smac
or treatment with cell-permeable Smac peptides significantly potentiates apoptosis
induced by antitumor drugs in various cancer cells, but not in normal cells, although this
treatment alone is unable to induce apoptosis. This makes Smac an attractive molecule
for cancer therapeutics and drug discovery. Although the 1AP-targeting Smac peptide has
disadvantages as a clinical drug for cancer treatment, it could act as a prototype drug to
help the development of small organic molecule as Smac peptide mimetics.
Overexpression of Omi/HtrA2 is able to induce cell death and potentiate apoptosis
induced by chemotherapeutic drugs. However, due to the cellular localization of the
endogenous Omi/HtrA?2 is critical for its function in apoptosis induction or maintaining
normal mitochondrial permeability, further studies will be required to evaluate its toxicity
in normal cells versus cancer cells, and its application in human cancer therapy.
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