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Abstract

One of the known apoptotic pathways in mammalian cells involves release of
mitochondrial Cytochrome C into the cytosol. Cyt ¢ then together with ATP or dATP
induces a conformational change in the adaptator protein Apaf-1 (a homologue of the
C. elegans CED4 protein) (Zou, Henzel et al. 1997), leading to its oligomerization
and the recruitment of several pro-Casp-9 molecules. This protein complex assembly
called "apoptosome" leads to the activation of Casp-9 which then initiates or
amplifies the caspase cascade.

The cell death program can be stalled at several points and we were interested
in identifying new proteins inhibiting cell death downstream of Cyt c release. This
thesis describes how I have screened a cDNA library derived from a pool of human
breast carcinomas in a yeast-based survival screen, using the S pombe yeast strain
HC4 containing an inducible CED4 construct(James, Gschmeissner et al. 1997). The
screen resulted in the identification of six proteins displaying cell death-inhibiting
activity in S. pombe as well as anti-apoptotic potential in mammalian cells. Those six
molecules were RoRet (Ruddy, Kronmal et al. 1997), Aven (Chau, Cheng et al.
2000), Fte-1/S3a (Kho, Wang et al. 1996), PGC2 (Padilla, Kaur et al. 2000; Goetze,
Eilers et al. 2002), SAA1-2[3 (Moriguchi, Terai et al. 2001) and FBP (Brockstedt,
Rickers et al. 1998) of which I selected RoRet, Aven and Fte-1/S3a for further
analysis.

RoRet is a new anti-apoptotic molecule that can inhibit the mitochondrial
pathway via its PRY-SPRY domain. RoRet does not seem to bind to Apaf-1, and does
not co-localize with the activated Apaf-1/Caspase-9 complex.

Aven was published to act as an anti-apoptotic protein and suggested to
function via the recruitment of Bcl-X| to Apaf-1. This work shows that its C-terminal
domain can bind to Apaf-1 and has a strong anti-apoptotic activity by itself.
Moreover, Aven co-localizes with the activated Apaf-1/Caspase-9 complex
suggesting that it is a component of the apoptosome. Furthermore, the expression of
Aven is regulated in mammary glands during the pregnancy cycle.

Fte-1/S3a has been already implicated in increased transformation capacity of
v-Fos in fibroblasts (Kho and Zarbl 1992; Kho, Wang et al. 1996). This work shows
that it has anti-apoptotic activity and can protect against Bak- and Apaf-1-induced
apoptosis. It can bind directly to activated Apaf-1 at the linker domain between the
WDA40 repeats and the CEDA4-like domain, suggesting that it may protect by
sequestering the activated Apaf-1 to some organelles whose nature remains to be
determined. Moreover, expression studies on mRNA and protein level showed
upregulation of Fte-1/S3a in colon, lung and kidney carcinoma.

Hmgbl (Flohr, Rogalla et al. 2001; Pasheva, Ugrinova et al. 2002; Stros,
Ozaki et al. 2002) was identified during a survival screen performed with a NIH 3T3
mouse fibroblast cDNA library in a Bak-expressing yeast S. pombe strain. HMGB1
can protect against Bak-, UV-, FasL- and TRAIL-induced apoptosis. Significant
overexpression of HMGB1 was found in breast and colon carcinoma, and elevated
mRNA amounts were detected in uterus, colon and stomach carcinoma, suggesting
that it may be a tumour marker (Brezniceanu et al., 2003).
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| -1 ntroduction

A-Apoptosis-a special form of PCD

Apoptosis is a genetically regulated process of cell suicide that is capital to the
development, homeostasis and integrity of multicellular organisms. Its importance is
such that the disregulation of mechanisms controlling cell suicide plays a role in the
pathogenesis of a wide range of diseases. Different from autophagy and necrosis
which have lately also been defined as orchestrated by a genetically programmed
mechanism, apoptosis can be defined by specific morphological changes: membrane
blebbing, chromatin condensation and fragmentation, and exposure of markers on the
outer cytoplasmatic cellular membrane like phosphatidyl-serine that will mark the cell
for phagocytosis by macrophages. By contrast, autophagy targets a population of cells
or entire tissues that will die by the presence of ‘“autophagic vacuoles” in their
cytoplasm containing the machinery needed to degrade the dying cell. An early loss of
membrane integrity leading to the leakage of cellular componants is the hallmark of
necrosis. While great progress has been achieved in unveiling of the molecular
mechanisms of programmed cell deaths, a new level of complexity, with important
therapeutic implications, has begun to emerge, suggesting (i) that several different
self-destruction pathways may exist and operate in parallel in cells, and (ii) that
molecular effectors of cell suicide may also perform other functions unrelated to cell
death induction and crucial to cell survival.

1-Apoptosis-general considerations

Initial questions about the possible existence, mechanisms, and role of
physiological cell death emerged during the second half of the 19th century, from the
study of animal development, (Clarke and Clarke 1996), (Lockshin and Zakeri 2001),
but it is only during the second half of the 20th century that a series of conceptual and
experimental advances progressively led to the idea that cells from multicellular
animals may have the capacity to activate a program of self-destruction, and that this
self-destruction program may be regulated by signals provided by other cells. (Clarke
and Clarke 1996), (Lockshin and Zakeri 2001), (Saunders 1966), (Kerr, Wyllie et al.
1972), (Umansky 1982), (Cowan, Fawcett et al. 1984), (Ellis and Horvitz 1986),
(Clarke 1990), (Ellis, Yuan et al. 1991). The identification of a genetic regulation of
physiological cell death, of the features of its most frequent phenotype, apoptosis,
and of its central role, not only in development, but also in adult tissue homeostasis,
has led to the idea that all cells all multicellular animals may be intrinsically
programmed to self-destruct, and that cell survival continuously depends on the
repression of this self-destruction program by other cells, in other words that cells
may survive only as long as they are signalled to suppress the induction of a 'default’
pathway leading to cell suicide (Kerr, Wyllie et al. 1972), (Vaux 1993),(Hengartner
2000), (Raff 1992).
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2-Apoptosisin development and mor phogenesis.

The coupling of the fate of each cell to the nature of the interactions with other
cells has led to the concept of 'social control' of cell survival and cell death, allowing a
stringent regulation of cell numbers, of their tissue localization, and a constant
adjustment of the different cell types that constitute our organs and tissues (Raff
1992). This interdependence generated between cells, is one of the bases of life
perennity and species plasticity, allowing bodies to build themselves, to constantly
reconstruct, and to adapt to ever changing environments. Programmed cell death
participates in particular in morphogenesis (the sculpting of the form of embryos like
the fingers and toes of hands and feet), in sexual differentiation (in male embryo the
Miiller channel is deleted by apoptosis), and in the epigenetic self-organization
processes (where the cells are selected more by environmental criteria than genetic
predestination) that allow the emergence of the two most complex regulatory organs
of our body, the immune system and the nervous system (Oppenheim 1991),
(Flanagan 1999), (Goldrath and Bevan 1999), (Yuan and Yankner 2000). Indeed
during development, an excess of cells is generated in these tissues which are
subsequently deleted by apoptosis. For example, in the Thymus where a repertoire of
T cells is selected whose receptors have the potential to recognize foreign antigenic
peptides, but not auto-antigenic peptides (those cells are cleared by apoptosis) bound
to the individual’s own MHC molecules (Ashton-Rickardt, Van Kaer et al. 1993;
Kishimoto and Sprent 1997; Suzuki, Guinter et al. 1998).

3-Apoptosis and genetic integrity

Specific organ or tissue cell-cell interaction, represents only one dimension of
the 'social control' of cell survival and cell death. At another level, each individual cell
may be considered as a complex entity, a 'society' by itself, a mingling of
heterogeneous organelles and components that behaves as a whole. Thus, self-
destruction can occur not only as a response to signals originating from the outside
environment of the cell, but also from its inside environment. Accordingly, genetic
damage causes the activation of the p53 protein family, that induces either DNA
repair and cell cycle arrest, or programmed cell death, a radical and extreme means
preventing the emergence of genetic heterogeneity, and the progression towards
cancer.(Rich, Allen et al. 2000) Similarly, alterations in endoplasmic reticulum
integrity, induced, for example, by abnormal protein folding, (Mehmet 2000) or
alterations in mitochondrial activity, such as respiratory chain dysfunction (Wang,
Silva et al. 2001) can induce signalling leading to programmed cell death. Thus, cell
suicide plays an essential role in the maintenance of the genetic identity and the
integrity of the body, by inducing the rapid elimination of altered cells.

4-Apoptosis and diseases
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Programmed cell death is also crucial in the adult, by controlling tissue
homeostasis, elimination of damaged or abnormal cells, and defense against infections
(Cohen 1993),(Ameisen 1994),(Vaux, Haecker et al. 1994),(Williams 1994).
Conversely, programmed cell death dysregulation has been proposed to participate in
the pathogenesis of many diseases, ranging from cancer and autoimmunity to
infectious diseases and neurodegenerative disorders, (Umansky 1982), (Ameisen,
Estaquier et al. 1994), (Nagata and Golstein 1995), (Teodoro and Branton
1997),(Evan and Littlewood 1998), (Krammer 2000) leading to the emergence of new
concepts of therapeutic intervention, aimed at the selective modulation of the
mechanisms involved in the regulation of cell death and cell survival (Yuan and
Yankner 2000), (Williams 1991), (Kerbel 1997), (Nicholson 2000). Finally,
programmed cell death may also participate in the physiologically regulated process
of aging (Umansky 1982), (Migliaccio, Giorgio et al. 1999).(See Clinical
implications)

5-Apoptosis and evolution

Programmed cell death has been found to operate in all multicellular animals
studied so far, including nematodes, insects, amphibians, birds and mammals (Ellis,
Yuan et al. 1991), (Meier, Finch et al. 2000), (Vaux and Korsmeyer 1999), (Steller
1995), (Cikala, Wilm et al. 1999). Lately PCD has also been identified in unicellular
organisms like bacteria, yeast, Thetrahymena thermophila or Dictyostelium discoidum
(Lewis 2000; Arnoult, Tatischeff et al. 2001; Madeo, Engelhardt et al. 2002),
(Christensen, Chemnitz et al. 1998). The evolutionary conservation of  this
programmed cell death in the animal kingdom points toward some central aspects of
its genetic control, and to important aspects of its most frequent phenotype, apoptosis
(Saunders 1966), (Ellis, Yuan et al. 1991), (Vaux and Korsmeyer 1999), (Steller
1995), (Cikala, Wilm et al. 1999). In most cases that have been studied to date,
programmed cell death is regulated by signals provided by other cells, either in the
form of cell-lineage information, of soluble mediators, or of cell-to-cell contacts.
Programmed cell death induction may depend on cell-lineage information, such as in
the nematode Caenorhabditis elegans, on the activation of gene transcription, or, in a
more stochastic way, on a combination of cell-lineage information, intercellular
signaling, transcription factor activation and cytoplasmic second messengers, such as
in mammals (see rev. (Meier, Finch et al. 2000). During the last nine years,
homologues of genes involved in the regulation of programmed cell death in
Caenorhabditis elegans have been identified in sponge (Wiens, Dichl-Seifert et al.
2001), in Hydra wvulgaris (Cikala, Wilm et al. 1999), in the fruitfly Drosophila
melanogaster (White, Grether et al. 1994), in zebrafish (Inohara and Nunez 2000) and
in mammals (Yuan, Shaham et al. 1993), (Hengartner and Horvitz 1994) (Fig.3). As
frequently occurs during evolution, however, this striking conservation in both
sequences (Vaux and Korsmeyer 1999), (Horvitz 1999) and functional properties
(Vaux, Weissman et al. 1992) has been associated with a great level of diversification
(Hengartner 2000), (Vaux and Korsmeyer 1999) mostly due to gene duplication. In
humans and mice, around twenty gene products that are homologues of the cell death
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repressor Ced-9 and its antagonist Egl-1 (the Bcl-2 family) have been identified, as
well as more than ten homologues of the executioner protease Ced-3 (the caspase
family) and at least three variant of Apaf-1(apoptotic protease-activating factor 1) the
homologue of Ced-4(Fu, Kelsey et al. 2001).

6- Key players of the apoptotic process

Two apoptotic pathways have been described recently: the extrinsic and the
intrinsic pathway. Both of them act through the activation of the cascade of cysteine
proteases (caspases). The extrinsic pathway which acts through the activation of
initiator caspases can be directly coupled to cell surface receptor signalling, such as
Caspase-8 activation induced by the recruitment of the FADD adaptor protein,
consecutive to the engagement of 'death' receptors of the CD95/tumor necrosis factor
receptor (TNFR) family by their ligands. The intrinsic pathway involves another
initiator caspase, Caspase-9, that is activated downstream of the mitochondria outer
membrane permeabilization induced by members of the Bax family in response to
various pro-apoptotic stimuli, through the release of Cytochrome c that activates the
Apaf-1 adaptor protein (Fig.1). There are two types of cells described for the death-
receptor apoptosis induction: type I cells can activate enough Caspase-8 to activate
Caspase-3 and proceed to apoptosis of the cell, the type II cells need to induce the
release of pro-apoptotic molecules from the mitochondria (Cytochrome ¢, Smac,...) to
activate Caspase-3 through the formation of the apoptosome (Scaffidi, Fulda et al.
1998). In type II cells the intrinsic and extrinsic pathways can cross-talk through the
induction of the mitochondria. The initiator caspases are autocatalytically cleaved and
activated through recruitment by adaptor proteins that share death-effector domains
(DED) or caspase activation and recruitment domains (CARD) with these initiator
caspases (Hengartner 2000), (Krammer 2000), (Green 2000), (Thornberry and
Lazebnik 1998).

Downstream in the cascade, caspases are termed effector or executionary
caspases, such as Caspase-3, -6 and -7, which cleave numerous nuclear and
cytoplasmic proteins, thereby inducing several of the typical features of apoptosis
(Hengartner 2000), (Nagata 2000) (Fig.6). The activation of these effector caspases
requires their initial cleavage by other upstream caspases (initiator caspases) such as
Caspase-8 and -9 (Fig.6).

The death repressors (Bcl-2/Bcl-X1) and their antagonists (Bax/Bak) share
the capacity to homodimerize or oligomerize, and to neutralize each other through
heterodimerization, and, for some of them, to insert through a carboxyterminal
hydrophobic transmembrane domain into the outer membrane of intracellular
organelles such as the nucleus, endoplasmic reticulum and mitochondria. While there
are alternative views (Finkel 2001), it is generally believed that it is through their
control of mitochondrial outer membrane permeability that the Bcl-2/Bax family
members exert an important part of their antagonistic effect on cell death and survival,
by repressing (Bcl-2) or inducing (Bax) the release of mitochondrial intermembrane
space proteins into the cytosol that will favor the induction of cell death (Gross,
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McDonnell et al. 1999), (Vander Heiden and Thompson 1999), (Green 2000),
(Kroemer and Reed 2000), (Martinou and Green 2001) (Fig.1). Some of these
intermembrane space proteins, such as Cytochrome ¢, Smac/Diablo, and Omi/HtrA2
will induce caspase activation (Green 2000), (Martinou and Green 2001), (Suzuki,
Imai et al. 2001), while others, such as AIF (apoptosis inducing factor), (Susin,
Lorenzo et al. 1999), or endonuclease G may favor the induction of caspase-
independent executionary pathways.

Importantly these multiple pathways of activation, that can amplify each
other, can also be repressed at the level of the effector caspases, for example by IAPs
(inhibitors of apoptosis proteins) that block the activity of already processed caspases
(Goyal 2001). The IAPs themselves can be inhibited by the Smac/Diablo protein,
which is released by mitochondria and binds to IAPs, thereby releasing the caspases
molecules (Goyal 2001) (Fig.7 and 10).
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Fig.1: The cell death machinery.

[llustration of the death receptor induced apoptosis, the DISC formation (the circle
containing FasL/Fas/FADD/FLICE complex) induced by ligand binding. Then takes
place the proteolytic activation of Caspase-8, -9, -6, -7 and —3. The mitochondria is
induced by Bak/Bax translocation after Bid cleavage, and release Cytochrome c. The
apoptosome formation follows (the circle containing APAF-1/Cytochrome c/Pro-
caspase-9/ATP or dATP) tht can activate Caspase-9 and lead to activation of Caspase-
3. IAPs, Bcl-2 and Bcel-X1 can inhibit a different levels.
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A series of knock-out experiments in mice, including the deletion of genes
encoding either members of the Bcl-2/Bax family, the Apaf-1 and FADD adaptor
proteins, members of the caspase family, or, more recently, cytochrome c or AIF have
indicated that each of these proteins controls some, but not all, suicide pathways, in
some, but not all, cell types.

Thus, in contrast to the simple paradigm of Caenorhabditis elegans, in
mammalian cells, programmed cell death can proceed along multiple intracellular
molecular pathways, and the pathways followed will not be the same in different cell
types, in response to a given death signal, nor in the same cell type, in response to
different death signals. In some instances, the molecular pathway leading to self-
destruction will even be different in a given cell type, in response to the same death
signal, depending on the particular differentiation stage of the cell. Moreover, the
complexity of the molecular control of cell survival and cell death also involves
various epigenetic mechanisms such as alternative splicing and post-translational
modifications (phosphorylation, dephosphorylation, or proteolytic cleavage) that can
transform the product of a given gene into either a pro-apoptotic or an anti-apoptotic
protein (Yuan and Yankner 2000), (Gross, McDonnell et al. 1999), (Xiang, Chao et
al. 1996). These modifications include or example the activation of Bad through
dephosphorylation or the cleavage of procaspases in active caspases during the so
called “caspase cascade” (Cohen 1997; Thornberry and Lazebnik 1998; Wolf, Witte
etal. 2001).

B-General pathways

1-Programmed Céll Death in unicellular organisms

Until very recently, studies on programmed death of free-living unicellular
eukaryotes were at a preliminary stage. But as several reports describing apparent
programmed cell death in unicellular eukaryotes like Thetrahymena thermophila
(Christensen, Chemnitz et al. 1998), Dictyostelium discoidum (Arnoult, Tatischeff et
al. 2001) or even prokaryotes like bacteria, the idea that unicellulars may commit
suicide for the advantage of the colony becomes accepted easier. A theory has
emerged that a unicellular organism undergoing PCD in a colony preserving genetic
integrity would act the same way a single cell in a multicellular organism would
commit suicide to preserve the genetic integrity of a whole body or tissue, or even to
allow an evolutive advantage to spread in the species. Staurosporine (a non-specific
protein kinase inhibitor inducing apoptosis in cells of higher organisms) was shown to
stimulate reactive oxygen species (ROS) production and to kill Tetrahymena
(Christensen, Chemnitz et al. 1998). Petit and his colleagues (Arnoult, Tatischeff et al.
2001) identified in the slime mold Dictyostelium discoideum an apoptosis-inducing
factor (DdAIF) structurally and functionally similar to the mammalian AIF (Susin,
Lorenzo et al. 1999). It was found that DAAIF is involved in cell death caused by
adding protoporphyrin IX or differentiation-inducing factor-1 (DIF-1). However, one
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should keep in mind that D. discoideum at some stage of its life cycle is a
multicellular organism (for some other indications of the programmed death of
constantly unicellular eukaryotes, see reviews (Ameisen 1996), (Lewis 2000)).

During the last decade, programmed cell death was intensively studied in
yeast. The majority of these studies dealt with expression of mammalian pro- and
anti-apoptotic proteins in these microorganisms. Kane et al. (Kane, Sarafian et al.
1993) reported that the anti-apoptotic mammalian protein Bcl-2 partially rescued a S
cerevisae yeast mutant lacking superoxide dismutase. Manon and co-workers
(Manon, Chaudhuri et al. 1997) found that the pro-apoptotic mammalian protein Bax
caused growth arrest of yeast S cerevisiae cells, which was accompanied by
Cytochrome c release from mitochondria into the cytosol. Coexpression of anti-
apoptotic Bcl-xp prevented the effects of Bax. Ink and al. (Ink, Zornig et al. 1997)
studied Bak induced Cell Death in Schizosaccharomyces pombe, and found that not
only Bak was able to induce yeast cell lethality, but that this lethality could be
antagonized by the mammalian anti-apoptotic protein Bcl-xp, Moreover, in this case
cell death was accompanied by morphological feature resembling apoptosis like loss
of nuclear membrane integrity, vacuolisation and chromatin condensation and
fragmentation (Ink, Zornig et al. 1997). The possibility that cell death may be caused
by simple overexpression of a foreign protein was excluded by overexpressing Bcel-xp.
(which had phenotype) and by overexpression of a deletion mutant of Bak lacking the
BH3 domain necessary to induce apoptosis in mammals (Ink, Zornig et al. 1997).
Since this mutant did not kill yeast cells either, it was speculated that some conserved
pathways in evolution must be involved in programmed Cell Death in Yeast.

The possibility of using Schizosaccharomyces pombe as a model system to
study the activity of proteins involved in apoptosis of multicellular organisms, allows
the precise functional analysis of theses proteins, often in the absence of further,
potentially redundant family members. For example James and al. discovered a death-
inducing function of CED4 in yeast (James, Gschmeissner et al. 1997). Indeed the
authors could show that CED4 could induce active cell death in S. pombe, and that
this cell death was accompanied by the translocation of CED4 from the ER and
mitochondria to the nucleus. In dying yeast cells CED4 was co-localizing with the
condensed chromatin. Moreover, the authors could show that yeast killing by CED4
could be inhibited by CED9 co-expression, 