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Abstract

Different cellular pathways can lead to apoptosis. Apaf1 is the molecular core of the apoptosome, a multiproteic com-
plex mediating the so-called mitochondrial pathway of cell death. The importance of this pathway during develop-
ment has been clearly demonstrated by knocking out key genes. Also, the relevance of Apaf1 dosage during devel-
opment has been recently underlined. Moreover, a growing body of evidences seems to point out a possible role of
the mitochondria-dependent apoptosis in different pathologies. In particular, we discuss here some recent evidences
regarding the putative role of the apoptosome in neurodegeneration and cancer.
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Introduction

Apoptosis is a form of cell death essential for tissue
homeostasis and development. It is also used as a cel-
lular response to stress or pathogens. Deregulated
apoptosis can contribute to many forms of human dis-
eases such as cancer, autoimmunity, heart disease,
immunodeficiencies and neurodegenerative disor-
ders. 

Cells undergoing apoptosis show characteristic
morphological features such as cell shrinkage, mem-
brane blebbing, chromatin condensation, DNA frag-
mentation and breakdown into apoptotic bodies that
are rapidly phagocytosed [1, 2]. 

Most of these typical features are the consequence
of caspases activation. Caspases are a group of cys-
teine proteases with specificity for aspartic acid
residues. To date, 14 mammalian caspases have been
identified. They are expressed as inactive proenzymes
and proteolitically activated to form active tetramers
during apoptosis. Many caspases participate in sig-
naling and execution of apoptosis while others are
implicated in proinflammatory mechanisms [3].
Stimuli that trigger apoptosis are diverse and appear
to engage the cell death machinery in a variety of
ways. However, in many cases, signals generated by
numerous death-promoting agents all converge, at
some point, on mitochondria and trigger release of
important pro-apoptotic factors from this organelle,
defining the so-called mitochondrial pathway of cell
death [4, 5]. The Bcl2 family (which includes pro-
apoptotic and anti-apoptotic members) of proteins
regulates the release of apoptogenic factors from
mitochondria. The mechanism of this process is still
unclear. It might involve the formation of specific
pores or the rupture of the outer membrane which can
be direct or mediated by the opening of the mito-
chondrial permeability transition pore (MPTP) fol-
lowed by swelling of the matrix and subsequent dis-
ruption of the outer membrane [4, 5]. 

Apoptosome and Apaf1

One of the pro-apoptotic factors released from mito-
chondria during apoptosis is the cytochrome c. In the
cytosol, the cytochrome c binds the adapter molecule
Apaf1 and, in the presence of ATP/dATP, it promotes
the assembly of a multiproteic complex called apop-

tosome which, in turn, binds and activates procas-
pase-9 [6] (Fig 1). The apoptosome is the execution-
er of the mitochondria-dependent apoptosis. Apaf1 is
the core of the apoptosome. Recent evidences suggest
that the apoptosome is a wheel-like particle contain-
ing seven Apaf1 monomers which, like seven spokes,
radiate from a central hub [7]. Apaf1 possesses an
amino-terminal CARD domain (interacting with the
CARD domain of procaspase-9), a central CED-4-
like domain (which contains Walkers A and B boxes
for nucleotide binding) and a long carboxy-terminal
domain extremely rich in WD-40 repeats. The CARD
domain is located in the central hub. The cytochrome
c would interact with the WD40 domain, which forms
the distal part of the spoke. Normally Apaf1 has a
compact autoinhibited shape in which the CARD
domain binds the WD40 domain. Following its
release from mitochondria, the cytochrome c dis-
places the CARD domain from the WD40 domain
taking its place and allowing the CED-4 homology
domain to bind dATP/ATP and undergo a conforma-
tional change in which Apaf1 has a more extended
conformation; this is required for efficient assembly
of the apoptosome and procaspase-9 binding to the
exposed CARD domain [7].

The mechanism of procaspase-9 activation is not
clear. Mature caspase-9 remains bound to the apopto-
some where it recruits and activates executioner cas-
pases such as caspase-3 and caspase-7 [7]. 

The activation of caspases requires the removal of
IAPs (inhibitor of apoptotic proteins) which bind cas-
pases. One of these, XIAP, directly interacts with the
apoptosome by associating and inhibiting caspase-9
and caspase-3 [8, 9]. Another protein released from
mitochondria, Smac/Diablo, promotes apoptosis by
binding to IAPs and removing their inhibitory activi-
ty on caspases [10]. Omi/HtrA2 (a proapoptotic mito-
chodrial factor) can also induce apoptosis in a cas-
pase-dependent manner via its ability to disrupt cas-
pase-IAPs interaction and in a caspase-independent
manner through its serine protease activity [11]. Once
activated, executioner caspases cleave a wide variety
of cellular substrates leading to the orderly demise of
the cell. 

Apaf1 can interact with other proteins, which reg-
ulate its function. It has been shown that Hsp70 can
bind to Apaf1 and prevent recruitment of procaspase-
9 to the apoptosome [12]. Hsp90 can form a cytoso-
lic complex with Apaf1 inhibiting its oligomerization
and formation of the active apoptosome [13]. Hsp27
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binds cytochrome c preventing its interaction with
Apaf1 [14]. Aven would inhibit apoptosis by binding
Apaf1 and impairing its oligomerization. Diva/Boo is
an antiapoptotic member of the Bcl2 family; it has
been reported to be able to interact with Apaf1 but

this direct interaction has been recently questioned
[15]. Furthermore, some authors reported that Apaf1
can be proteolitically cleaved by caspase-3, but the
significance of this processing has not been clarified
yet [15]. 
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Fig. 1 The activation of the apoptosome.



Apaf1 roles in development

As main mediator of the mitochondria-dependent
apoptosis, Apaf1 plays a crucial role in development.
In fact, while no alterations were observed in het-
erozygous mice, Apaf1 deficient embryos die
between embryonic day 16 (e16) and post-natal day 0
(pn0) [16]. Abnormal Apaf-/- embryos were found at
e11.5 and later; they show alterations of the develop-
ment of many organs [16].

Dramatic craniofacial alterations are clearly visi-
ble at e16.5: midline facial cleft, rostral exencephaly,
cleft palate and absence of skull vault and of all
vomer and ethmoidal elements. This phenotype
demonstrates that apoptosis is essential in midline
fusion of craniofacial structures. 

Apoptosis is needed to remove the interdigital
cells of the limbs by e15.5, for the sculpting of the
digits. Apaf1-/- embryos, at this stage, show poorly
shaped digits with persistence of interdigital webs
confirming that Apaf1 is a key component for this
process. At e16.5, however, all mutants have a normal
development of limbs and show a form of cell death
caspase-independent, TUNEL (terminal-deoxynu-
cleotidyl-mediated dUTP nick end labeling) negative
and without overall cell condensation. An alternative
Apaf1 and caspase-independent pathways, obviously,
can mediate the removal of these cells causing cell
death with a non-apoptotic morphotype [17]. This
form of cell death (paraptosis) resembles the death
morphotype caused by AIF [18]. This suggests that an
AIF-dependent pathway could cause cell death in
absence of Apaf1. 

Apaf1 mutant embryos also show an abnormal
eye development in particular of retina, lens and eye
vascular system. At e12.5, the retina of the mutant is
already thicker than the retina of the wild-type ani-
mal. At e14.5, the hyperplasic retina occupies most of
the optic cup. This is a consequence of the lack of
Apaf-dependent cell death involved in the regulation
of the retina cell number. The lens of Apaf1-/-
embryos is smaller and mis-polarized. It is conceiv-
able that defective apoptosis of lens ephitelium
(which is a significant component of lens develop-
ment) induces alterations in shape and size of the lens
primordium (related to the presence of supernumer-
ary cells in the epithelium) that would lead to incor-
rect interactions with the environment and thus to
incorrect polarization. Furthermore, Apaf1 regulates
the number of hyaloid capillaries already in prenatal

phase since in Apaf1 mutant embryos, by e14. 5, vas-
cular endothelial cells seem to obliterate completely
the optic cup.

The analysis of the Apaf1-/- phenotype suggests
that Apaf1 can be involved also in apoptosis which
contributes to morphogenetic remodeling of inner ear
in mice.

Cell death of early stem cells in the brain is essen-
tial for a normal development of the nervous system.
From e12.5 onward, the brain of Apaf1 mutants
shows important morphological distortions. When
apoptosis is prevented, like in Apaf1 knockouts, a
huge brain overgrowth due to an enlargement of pro-
liferative zones is observed as a bilateral protrusion of
the forebrain or an exencephalic brain mass. This
brain hyperplasia is particularly intense in the dien-
cephalon and midbrain and exerts a pressure on telen-
cephalic vesicles, which become misfolded and
reduced in size. The obliteration of the lumen of the
neural tube could have as a consequence a certain
degree of hydrocephalia. The enlarged brain, com-
pounded by the defect of skull and facial midline cleft
and by the hydrocephalia has, as a final result, the
exencephaly found in Apaf1 mutants by e16.5.
Grossly, two general populations die during neuronal
development, neuronal precursors and postmitotic
neurons. It has been found that Apaf1-/- supernumer-
ary cells express proneural markers. Apaf1 is there-
fore necessary for apoptosis in neural progenitor cells
whose apoptosis plays a role in cortical expansion.
Critical for death of neuronal precursors are even cas-
pase-9 and -3, as shown by mice lacking any of these
two proteins. 

Apaf1 dosage effect

It has recently been found that an autosomal recessive
mutation affecting the neural tube development, fog
(forebrain overgrowth), is a hypomorphic allele of
Apaf1 which results in reduced levels of the normal
Apaf1 transcript [19]. 

The absence of alterations in Apaf1+/- mice could
lead to the hypothesis that only the total deficiency of
Apaf1 is able to affect the development and to pro-
duce an alterated phenotype. The fog mutation offers
an important tool to study the effects of Apaf1 dosage
in vivo. In fact, fog heterozygous, fog homozygous,
and Apaf1-/fog produce intermediate levels of Apaf1
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if compared with Apaf1+/+ (100%), Apaf1+/- (50%)
and Apaf1-/- (0%) and they also show intermediate
phenotypes including forehead bumps. These features
demonstrate that not only the absence of Apaf1 but
even downregulation of the protein (below 50%) is
deleterious for the development causing milder
effects compatible with life and with possible links to
human diseases [20].

Role of Apaf1 in cancer

Apaf1 as a tumor suppresor gene 

Apoptosis is one of the mechanisms by which organ-
isms may keep tumour growth in check. Tumour sup-
pressor genes (TSGs) promote cell cycle arrest or
induce apoptosis in response to several cellular stress-
es (DNA damage, hypoxia, oncogenes activation,
etc.). A growing body of evidences has put in rela-
tionship the apoptosome-dependent cell death with
the tumor suppressor pathways of p53 and pRB
(Retinoblastoma protein) (Fig 2).

The tumor suppressor p53 induces cell cycle arrest
or apoptosis, especially when mitogenic oncogenes
are overactivated; it acts mainly through trascription-
al regulation of target genes, such as p21WAF1/CIP1
for cell cycle arrest and Bax and Noxa for apoptosis
[21]. Although Bax is functionally downstream of
p53 in apoptotic pathways, it cannot substitute for all
p53’s proapoptotic activities, suggesting that p53 acts
through other mediators in addition to Bax. In con-
trast, both Apaf1 and caspase-9 are essential for p53-
dependent cell death and appear to act as tumor sup-
pressor [22]. Soengas and coworkers analysed p53-
null, Apaf1-null and caspase-9-null MEFs, by over-
expressing c-myc and by using apoptotic stimuli
which mimic conditions in developing tumors; they
showed that Apaf1 or caspase-9 inactivation substi-
tutes for p53 loss in promoting the oncogenic trans-
formation of myc-expressing cells [23].

pRB has also a key role as cell growth regulator
and it acts mainly by modulating transcription regula-
tors such as members the E2Fs family; these factors
could have both a role in promoting cell death and
proliferation and are tissue-specific. During develop-
ment, the disruption of pRB leads to aberrant S-phase
entry in differentiating neuroendocrine cells, but

apoptosis is also induced to recover the ectopic cell
proliferation. Homozygous mutation of pRB, indeed,
induces embryonic death (e13.5-14.5) accompanied
by incomplete differentiation, and both proliferation
and apoptosis in the peripheral and central nervous
system (PNS and CNS), skeletal muscles and lens. In
pRB-/- embryos, the apoptotic phenomenon is
E2F/p53-mediated in CNS and lens and it is E2F/p53-
independent in skeletal muscle and PNS. pRB-/-
/Apaf1-/- embryos did not show apoptosis in CNS
and lens, (which are the same subset of tissues in
which death is E2F/p53-dependent), while apoptosis
level was unchanged in skeletal muscle and PNS
[24]. These data suggest that, in mouse development,
Apaf1 is a specific effector of cell death mediated by
p53 and E2F when pRB is not functional. On the
other hand, in tumorigenesis due to pRB loss, abnor-
mally proliferating cells are frequently allowed to sur-
vive because of the accumulation of mutations which
prevent apoptosis such as in absence of p53: in fact,
genetic analysis revealed that pRB+/-/p53-/- individ-
uals have higher tumors incidence compared with
pRB+/- mice. 

Although it has not been directly demonstrated
that Apaf1 could act as general tumor suppressor
gene, more and more evidences point out a role for
Apaf1 in tissue-specific oncogenesis, since it has
been often found mutated in cancer or correlated to
the function of other tumor suppressor genes such as
E2Fs and p53. 

Evidences of Apaf1 dysfunction in
cancer

In the last years, works have been done to determine
whether Apaf1 or apoptosome functions were abol-
ished in cancer cells. Results are variable, depending
on the analysed cell line. 

Kimura et al. found that the region containing the
Apaf1 locus (in humans, locus 12q23) was linked
with pancreatic ductal adenocarcinoma (PDAC) at a
frequency of 60% of tested samples; further analysis
of pancreatic cell lines showed that 16 out of the 19
samples displayed allelic loss within the same region
[25]. Bala et al. found that the Apaf1 containing
region was deleted or an aberrant protein was pro-
duced in many cell lines [26]; Frame-shift mutations
in the Apaf1 gene were detected at low frequencies
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(13-15%) in gastrointestinal cancer (microsatellite
mutator phenotype) [27]. 

Soengas and colleagues, by in vivo and in vitro
experiments, showed that metastatic melanomas often
lose Apaf1. Loss of Apaf1 confers chemoresistant
properties and unability to execute a typical apoptotic
program in response to p53 activation. Interestingly,
the allelic loss of Apaf1 could be recovered in the
melanoma cell lines treated with a methylation
inhibitor. This suggests a possible transcriptional
silencing of the Apaf1 gene due to methylation [28].

Also in ovarian cancer cells, mitochondria-depen-
dent apoptosis was found defective and was correlat-

ed with high chemoresistance; nevertheless, this dys-
functional apoptosis was not attributed directly nei-
ther to reduced Apaf1 protein level nor to mutated
isoforms: Wolf et al. demonstrated a diminished
apoptosome activity with equal level of Apaf1 and
other caspases, suggesting the presence of a putative
Apaf1 inhibitor molecule [29], while Liu et al. found
diminished level of caspase-9 [30]. A similar jam in
apoptosome-dependent cell death was also found in
leukemic cell lines, but it was not clear which
molecules were involved in this dysfunction.

The Apaf1 role in apoptosis of developing nervous
system could lead to consider a possible role of Apaf1
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mutations in embryonic tumors of CNS, a heteroge-
neous group of tumors whose histogenesis and
molecular markers are poorly known. Although spe-
cific analyses have not been performed, 12q mutation
are not common in pediatric embryonic brain tumors,
such as medulloblastomas [31] or primitive neuroec-
todermal tumors (PNETs), atypical teratoid/rhabdoid
tumors (AT/RTs) and malignant gliomas [32]. Apaf1
also seemed to be expressed and functionally active in
neuroblastoma tumor cell lines which overexpress c-
myc and have LOH (loss of heterozygosis) in 1p36
(the caspase-9 locus) [33]; in fact, despite of emizy-
gous caspase-9 level, those lines could undergo apop-
tosome-mediated apoptosis. However, a small per-
centage of the analysed neuroblastoma lines showed
high resistance to apoptotic stimuli (staurosporine
and radiation) which correlated with an epigenetic
silencing of the caspase-8 gene that gives rise to a low
cytochrome c release; noteworthy, neuroblastomas
likewise melanomas are originated by neural crest
progenitor cells and share the same epigenetic regula-
tion mechanism for proapoptotic genes (Apaf1 and
caspase-8 respectively). 

Apaf1 regulation: importance of Apaf1
dosage in cancer

The implication of a trascriptional regulation of the
APAF1 promoter in allelic loss in melanomas and the
dosage effect of components of the apoptosome in
other kinds of cancer, make of the Apaf1 regulation
an important topic to be explored (Fig 2).

Many groups confirmed that p53 controls the
Apaf1 promoter. Fortin et al, by using DNA microar-
rays analysis of cortical neurons undergoing p53-
dependent apoptosis (induced by camptothecin, a
DNA damaging agent), noticed an upregulation of the
Apaf1 mRNA. Moreover, they identified two p53
consensus-binding sequences in the Apaf1 promoter
and demonstrated a p53-DNA binding activity at both
of them [34].

Moroni et al, confirmed the direct targeting of p53
to Apaf1 promoter; furthermore, the authors demon-
strated the direct control of Apaf1 also by E2Fs tran-
scription factors family. Since E2F could also induce
p53, it was also showed in p53 null contest, that
Apaf1 activation by p53 or by E2F are two indepen-
dent processes [35].

Finally, Kannan et al, reported a DNA microar-
ray/Northern Blot analysis of genes expression pat-
tern after p53 activation; while in a mouse myeloid
leukemic cell line (LTR6) Apaf1 resulted to be acti-
vated, the same did not happen in human lung cancer
cells (H1299); moreover, the two system shared only
15% of common up-regulated genes which suggests
that the p53 regulated genes would be cell type spe-
cific [36]. A further analysis performed by Rozenfeld-
Granot and coworkers [37] confirmed a physical and
functional interaction between p53 and Apaf1 pro-
moter. Moreover, the same authors demonstrated that
Zac-1, in human contest, could enhance this activa-
tion. Zac-1 is a transcription factor that was previous-
ly shown to inhibit cell proliferation through induc-
tion of G1-arrest and apoptosis. Zac-1 recognition
sites were found in Apaf1 promoter, but Zac-1 had no
effect if used alone (by itself). Zac-1 is also transcrip-
tionally upregulated by p53 activation. 

An additional post-transcriptional regulation of
Apaf1 could be also considered since the 5’UTR con-
tains an internal ribosome entry site (IRES). The ini-
tiation of translation of Apaf1 mRNA might occur by
IRES even if it is not certain since the Apaf1 IRES is
approximately 70% fold less efficient than the canon-
ical scanning mechanism and it differs from IRES
found in other mRNAs (c-Myc and FGF-2) [38].
Moreover, the lack of activity of Apaf1 IRES in cer-
tain cell types, and cell type-specific function of c-
myc IRES, would suggest that cellular IRESs func-
tion in a cell specific fashion; this is probably due to
differential expression of trans-acting factor that are
required for each IRES function. Recently two spe-
cific RNA binding protein, polypyrimidine tract bind-
ing protein (PBT) and upstream of N-ras (unr), have
been found to bind specifically to Apaf1 IRES and to
stimulate its activity both in vitro and in vivo [39]. 

Importance of apoptosome
components in cancer

Generally, chemotherapy could act by two different,
not-mutually exclusive, mechanisms: direct differen-
tiation induction and selective destruction of the
malignant cells. However, therapy-resistance makes
sometimes difficult to erase completely cancer cells. 

From evidences described above, the apoptosome
components (but even other proapoptotic molecules
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such as SMAC/DIABLO) [40] seem to be really
important in the chemo-/radio-induced cell death.
Moreover, it has been often found that: a) in cellular
cancer model, Apaf1/caspase-9 transfection or co-
transfection increase the sensitiveness to
chemical/physical apoptotic stimuli [41]; b) cisplatin
treatment of human embryonic carcinoma induces the
transcription of Apaf1, caspase-8 and TNFR1, three
pro-apoptotic genes [42]. Therefore, the control of the
normal level of apoptotic components by transcrip-
tional/posttranscriptional mechanism could be con-
sidered a target for pharmaceutical modulation of cell
death in cancer [43].

Neurodegenerations and apoptosis

While the role of apoptosis (and Apaf1) has been fully
demonstrated in brain development, its involvement
in neurodegenerative diseases is much less clear. In
this kind of disorders two major events contribute to
neurodegeneration: cell loss and loss of neuronal con-
nectivity.

To date, data on this topic are confusing and even
contradictory. In particular, no relevant results are
available regarding the specific involvement of
Apaf1 in neurodegenerations. However, data corre-
lating caspases with neurodegenerations could sug-
gest a possible role for Apaf1 since Apaf1 is activat-
ed downstream of caspase-8 and it can be needed for
the activation of caspase-9 and of executioner cas-
pases (Fig 3). 

Key proteins in neurodegenerations
can be substrates of caspases

Within the past few years, work by several laborato-
ries has indicated that inappropriate activation of
apoptotic pathways and increased rate of apoptosis
are contributing events in neurodegenerative diseases.
In particular, it has been shown that caspases are able
to cleave important molecules implicated in some
neurodegenerations; for example amyloid-! precur-
sor protein (APP), presenilins (PS1 , PS2), tau, hunt-
ingtin (Htt) and androgen receptor [44-50].

The neurodegenerative pathology most widely
studied for its apoptotic component is Alzheimer’s

disease (AD). Caspase-3 is involved in APP cleav-
age and it is interesting to notice that APP cleavage
by caspase-3 occurs also in vivo in hippocampal
neurons (whose loss is a prominent feature of AD)
following acute brain injury. In addition, it has
been found that cleavage of APP by caspases
results in elevated neurotoxic amyloid-! (A!) pep-
tide formation. Furthermore, APP mutations asso-
ciated with an inherited form of AD creates a site
for caspase-6 cleavage and subsequent A! peptides
release [47].

Caspases, thus, could play a dual role: in the pro-
teolytic processing of APP with the resulting increase
of neurotoxic A! peptide formation, as well as in the
ultimate apoptotic death of neurons in AD. In other
words, if caspases do attack APP to release A! pep-
tide, then there might be a vicious cycle in which
cytotoxic A! peptide induces a neuronal stress with
progressive caspases activation, exacerbated APP
proteolysis and, finally, cell death (Fig 3). It should be
mentioned that data from other authors contradict this
finding; some evidences, in fact, indicate that APP is
cleaved by caspases but its cleavage decreases A!
peptide secretion by cells [51]. 

Caspases are activated in brains of
patients with neurodegenerations

Studies on post-mortem tissues have demonstrated
a high number of neurons containing activated
caspases in patients’ brains compared with age-
matched controls who died of other causes. In par-
ticular cleaved caspase-3, -6 and –9 were found in
AD (47, 53-55), caspase-1 and -3 in amyotrophic
lateral sclerosis (ALS) [56, 57], caspase-1 and –8
in Huntington disease (HD) [58], caspase-3, -8
and –9 in Parkinson’s disease [59, 60] and cas-
pase-1 and -3 in ischemia [61]. Caspase-cleaved
APP colocalizes with senile plaques in human
Alzheimer’s brains, consistent with the hypothesis
that caspase-generated APP contributes to plaque
formation. But, whether or not caspases increase
A! production in AD, the evidence that caspases
are activated in Alzheimer’s brains is the presence
of cleaved fodrin and actin. Moreover, many of the
stained neurons for cleaved fodrin also contained
Alzheimer’s characteristic neurofibrillary tangles
[51, 52]. 
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Evidence of caspase activation and other
apoptotic features in in vivo and in vitro
models of neurodegenerations

The best way to define the specific role of each cas-
pase or apoptotic molecule would be utilizing cell
culture (primary neuronal cultures and cell lines) or
animal models of the disease. Of course each model
mimic various aspects of the disease, but none of
them completely recapitulates the human pathology.
For AD, A!-induced death is used as an in vitro
model. Cultured neurons treated with A! peptides
undergo death with apoptotic features, such as nucle-
ar fragmentation and DNA condensation [62-64].
Furthermore, intracellular production of peptides
induces activation of caspase-3 and neuronal apopto-
sis [65, 66]. In cultured primary human neurons,
intracellular A! peptide 1-42 induces apoptosis by
acting through p53 and Bax [67]. Very recently
Kusiak and colleagues demonstrated that treatment of

a neuroblastoma cell line with A! 17-42 leads to
apoptosis; it activates caspase-8, -3 and PARP cleav-
age, but not caspase-9 [68]. It has been even shown
that A! induces cytochrome c release from isolated
mitochondria [69]. 

At least 7 different caspases (caspase-1, -2, -3, -6,
-8, -9, -12) have been implicated in regulating neu-
ronal cell death in response to A! exposure in vitro,
in animal models and in AD brain itself [70].
Neuronal cultures lacking caspase-2 and –12, for
example, resist A!-induced cell death [71, 72].
Furthermore, the dominant-negative inhibition of
FADD has shown an involvement of the death recep-
tor pathway in cell death caused by A! [64, 73].
Neurons engineered to produce the mutant form of
presenilin-2 (presenilins genes are mutated in some
inherited forms of AD) were more sensitive to under-
go apoptosis triggered by A! than normal cells [74].

Studies showed that also in Huntington disease
(HD), caspase-dependent apoptosis is activated in
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factors and in the final steps of cell death.



affected neurons. In culture, polyglutamine repeats
induce neuronal cell death by activating initiator (cas-
pase-8) and effector caspases [49, 75, 76]. Mutant
huntingtin (Htt) expressed in striatal cells induces
apoptosis and caspase inhibition promotes neuronal
survival [75, 77].

As we already said, Htt is a substrate of caspase-3
and -6 and truncated Htt fragments are toxic in vitro.
Caspase inhibitors abrogate Htt cleavage in cells and
protect them from apoptotic stress. Neurons express-
ing a caspase resistant Htt with an expanded polyglu-
tamine tract are less susceptible to apoptosis and
aggregate formation. Thus caspase cleavage of Htt
can be a crucial step in aggregate formation and neu-
rotoxicity in HD [78]. 

Very interestingly Nicholson and coworkers
showed how the binding to Htt of a protein which
normally associated with Htt (Hip-1), is reduced by
polyglutamine expansion. Then, free Hip-1 is avail-
able to bind the polypeptide named Hippi (Hip-1 pro-
tein interactor) and the heterodimer Hip-1-Hippi can
recruit procaspase-8 activating the “extrinsic” apop-
totic pathway [79].

Recently, Zhu and colleagues demonstrated that
the inhibition of cytochrome c release delays ALS
progression in mice; this evidence strongly suggests
an involvement of the apoptosome and, thereby, of
Apaf1 in ALS disease [80]. In mouse model of ALS,
dominant negative of caspase-1 delays disease and
caspase-3 activation showed some promising slowing
of neural death and prolonging life [44]. Moreover,
redistribution of Bax, cleaved Bid, release of
cytochrome c and activation of caspase-9 were found
during neurodegeneration in spinal cords of trans-
genic mutant SOD1 mice. In the same study the
authors also demonstrated that a dominant negative
mutant of caspase-1 attenuates Bid-cleavage and the
following apoptotic features, while caspase-8 seems
to be activated only at the end–stage of the disease
[81]. 

In Parkinson’s disease, the involvement of both
extrinsic and intrinsic apoptotic pathways was shown
but the major mechanism of neuronal death seems to
be the mitochondrial apoptotic pathway. An Apaf-1
dominant negative inhibitor can prevent nigrostriatal
degeneration in MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) model of Parkinson’s disease and
caspase inhibitors, also, attenuate MPTP toxicity in
primary cell cultures [59, 60, 82].

Acute traumatic or ischemic injury to mature brain

induces cytochrome c-dependent cleavage of cas-
pase-9 followed by activation of caspase-3. In addi-
tion, marked increases in Apaf-1 and caspase-3
mRNA and protein expression were detected [83]. 

Loss of connectivity and caspases

Caspase-dependent apoptosis could, therefore, be
involved in cell loss. But what’s about the loss of con-
nectivity? Loss of connectivity occurs before cell
death and seems to initiate degenerative processes in
the nervous system. It has been shown that in AD, HD
and Parkinson disease the pathogenesis can be inde-
pendent on neural loss, at least in early stages, and
that many of these diseases could begin with a nerve-
terminal degeneration or “synaptosis”. Neurons may
even be able to survive this damage for a while.
Ultimately though, as nerve cells lose more and more
of their terminals, they will die because of the absence
of trophic factors produced by close neurons. 

Mice overexpressing APP show deficits in synap-
tic activity but minimal cell death [84]. Transgenic
mice overexpressing mutated huntingtin show motor
alterations prior to evidence of cell death [85]. Mice
expressing exon 1 of the human huntingtin gene with
an expanded GAC/polyglutamine repeat exhibit a
significant decrease in striatal volume without any
detectable neural loss [86].

Furthermore, some data suggest that nerve termi-
nals are the prime target for caspase activation; posi-
tive staining for caspases activated by A! are found in
the dendrites, and in particular in the synapses. In
addition, A! application only to terminals of cultured
neurons induce caspase-dependent nerve-terminal
degeneration without necessarily killing the entire
nerve cell, at least not immediately [51, 87].

Many pathways to explain the confusion

Despite the impressive amount of data implicating
caspases and apoptosis as etiological factors in neu-
rodegenerations, contradictory experiments and lack
of morphologically convincing apoptotic neurons
don’t allow to fully understand the exact relationship
between neurodegenerative processes and apoptosis.

This confusion can be explained by the fact that it
is unlikely that a single linear execution system, even
as diversified as apoptosis, is the sole responsible for
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neuronal death. Most likely, many interrelated or
independent pathways may have developed to regu-
late cell removal. In fact, it has been shown that dele-
tion of a single caspase has only partial and localized
effects on cell death. Moreover, some forms of cell
death seem to be caspase-independent or dependent
upon other proteases such as serine proteases, cathep-
sin and calpains. In addition, caspases effects can
concern only the morphological features of the death
(apoptosis, necrosis, paraptosis) but not the final out-
come. But, to date, while the existence of alternative
pathways is clear, the evidence for effective alterna-
tive execution system is limited; the only case known
is the one involving AIF [18].

An example of cell removal due to interrelated
execution systems is the death caused by the absence
of ATP; in this case, cells triggered to undergo apop-
tosis cannot activate caspases (ATP is needed for
apoptosome formation and, probably, in some steps
upstream of cytochrome c release) but death is not
blocked; it progresses in a caspase-3 independent way
with features of necrosis or mixed features between
apoptosis and necrosis [88, 89]. If apoptosis of
injured neurons is blocked, functionally damaged
neurons could persist and they would eventually lyse
by necrosis and paradoxically promote the onset of
inflammatory response with further progression of
disease. 

Cell death in onset or progression of
neurodegenerations?

The confusion regards not only the form of death in
neurodegenerations, but also its role in the onset or in
the progression of the disease. In other words, is the
abnormal cell death the cause of the disease or is cells
removal a secondary consequence of upstream events
that represent the real etiology of the disease? For
example, a common feature of neurodegenerative dis-
orders is the accumulation of intracellular inclusions
mostly formed by protein aggregates that are usually
difficult to unfold or degrade. The accumulation of
misfolded proteins can cause alteration of axonal
transport, cytoskeletal damage and, finally, loss of
connectivity with target cells. Apoptosis could act to
remove these dysfunctional neurons as final step of a
process started by other causes. In such cases, by the
time apoptosis occurs, neurons are already so severe-
ly damaged that they are not salvageable and indeed

blocking apoptosis (a neat way of eliminating dam-
aged cells) could make things worse, leading to
necrotic death which triggers harmful inflammation.

Conclusive remarks

Since non functional apoptosis has often been associ-
ated to tumorigenesis and to therapy resistance and
since overexpression of Apaf1 and other proapoptot-
ic molecules increases tumor-sensitiveness to
chemio- or radio- induced cell death, these apoptotic
components could be considered a tool to achieve a
pharmaceutical destruction of malignant cells. On the
other hand, once the role of caspases-dependent apop-
tosis in neurodegenerations will be definitively
demonstrated, caspases and molecules regulating cas-
pases activity such as Apaf1 could offer a target for
extending neuron survival and developing novel ther-
apies.
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