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Apaf1 in embryonic development shaping life by death, and more
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ABSTRACT Apaf1 has been studied hitherto for its key role in regulating the formation of the
apoptotic core machinery, the apoptosome, to induce programmed cell death. Apaf1 involvement
in orchestrating this process during embryonic development has been widely documented and
constitutes a breakthrough in developmental biology. In this review, we aim to highlight the origin
of Apaf1 discoveries and how findings, mainly based on the analysis of knock-out mouse models,
have led us to consider Apaf1 as a master player in fine-tuning apoptosis during embryonic development. Likewise, we also attempt to establish how Apaf1 function is locally time-dependent in
regulating neurodevelopment and becomes dispensable during neuron maturation. We go on to
discuss Apaf1’s new functions which have been unveiled in recent years and which could revise or,
at least, adjust the common view of Apaf1 having merely an apoptotic role. Hence, by presenting
clear indications on the pro-survival roles of Apaf1, this review seeks to provide novel and more
complex insights into Apaf1 involvement in nervous system development.
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Apaf1 during development: the origin
Apoptosis is a programmed cell death (PCD) process deputed
to remove non-necessary cells, in order to maintain tissue homeostasis. Although it extensively occurs during the entire life of
the organism, apoptosis is also deemed a fundamental process
to guarantee a correct embryonic development.
There are two major routes of apoptosis: the extrinsic pathway
of apoptosis, mediated by tumor necrosis factor (TNF)-family death
receptors, and the intrinsic pathway of apoptosis, mediated by the
mitochondrial release of cytochrome c and dependent on the balance
between pro- and anti-apoptotic Bcl2 family members (Galluzzi et al.,
2012). Among the main factors regulating apoptosis, the Apoptotic
protease activating factor1 (Apaf1) is the key molecule of the core
apoptotic machinery, as it is involved in forming the apoptosome,
a ring-like platform deputed to activate effector Caspase-3, -6 or
-7 to execute cell death (Bratton and Salvesen, 2010, Yuan and
Akey, 2013, Yuan et al., 2013). More particularly, the apoptosome is
composed of seven Apaf1 molecules that, together with cytochrome
c (released from mitochondria) and adenine nucleotides (ATP/
dATP), form a large complex interacting with pro-Caspase-9, this
being eventually proteolyzed and activated [reviewed in (Bratton

and Salvesen, 2010)].
Apaf1 ortholog Ced4 had been initially characterized in the
nematode Caenorhabditis elegans (C. elegans) as the molecule
able to oligomerize into a tetrameric apoptosome, to activate the
Caspase-9 ortholog Ced3, and to induce cell death (Horvitz, 1999,
Yan et al., 2005) during worm development. 131 of the total 1090
cells of C. elegans were found to be completely removed by PCD
via a Ced4/Ced3-mediated pathway, their elimination having been
demonstrated as fundamental to a correct worm development
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(Ellis and Horvitz, 1991, Ellis et al., 1991). In a series of elegant
experiments performed by means of Ced3, Ced4, Ced9 (Bcl2 family ortholog) and Egl1 (BH3-only ortholog) gene mutants, Horvitz
and colleagues foresaw the functional role of apoptosis during
development and identified the activation cascade of these genes
in the apoptotic pathway (Ellis and Horvitz, 1986, Ellis and Horvitz,
1991, Metzstein et al., 1998). This was a groundbreaking step in
the detailed understanding of PCD’s role in development, inspiring
a host of publications in the last 20 years aimed at unveiling this
process’s function in higher organisms. The discovery of Apaf1
and the comprehension of its implication in PCD is a case in point.
This paper focuses on Apaf1’s pivotal role during embryonic
development as has been demonstrated to be in regulation of
neuronal cell death; it then outlines how the more recently discovered multiple functions of Apaf1 might amplify its significance
in guaranteeing a correct development.

death, since Apaf1 ablation affected the elimination of the hyaloid
artery system in the developing eye (Cecconi et al., 1998).
In the meantime, Caspase-3 and Caspase-9 knock-out mice
were also being generated, confirming a direct implication of these
enzymes in the PCD of the nervous system (Hakem et al., 1998,
Kuida et al., 1998, Kuida et al., 1996). They displayed a phenotype
resembling Apaf1-/- mice, albeit with a decreased neuronal apoptosis
that resulted in neuro-developmental abnormalities, including expanded ventricular zone, ectopic and duplicated neuronal structures,
and gross brain malformations (Hakem et al., 1998, Kuida et al.,
1998, Kuida et al., 1996). This was a clear proof that Apaf1, Caspase-9 and Caspase-3 were all components of the same apoptotic
pathway during brain development. Furthermore, knock-in mice
expressing a mutant cytochrome c, which retained normal electron
transfer functions but failed to activate Apaf1, showed embryonic or
perinatal lethality caused by defects in brain development (Hao et
al., 2005). Of note, all these mutants displayed expansions of the
cortex and midbrain that produced cranial enlargement and, most
importantly, resulted in a neurological phenotype similar to that seen
in Apaf1 and Caspase 9, and, less severely, Caspase 3 null mice
(Cecconi et al., 1998, Hakem et al., 1998, Hao et al., 2005, Kuida
et al., 1998, Kuida et al., 1996, Yoshida et al., 1998). Therefore,
by phenocopying these knock-outs, cytochrome c knock-in mutant
showed the direct implication of this molecule in the nervous system
PCD, highlighting that the more upstream in the pathway the gene
inactivated was, the more severe the phenotype which resulted.
An emblematic example was the knock-out of Caspase-3 which
displayed mild brain abnormalities and a longer lifespan compared
to that of cytochrome c, Apaf1 and Caspase-9 mutants (Cecconi
et al., 1998, Hakem et al., 1998, Hao et al., 2005, Kuan et al.,
2000, Kuida et al., 1998, Kuida et al., 1996, Yoshida et al., 1998).
These differences among knock-out models suggested the
existence of a compensatory effect plausibly mediated by other
molecules. In agreement with this hypothesis, it was found that
Caspase-7 function and basal expression defined the strainspecific brain phenotype of Caspase-3-null mice, which appeared
to be resistant to Caspase-3 deficiency and developed normally if
obtained in the C57BL16J (B6) strain. On the other hand, if Caspase-3 knock-out was generated in a 129S1/SvImJ (129) strain, this

Mouse knock-out models
In the late 1990s the role of mammalian Apaf1 in vivo began
to be characterized thanks to the use of knock-out mouse models
that came to the fore in that period. By means of gene trap and
gene targeting approaches, two Apaf1 knock-out mice were generated in 1998 by different groups, both mice showing exceptionally
similar phenotypes with embryonic or perinatal lethality, namely: i)
brain overgrowth due to the hyperproliferation of neuronal cells; ii)
neural tube defects (e.g. exencephaly and spina bifida); iii) severe
craniofacial malformations; iv) persistence of interdigital webs or
delay in their removal (Cecconi et al., 1998, Yoshida et al., 1998).
These findings attributed to Apaf1 a key role in regulating histogenetic cell death, since its deficiency severely compromised the
occurrence of apoptosis in affected areas, arguing for an Apaf1
role in the fine control of cell numbers in developing brain (Cecconi
et al., 1998, Yoshida et al., 1998). Apaf1 was also demonstrated
as being implicated in morphogenetic cell death, since it was involved in PCD required for the correct development of the neural
tube, lens, skull, face, inner ear and limbs (Cecconi et al., 1998,
Cecconi et al., 2004, Yoshida et al., 1998). Eventually, Apaf1 was
also found out to be involved in the regulation of phylogenetic cell

A

B

C

D

E

F

G

H

Fig. 1. The phenotype of the Apaf1 knock-out
mouse. Excerpts from (De Zio et al., 2005). (B-H)
Apaf1-/- embryos (Cecconi et al., 1998) are displayed
versus a wild-type (WT) counterpart (A). (B,C,D)
Spina bifida, clearly evident at e14.5. The asterisk
(*) in (B) indicates a milder phenotype if compared
to the embryo in (C) (and its enlargement in D).
Brain overgrowth (E,F) and craniofacial defects
(arrows in (G,H); lateral and frontal view of the
same embryo, respectively) are detected at e15.5.
The asterisk in (F) indicates eye abnormality. For all
panels reprinted we acknowledge Elsevier: Seminars
in Cell & Developmental Biology, De Zio et al., 16,
281-294, copyright 2005.
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mouse displayed severe brain defects (Houde et al., 2004). Thus,
a proper balance between the expression of different players in the
apoptotic pathways, such as Caspase-7 and Caspase-3, could be
critical in determining cell death during mouse development, and
more specifically neurodevelopment.

Apaf1 in neurodevelopment
The development of the nervous system is the result of proliferation, differentiation, migration and selective cell death. Neural
progenitor cells (NPCs) proliferate in the ventricular zone of the
neural tube, giving rise to neurons and glia cells. Subsequently,
post-mitotic neuroblasts start to differentiate and migrate to the
external layers of the neural tube. The cyto-architecture of the
mature nervous system is profoundly determined by apoptosis.
Indeed, the delicate balance between proliferation and death of
both NPCs and post-mitotic cells determines the size and shape of
the nervous system. It is now commonly accepted that apoptosis
occurs in both neuronal cell populations in order to control the final
number of neurons and glia cells, keeping in growth only those
able to establish functional synaptic connections with their targets
[reviewed in (De Zio et al., 2005)].
Due to the considerable aberrant phenotype of Apaf1-/- in the
context of brain development, Apaf1 has widely been studied
for its contribution to the regulation of apoptosis occurring both
in NPCs and in post-mitotic neurons. As previously mentioned,
the disruption of the pro-apoptotic gene Apaf1 in the developing
nervous system results in the uncontrolled number of neuronal
cells and in the inhibition of morphogenetic cell death in the neural
tube, which often leads to the generation of spina bifida (Fig. 1)
(Cecconi et al., 1998, De Zio et al., 2005, Yoshida et al., 1998).
Such a deep implication of Apaf1 in neurogenesis has also been
documented by other mice mutants displaying a loss of Apaf1’s
functional apoptotic activity.
Apart from the fully knock-out models specifically targeting Apaf1,
another mutant named forebrain overgrowth (fog) was discovered
in 1997 (Harris et al., 1997) to carry a mutation mapping in the
same chromosomal region of Apaf1, but without any associated
gene being characterized. Surprisingly this mutation affected neural
tube development with the phenotype including mono- or bi-lateral
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brain bumps alongside subcutaneous hemorrhage covered by hairbearing skin in adults. The fog mutant was not lethal; however, a
number of animals did die around embryonic stage 16.5 (e16.5),
occasionally displaying spina bifida that could be associated with a
defective neural phenotype. Although fog mutation-associated gene
has not yet been discovered, it was demonstrated that fog mutant
displayed loss of Apaf1 activity and reduced protein expression
due to an aberrant processing of Apaf1 transcript (Honarpour et al.,
2001). Double heterozygous for Apaf1 and fog showed the same
defects as Apaf1 or fog individual homozygous, strongly suggesting
that fog could represent a hypomorphic allele of Apaf1 (Honarpour
et al., 2001, Moreno et al., 2002). Apaf1 down-regulation also in
this case led to the survival of neural progenitors resulting in aberrant brain development. Cerebral malformations in Apaf1 and fog
double heterozygous telencephalon were, indeed, ascribed to the
presence of an abnormally high number of cells.
Very recently, a new mutation, named yautja, has shown a defective embryonic development similar to that of the Apaf1-/- mouse,
namely, compressed forebrain, cranial and caudal neural tubes
defects, craniofacial abnormalities, delayed removal of interdigital
webs (Fig. 2) (Long et al., 2013). Yautja is a novel loss-of-function
allele of Apaf1 harboring a Leu375Pro point mutation which produces
Apaf1 at normal levels during embryonic development, although it
represents a functionally-null protein (Long et al., 2013). In particular,
Long and colleagues found significant morphological alterations
in the yautja mutant due to a defective craniofacial development,
including cleft maxilla and widened frontonasal prominence (FNP).
A reduced rate of apoptosis in the developing nervous system,
namely in the ventral forebrain region containing Sonic hedgehog
(Shh)-expressing cells, has been indicated to bring about the
persistent activation of Shh signaling pathway, this being widely
involved in regulating organogenesis during embryonic development (Choudhry et al., 2014, Matise and Wang, 2011). This possibly
led to increased cell proliferation in the FNP and, ultimately, to the
yautja mutant’s abnormal craniofacial phenotype.
Apaf1 has long been deemed a paradigmatic protein in neurodevelopmental apoptosis. However, in recent years conflicting results
have emerged to demonstrate that the absence of Apaf1-mediated
apoptosis was not the principal event triggering some of the neural
defects so far described in Apaf1 knock-out, or its related mutants.

D
Fig. 2. The phenotype of the yautja
mutant mouse. Excerpts from (Long
et al., 2013). Wild-type (WT) and yautja
mutants (MUT) at different embryonic
stages are displayed: (A-D) e12.5; (E,F)
e17.5; (G) e15.5. Defects in the closure
of the cranial neural tube (A,B,F) and
caudal neural tube (A, arrow) are shown.
Alterations in craniofacial development
(D,F), eyelid closure (F) and interdigital
web removal (G) are clearly detected.
Scale bars, 1 mm. All panels reprinted
by permission from Nature Publishing
Group: Cell Death & Differentiation,
Long et al., 20 (11), 1510-1520, copyright 2013.
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Specifically, Apaf1 or Caspase-3 mediated apoptosis at the site
of fusion of the neural folds during the midbrain and hindbrain’s
neural tube closure was found not to be essential for completion
of neural tube closure (Massa et al., 2009). Equally intriguing was
the recent finding by Nonomura and colleagues showing that Apaf1
or Caspase-9-mediated apoptosis occurring specifically in the developing brain’s anterior neural ridge (ANR) area was responsible
for the regulation of brain development’s early phases (Nonomura
et al., 2013). Indeed, according to Nonomura and colleagues,
initial causes of the brain abnormalities observed in Apaf1-/- and
Caspase-9-/- mice were due to insufficient brain ventricle expansion occurring at early developmental stages, these then leading
to uncomplete closure of cranial neural tube (Nonomura et al.,
2013). At a molecular level, apoptosis deficiency resulted in the
persistence in ANR of non-proliferative cells, which usually disappear around e10.5, expressing the morphogen Fgf8. This caused
a perturbation in the expression pattern of Fgf8 gene targets and
led to an alteration in the underlying signalling pathways in the
cells of ventral forebrain.

Apaf1 in mature neurons
Although Apaf1 is fundamental for the occurrence of cell death
in NPCs, it has not been found to be necessary in developing
post-mitotic neurons which are establishing synaptic connections (Oppenheim et al., 2008). Indeed, while in the presence of
Apaf1, several populations of post-mitotic neurons in the central
and peripheral nervous system die by apoptosis, they are still
able to undergo cell death through a different, autophagy-related,
mechanism in conditions of Apaf1 deficiency (Oppenheim et al.,
2008). This is reasonable since, usually, Apaf1 expression levels
dramatically decrease in mature neurons, in order to make them
more resistant to stressful conditions throughout the lifetime (Wright
et al., 2007). Other lines of evidence confirm this assumption. For
instance, synaptic activity has been demonstrated to down-regulate
the components of the intrinsic apoptotic pathway, namely Apaf1
and Caspase-9, again conferring resistance to diverse insults
(Leveille et al., 2010). The induction of the small non-coding RNA
miR-29b, deputed to selectively inhibit the pro-apoptotic BH3-only
genes during neuronal maturation, is another example of how the
cell can counteract PCD, since it is no longer beneficial for healthy
neurons (Kole et al., 2011). In addition, it has been found very
recently that post-mitotic neurons show an increased expression
of the E3 ligase PARC which selectively targets mitochondriareleased cytochrome c to degradation via the proteasome (Gama
et al., 2014). By this means, mature neurons strategically prevent
apoptosis under mitochondrial stress.
All this evidence confers on Apaf1 a more complex role in regulating PCD during neurodevelopment: It is effectively needed in
fine-tuning apoptosis (locally and timing-dependent) during early
neurodevelopment. By contrast, it becomes dispensable during
neuron maturation.

Alternative functions of Apaf1
Apaf1 and DNA damage
Although the most characterized Apaf1 function refers to caspase
activation required for mitochondrial apoptosis, a non-apoptotic
role for Apaf1 has been also described in responding to genotoxic

stress (Mouhamad et al., 2007, Zermati et al., 2007). Following
DNA damage, cells orchestrate a series of events, comprehensively
named ‘DNA damage response’ (DDR), aimed at safeguarding
genomic stability (Bekker-Jensen and Mailand, 2010). The DDR
involves: i) sensors, which recognize DNA lesions and initiate
the signaling response, ii) transducers that amplify the damage
signal, and iii) effectors, which branch the response into a series
of downstream pathways. The activation of cell cycle checkpoints
is a hallmark of the DDR and induces the block of the cell cycle in
order to allow DNA lesion repair. In 2007, Zermati et al., showed
that Apaf1 influenced cell cycle regulation upon DNA damage
(Zermati et al., 2007). In particular, they demonstrated that Apaf1
ablation affected the S-phase arrest induced by sub-apoptotic
doses of cisplatin. Indeed, Apaf1-silenced cells, treated with DNA
damage inducers, did proceed to the cell cycle owing to a reduced
activation of the checkpoint kinase Chk1. The absence of any correlation with apoptosis was elegantly demonstrated by the finding
that ectopic expression of an Apaf1 mutant, which was no longer
able to activate Caspase-9, still affected cell cycle progression
(Zermati et al., 2007). Although the molecular mechanism(s) by
which Apaf1 can modulate the cell cycle is/are still missing, further
evidence has indicated that Apaf1 depletion sensitizes cells to
chromosomal instability induced by different types of DNA damage, eventually validating a cell cycle-related function of Apaf1 in
DDR (Mouhamad et al., 2007).
Notably, a series of indications suggest that DDR influences
neurodevelopment. For this reason several mice models lacking
proteins involved in DDR display neuronal defects [reviewed by
(Barzilai et al., 2008, O’Driscoll and Jeggo, 2008)]. The double
strand break (DSB) is considered the most dangerous DNA lesion,
and eukaryotic cells possess two main mechanisms for its repair:
the non-homologous end-joining (NHEJ) repair, an error-prone
mechanism, and an error free process based on homologous
recombination (HR) between sister chromatids. It has been shown
that a defect in the NHEJ repair pathway, caused by the absence
of X-ray repair cross-complementing protein 4 (XRCC4) or Ligase
IV, resulted in embryonic lethality due to excessive apoptosis in the
nervous system (Barnes et al., 1998, Gao et al., 1998). Furthermore, mutations of proteins involved in HR repair pathway (e.g.
X-ray repair cross-complementing protein 2, Xrcc2, and Nijmegen
breakage syndrome protein, NBS) cause proliferation/apoptosis
defects in proliferating NPCs (Frappart et al., 2005, Orii et al.,
2006). Given these data, it is possible to speculate that the DDRrelated function of Apaf1 is implicated in neurodevelopment. Indeed,
studies on Apaf1-/- embryos clearly provide indications about the
effect of Apaf1-deficiency in cellular proliferation of neuronal cells
(Cecconi et al., 1998, De Zio et al., 2005, Yoshida et al., 1998).
Whether neural proliferating cells are or are not those escaping
apoptosis, the function of Apaf1 related to cell cycle and DDR may
however contribute to the proliferative phenotype. A further direct
relation among Apaf1, DDR and neurodevelopment is provided by
the evidence that Ku70/86, a key player in NHEJ repair, has been
found to be involved in the repression of Apaf1 gene in embryonic
NPCs (ETNA) upon DNA damage induction (De Zio et al., 2012,
De Zio et al., 2011). In particular, Ku70/Ku86 inactivation results in
aberrant neural apoptosis in many types of developing embryonic
neurons from spinal cord, cerebral cortex, midbrain, and hindbrain
(Gu et al., 2000). This suggests that a higher expression of Apaf1
in the nervous system caused by Ku70/86 absence might lead to a
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block of cell proliferation and an increase in apoptosis. Altogether,
these findings define a higher complexity level by which Apaf1 can
modulate the correct progression of neuronal development: i.e. by
means of cell cycle control and apoptosis induction.

found to affect axon formation and neuronal migration (de Anda
et al., 2010). Matching these observations, we have very recently
demonstrated that Apaf1-deficient cortical neurons show impaired
axonogenesis due to centrosome and Golgi alterations (De Zio et
al., 2015). In addition, a number of centrosomal gene mutations
bring about severe neurodevelopmental disorders, leading to various neuropsychiatric diseases (Higginbotham and Gleeson, 2007,
Kuijpers and Hoogenraad, 2011).
In support of this hypothesis, it should be borne in mind that
the Apaf1-dependent activity of caspases has recently been linked
to the formation of a proper neural network during neurodevelopment, although this occurs without any induction of apoptosis. In
particular, research has shown a direct implication of Apaf1 and
Caspase-9 in the development of the olfactory sensory neurons
(OSNs), where the specific activation of caspases was required
for the proper axonal projection, synapsis formation and complete
neuron maturation (Ohsawa et al., 2010). This is another example
supporting a more complex role for Apaf1 in neurodevelopment,
which should not necessary involve apoptosis.

Apaf1 and the centrosome
In 2009, Apaf1 was also proven to interact with the centrosomal
protein hepatocellular carcinoma antigen 66 (HCA66) required
for the stability of the small g-tubulin complex (g-TuSC) (Fant et
al., 2009). g-tubulin is one component of the pericentriolar material in the centrosome, promoting the nucleation of microtubule
polymers from a–b-tubulin dimers. The centrosome is the main
microtubule-organizing center in the cell and is the classical site
of microtubule nucleation and anchoring (Khodjakov and Rieder,
1999, Oegema et al., 1999). By virtue of this interaction, we decided to investigate Apaf1’s possible role in the centrosome, and
surprisingly descovered that Apaf1 was definitively involved in
the regulation of centrosome morphology and function (Ferraro et
al., 2011). In particular, Apaf1-deficient cells deriving from Apaf1
knock-out embryos (ETNA cells and mouse embryonic fibroblasts)
showed centrosome defects associated with an impairment of
centrosomal microtubule nucleation and cytoskeleton organization.
The most important evidence emerging from this work was that the
centrosome-related function of Apaf1 was carried out during cell
life and was not related to its apoptotic role (Ferraro et al., 2011).
We characterized an additional pro-survival role of Apaf1 within the
processes regulated by the centrosome, such as spindle formation,
mitosis, mitochondrial morphology and cell migration (Ferraro et
al., 2011). Therefore, a potential role of Apaf1 in the processes
involved in neurodevelopment based on this novel, non-apoptotic,
centrosome-related function, could be also speculated. Indeed,
the centrosome has been widely demonstrated as being one of
the master regulators of neuronal differentiation and migration
(Higginbotham and Gleeson, 2007, Kuijpers and Hoogenraad,
2011). A paradigm is the down-regulation of the centriolar satellite
protein PCM-1 in developing cortical neurons, which has been

Fig. 3. Proposed model of Apaf1-mediated regulation
of neurodevelopment. Apaf1 can regulate neurodevelopment by inducing apoptosis through the activation of the multiprotein complex called apoptosome.
Apaf1 is composed by different domains: a caspase
recruitment domain (CARD), an ATPase domain (NBARC) and several WD40 repeat domains responsible
for cytochrome c binding. Upon cytochrome c binding,
Apaf1 oligomerizes and forms the apoptosome. The
apoptosome binds and activates the initiator Caspase-9,
activating the apoptotic process. Besides the apoptotic
role of Apaf1, other Apaf1 functions can be relevant in
neurodevelopment. Since it is involved in the regulation
of centrosome morphology and function, Apaf1 could
affect the centrosome-regulated processes of neuronal
differentiation and migration. Moreover, Apaf1 is connected with the DNA damage response, thus dealing
with cell proliferation control. Indeed, Apaf1 regulates
cell cycle by affecting the activation of the checkpoint
kinase-1 (Chk1) upon DNA damage. Through this cellcycle-related function, Apaf1 can contribute to regulate
the correct progression of neuronal development.

Future perspectives
All the evidence reported in this review indicates the depth of
Apaf1’s involvement in embryonic development, namely in the
nervous system. However, based on a more general concept
whereby the lack of Apaf1-mediated apoptosis is the principal cause
leading to the aberrant neuronal phenotype, the common belief is
now shifting to a more complex overview, taking into account the
different roles played by Apaf1 and which do not necessarily deal
with apoptosis (Fig. 3). Being able to investigate Apaf1 functions
in time- and tissue-dependence remains an important challenge,
opening up the possibility of unveiling the impact of Apaf1’s nonapoptotic functions in embryonic development. This could lead
to a more complete understanding of Apaf1 contribution to the
development of each neural cell population during various phases
of nervous system development.
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