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ABSTRACT  Autophagy is a catabolic process that mediates the lysosomal turn over of organelles 
and macromolecules, and is strongly activated in stress conditions to ensure cell survival. Autophagy 
core genes are highly conserved from yeast to mammals, with an increasing number of positive 
and negative regulators that have evolved in higher eukaryotes. Autophagy takes part in different 
stages of development, as revealed by alterations in cell proliferation, differentiation and survival 
during the embryogenesis of organisms carrying mutations in autophagy genes. These defects are 
ascribed to the ability of autophagy to provide elements for new synthesis or energy production in 
limiting conditions during embryogenesis, as well as to contribute to the profound cell remodeling 
that occurs during differentiation. However, many differences have been observed in the phenotypes 
of autophagy mutant organisms, indicating that these genes have acquired specific functions in 
particular tissues, which may reflect the ability of autophagy to crosstalk with the main develop-
mental processes. In this review, we discuss the role of upstream regulators of autophagy in the 
development of different model systems, focusing, in particular, on AMBRA1 (autophagy/beclin-1 
regulator-1) and its role in the central nervous system. 
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Introduction

Autophagy is a catabolic process that contributes to maintain 
cellular homeostasis and energy production, ensuring the turnover 
of macromolecules and organelles. This pathway is dramatically 
activated in response to metabolic stresses, such as nutrient de-
privation, to supply cells with amino acids, sugar and fatty acids 
obtained from degradation, thus maintaining metabolism and 
ATP levels (Parzych and Klionsky, 2014). Moreover, autophagy 
contributes to organism defensive mechanisms by playing a role 
in different aspects of immunity, including the elimination of inva-
sive microbes, innate immune activation and antigen presentation 
(Kim and Lee, 2014). A main indication of the important role of 
autophagy in cell maintenance is the fact that its dysfunction is 
linked to the development of several human diseases, including 
neurodegeneration, tumorigenesis, cardiovascular disorders and 
immune pathologies (Schneider and Cuervo, 2014).

Three main autophagic pathways have been described: mi-
croautophagy, chaperone-mediated autophagy (CMA) and mac-
roautophagy. The main difference between them is the modality 
by which materials to degrade are delivered to lysosomes (Shen 
and Mizushima, 2014). In microautophagy, cytosolic components 
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are directly sequestrated by lysosome through invaginations of the 
endosomal compartment (Li et al., 2012). In CMA, only proteins 
containing a specific pentapeptide motif are recognized by cyto-
plasmic chaperones to be unfolded and then directly translocated 
into the lysosome (Cuervo, 2010). In macroautophagy (hereafter 
referred as autophagy) unshaped vesicles, called phagophores, 
elongate to enwrap the cellular components to be degraded, and 
close to form autophagosome, the distinctive double-membrane 
vesicles of this process. The autophagosome slides along cyto-
skeletal structures to fuse first with endosomal structures to form 
multivesicular bodies and eventually with lysosomes to acquire a 
large series of hydrolytic enzymes (Klionsky et al., 2012). 

The molecular components of autophagy machinery were 
initially identified in S. cerevisiae and named autophagy-related 
genes (ATG). To date, many of yeast orthologues have been 
identified in different organisms, from nematodes to mammals 
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(Huang and Klionsky, 2002). ATG genes are mainly involved in 
the formation of autophagosomes, which include the nucleation 
of a pre-autophagosomal membrane structure, its elongation and 
the complete maturation into a closed vesicle. The nucleation is 
orchestrated by ULK1 (Unc-51 Like Autophagy Activating Kinase 
1), the mammalian homologue of Atg1, and BECLIN 1 / VPS34 
(Phosphoinositide-3-Kinase, Class 3) complexes together with 
WIPI2 (WD repeat domain, phosphoinositide interacting 2), while 
two conserved systems, Atg12-Atg5-Atg16 and Atg8 (LC3), allow 
the elongation and the maturation of autophagosomes (Fig. 1) 
(Klionsky et al., 2012). Various forms of so-called non-canonical 
autophagy, which do not require one of more of these ATG factors, 
have been described (Dupont and Codogno, 2013).

A complex crosstalk between autophagy and a variety of other 
cellular processes, including proliferation, differentiation and apop-
tosis, has emerged in the last decade. These studies have also 
contributed to elucidate how multiple signalling pathways converge 
to the autophagy machinery to regulate autophagy. Moreover, it 
has become evident that many upstream autophagy regulatory 
genes have evolved multiple functions, those allow to coordinate 

and integrate autophagy with these processes. An interesting 
example of this complexity comes from embryogenesis, where 
the contribution of different autophagy genes appears to be much 
variegated, as demonstrated by the different phenotypes observed 
upon autophagy gene mutations (Cecconi and Levine, 2008; 
Wada et al., 2014). In this review, we discuss the role played by 
autophagy in the development, focusing in particular on AMBRA1 
(autophagy/beclin-1 regulator 1), a protein that regulates different 
steps of the autophagic process by acting as a crucial nodal point 
in the crosstalk of multiple signalling pathways with autophagy. 

LC3 (light chain 3) complex and embryogenesis

Two ubiquitin-like conjugation systems are essential for the 
formation of autophagosomes (Fig. 1). In the first system, Atg7 
activates Atg12 that is transferred to Atg10 and then conjugated 
to Atg5 (Mizushima et al., 1998). Subsequently, the Atg12–Atg5 
complex non-covalently binds Atg16L1 allowing their assembly in 
tetramers (Mizushima and Kuma, 2003). The second ubiquitin-like 
system involves the microtubule-associated protein light chain 3 
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Fig. 1. The autophagy process. Autophagy is negatively regulated by mTOR, a serine/threonine kinase. Upon autophagy induction (e.g. starvation) 
mTOR is inhibited and promotes ULK complex (Atg101, Atg13, FIP200 and ULK1/2) activation. ULK1 phosphorylates BECLIN 1 and AMBRA1 and 
stimulates the lipid kinase activity of a first BECLIN 1 complex, composed by BECLIN 1 itself, Vps15, Vps34, Atg14L, AMBRA1 and inhibited by Bcl-2. 
This complex is responsible for the production of phosphatidylinositol 3-phosphate (PI3P) by the Class III PI 3-kinase, Vps34. PI3P allows the nucleation 
of an isolation membrane, named omegasome, that curves in the middle forming the phagophore. Here, WIPI-2 binds PI3P on forming vesicles and 
ATG16L1, thus allowing the recruitment of both ATG12-5-16L1 complex and LC3, two E3-like ligases necessary for phagophore elongation and cargo 
recruitment. Then, phagophore closes to form a double-membrane vesicle, named autophagosome. The complete maturation of autophagosome required 
the activity of a second Beclin 1 complex, composed by BECLIN 1 itself, Vps15, Vps34, UVRAG, Bif-1 and negatively regulated by both Rubicon and 
Bcl-2. Finally, autophagosome slides along cytoskeletal structures and fuses with lysosomes forming a large and single vesicle, named autolysosome, 
where sequestered materials are degraded.
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(MAP1LC3B, best known as LC3) and the LC3-like proteins GATE-
16 (GABA(A) receptor-associated protein-like 2) and GABARAP 
(g-aminobutyric acid, GABA receptor-associated protein), which 
are the mammalian ortholog of yeast Atg8. LC3 is cleaved by 
Atg4, activated by Atg7, transferred to Atg3 and finally lipidated 
by the addition of phosphatidylethanolamine (PE) which is medi-
ated by the Atg12–Atg5-Atg16L1 complex (Hanada et al., 2007). 
Once lipidated, LC3 localizes to the pre-autophagosomes allowing 
tethering and hemifusion of membranes, which are necessary 
for autophagosome expansion and closure (Tanida et al., 2004). 

General and tissue-specific ATG knockout mice pointed out the 
essential role of autophagy in early and late steps of development. 
Autophagy was shown to be induced by a rise of Ca2+ after oocyte 
fertilization, where maternal ATG proteins allow the degradation 
of maternal mRNA, proteins and organelles to sustain the early 
stage proliferation (Tsukamoto et al., 2008; Wada and Sun-Wada, 
2014). In addition, autophagy is also responsible for the selective 
degradation of the paternal mitochondria entered with the sperma-
tozoa (Sato and Sato, 2011). Besides the post-fertilization steps 
described above, Atg3, Atg5, Atg7 and Atg16L1 genes appear not 
to be essential for embryogenesis, since their knockout embryos 
properly complete the development, but die postnatal, since au-
tophagy plays an undisputed role for the survival of animals before 
breastfeeding care (Komatsu et al., 2005; Kuma et al., 2004; Saitoh 
et al., 2008; Saitoh and Fujita, 2009; Sou et al., 2008). Conversely, 
LC3, GABARAP, Atg4b and Atg4c mutant mice develop normally 
and also survive after birth, probably because of the presence of 
multiple Atg4 and LC3 paralogues in mammals (Cann et al., 2008; 
Mariño et al., 2010; O’Sullivan et al., 2005; Read et al., 2011). It was 
also described that Atg5/ Atg7 deleted mice form autophagosomes 
and amphisomes without LC3 lipidation; this Atg5-independent 
autophagy was detected in several embryonic tissues, playing a 
relevant role in clearing mitochondria during erythroid maturation 
(Nishida et al., 2009). In the light of these findings, it remains to 
clarify whether non-canonical forms of autophagy may compensate 
the inactivation of the LC3 pathway. 

ULK complex and embryogenesis 

ATG1 is a protein kinase identified in yeast as the upstream 
regulator of the autophagy pathway. ULK1 is the ATG1 ortholog 
in higher eukaryotes, with five different paralogs in mammalian 
cells, ULK1-4 and STK36 (Serine/Threonine Kinase 36), of which 
ULK1 and ULK2 have been shown to regulate autophagy. ATG1/
ULK acts in complex with other autophagy proteins, including 
ATG13, ATG17/ FIP200 (RB1-inducible coiled-coil 1, RB1CC1) 
and ATG101 (Fig. 1) (Wong et al., 2013). 

The activation of ULK complex is a key event for the initiation of 
the autophagy cascade. ULK1 phosphorylates BECLIN 1 (Russell 
et al., 2013) and its partner AMBRA1 (Di Bartolomeo and Coraz-
zari, 2010; Fimia et al., 2007) to activate the BECLIN 1/VPS34 
lipid kinase activity and promote autophagosomes nucleation. In 
addition, ULK complex plays a direct role in the elongation step 
of autophagosome formation by directly interacting with ATG16L1 
(Gammoh and Florey, 2013) and by phosphorylating Folliculin 
(FLCN), a protein associated with the autophagosomal membrane 
factor GABARAP (Dunlop et al., 2014; Okazaki et al., 2000). 

ULK complex activity is strictly regulated by the energy state 
of the cell via two main nutrient sensors, mTORC1 (mechanistic 

target of rapamycin complex 1), and AMPK (AMP-activated protein 
kinase) (Dunlop and Tee, 2013). Under nutrient-rich conditions, 
mTOR phosphorylates and inhibits components of the ULK1 kinase 
complex, thus preventing autophagy induction (Alers and Löffler, 
2012; Hosokawa et al., 2009; Jung et al., 2009). Instead, energy 
deprivation triggers AMPK that promotes ULK1 kinase activity 
directly and/or via mTOR inhibition (Kim et al., 2011).

Inactivation of ULK1 ortholog both in C. elegans (unc-51) and D. 
melanogaster (dATG1) causes severe defects in neuronal develop-
ment causing lethality (Levine and Klionsky, 2004; Meléndez et al., 
2003; Toda et al., 2008). In mice, the ulk1−/− and ulk2−/− single 
knockout mice are born viable (Alers and Löffler, 2012); on the 
other hand, ulk1,ulk2−/− double mutant leads to pups death 24 
hours after birth, due, in this case, to a respiratory distress caused 
by a reduced autophagy in lung epithelial cells (Cheong et al., 
2011; Cheong et al., 2013). Interestingly, the knockout of the ULK1 
interactor FIP200 causes embryonic lethality at mid/late gestation 
associated with defective heart and liver development (Gan et al., 
2006) suggesting that in ulk1/2 KOs the other family genes may 
compensate for their function. This phenotype was initially related 
to a reduced S6 kinase activation and increased cell death; later, 
the analysis of mutant mouse embryonic fibroblasts (MEFs) showed 
that FIP200 is essential for ULK-regulated autophagy (Hara et al., 
2008). In addition to its role in autophagy, ULK complex was de-
scribed to participate to axonal elongation and vesicular transport 
both in C. elegans (unc-51) and D. melanogaster (dATG1) orthologs 
(Wong et al., 2013) Similarly, ULK complex of M. musculus was 
described to orchestrate the development of axons by regulating 
Rab5-dependent endocytic pathways and Ras-like signaling (To-
moda et al., 2004). Moreover, murine Ulk1 and Ulk2 were found 
involved in a non-clathrin-coated vesicle endocytosis to regulate 
NGF (nerve growth factor) internalization in sensory neurons. 
In response to tropomyosin receptor kinase A (TrKA) activation, 
ULK1 is poly-K63 ubiquitinated by TNF receptor-associated factor 
6 (TRAF6), similar to what described in autophagy, thus promot-
ing the interaction with sequestosome 1 (SQSTM1, best known 
as p62) and the receptor internalization (Zhou et al., 2011). These 
observations therefore suggest that, at least in neuronal cells, the 
activity of ULK complex acts at the crossroad between autophagy, 
endocytosis and vesicles trafficking (Lamb et al., 2013).

BECLIN1 and embryogenesis

BECLIN 1 regulates autophagosome formation by interacting 
with the class III phosphatidylinositol-3-kinase VPS34 to allow the 
formation of phosphatidylinositol-3 phosphate (PI3P) in various 
membrane districts (Funderburk et al., 2010). PI3P allows the 
nucleation of membranous structure, named omegasome (Axe et 
al., 2008; Petiot and Ogier-Denis, 2000) that curves and acts as 
a platform for the recruitment of the autophagosome elongation 
machinery through WIPI-2, a PI3P-associated protein (Dooley et al., 
2014). The core of BECLIN 1/VPS34 complex consists of BECLIN 
1, VPS34 and its regulatory cofactor VPS15 (phosphoinositide-
3-kinase, regulatory subunit 4, PI3KR4) (Itakura et al., 2008; Kihara 
et al., 2001; Liang et al., 2008). The core associates to different 
proteins forming two distinct complexes that have been described 
from yeast to mammals. The first one contains Atg14L and is involved 
in autophagosomes formation, while the second one is associated 
to UV radiation resistance associated (UVRAG) and acts both in 
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autophagosome and endosome maturation (Wirawan et al., 2012). 
An increasing number of BECLIN 1 interacting proteins, including 
BCL2 (B-cell CLL/lymphoma 2), Bcl-xL (BCL2-like 1, BCL2L1), Bif-
1 (SH3-domain GRB2-like endophilin B1, SH3GLB1), AMBRA1, 
RUBICON (Beclin-1 Associated RUN Domain Containing Protein, 
KIAA0226) and WASH (WAS protein family homolog) have been 
described to stimulate or inhibit the kinase activity of VPS34 and, 
consequently, autophagy (Fimia et al., 2007; Pattingre et al., 2005; 
Takahashi et al., 2007; Zhong et al., 2009) (Fig. 1). In addition, 
BECLIN 1 complex is highly regulated at post-translational level by 
phosphorylation and ubiquitination. It has been shown that stress-
activated kinases, such as death-associated protein kinase (DAPK) 
and c-Jun N-terminal kinases (JNK1), activate BECLIN 1 preventing 
the inhibitory interaction with Bcl-xL and Bcl-2 (Wei et al., 2008; 
Zalckvar et al., 2009). Moreover, growth-factors inhibit autophagy 
by promoting AKT-mediated phosphorylation of BECLIN 1 (Wang 
et al., 2012; Wei et al., 2013). BECLIN 1 has been shown to be 
modified by TRAF6 via K63-chain polyubiquitination in response to 
Toll-like receptors (TLRs) stimulation, interferon gamma (IFNg) and 
interleukin 1 (IL-1), as well as to nutrient starvation. Ubiquitination 
activates BECLIN-1 by promoting its self-association, whereas 
the deubiquitinating enzyme A20 (TNF alpha-induced protein 3, 
TNFAIP3) turns off BECLIN 1 by blocking this modification (Shi 
and Kehrl, 2010). Interestingly, deubiquitinating enzymes ubiquitin 
specific peptidase 10 (USP10) and USP13 targeting K48-chain 
polyubiquitination positively regulate BECLIN 1 by ensuring its 
protein stability (Liu et al., 2011).

Differently from Ulk1, Atg3, Atg5, Atg7 and Atg16L1 knockout 
mice, the inactivation of autophagy initiation machinery of beclin 1 
-/-, Vps34 -/- mutant mice results in early embryonic lethality at stages 
E7.5 and E8.5 respectively (Yue et al., 2003; Zhou et al., 2011). 
beclin 1 -/- mice show a severe developmental delay culminating 
in a reduced size, that causes embryonic lethality associated with 
a defective autophagy. Analysis of beclin 1 -/- stem cells, derived 
from embryo inner-mass, reveals the inability of embryoid bodies 
to expand due to an extensive cell death (Yue et al., 2003). Vps34 

mutant embryos show defects in mesoderm formation associated 
with reduced cell proliferation, as shown by the inability to form 
colonies by the inner-mass (Zhou et al., 2011). The pivotal role of 
BECLIN 1/VPS34 complex during development is also supported 
by analysis in other organisms. Indeed, mutations of BECLIN 1 

and VPS34 are lethal at the larval stage both in C. elegans and 
D. melanogaster (Juhász et al., 2008; Roggo et al., 2002; Scott et 
al., 2004; Takacs-Vellai et al., 2005). Recently, BECLIN 1 has been 
described to bind WASH, a protein involved in the regulation of 
both endosomal trafficking and autophagy. Mutation of WASH gene 
in mice results in abnormal embryos with disarrange layers and 
cavities at the E7.5 that culminate with embryonic lethality at E9.5 
(Xia et al., 2013) similar to what observed in beclin 1 and Vps34 
mutant mice (Yue et al., 2003; Zhou et al., 2011). WASH-/- embryos 
display an excessive rate of cell death associated to massive 
autophagosome accumulation. How WASH regulates autophagy 
remains controversial. On the one hand, WASH was reported to 
be essential for autophagosome formation by binding to VPS35 
(Vacuolar Protein Sorting 35 Homolog S. Cerevisiae). VPS35 is a 
subunit of the retromer complex that mediates retrograde transport 
from endosomes to trans-Golgi and a D620N mutation of VPS35, 
which is linked to an autosomal-dominant form of Parkinson’s, 
associates poorly with WASH (Zavodszky and Seaman, 2014). 

On the other hand, WASH was shown to inhibit the K63-chain 
polyubiquitination of BECLIN 1, a modification required for the 
stimulation of VPS34 activity (Xia et al., 2013). The function of 
BECLIN 1 related to autophagosome maturation does not appear 
to be relevant in terms of development, since UVRAG mutant mice 
are viable and fertile (Song et al., 2014). 

BECLIN 1 function in membrane dynamics is not be restricted to 
autophagy, taking also part to both endocytosis and phagocytosis. 
For instance, BECLIN 1 complex mediates the internalization and 
the degradation of the epidermal growth factor receptor also in cells 
were autophagy was inhibited by knocking down Atg14L, indicat-
ing that this is an autophagy-independent function of BECLIN 1 
(Thoresen and Pedersen, 2010). Moreover, the activation of TLR 
signaling by cell corpses in macrophages causes a rapid transloca-
tion of BECLIN 1 to phagosomes, which mediates the transloca-
tion of LC3 to ensure the fusion with lysosomes (LC3-associated 
phagocytosis, LAP) (Martinez and Almendinger, 2011; Sanjuan 
et al., 2007). Consistently, BECLIN 1 was described essential to 
generate engulfment signals for the phagocytosis of dying cells 
during development (Qu et al., 2007). 

Tumorigenesis is another important process controlled by BE-
CLIN 1. In fact, BECLIN 1 haploinsufficiency leads to uncontrolled 
proliferation and spontaneous tumor development in many organs 
(Liang et al., 1999; Qu et al., 2003; Thoresen and Pedersen, 2010).

Although many aspects of the function of BECLIN 1 in em-
bryogenesis remain to be elucidated, it appears evident that its 
crucial role is linked to its ability to interconnect multiple vesicle 
trafficking processes.

AMBRA 1 and embryogenesis 

AMBRA1 is a WD40-containing protein conserved among 
vertebrates. The molecular mechanism by which AMBRA1 regu-
lates autophagy induction has been in-depth analyse in the last 
years. AMBRA1 binds to BECLIN 1 and positively regulates the 
lipid kinase activity of BECLIN 1/VPS34 complex, thus promoting 
autophagosome formation (Fimia et al., 2007; Gu et al., 2014) (Fig. 
2). Under unstressed conditions, AMBRA1 activity is inhibited by 
multiple mechanism, including the mTOR-mediate phosphorylation 
on Ser52 (Nazio et al., 2013) and its sequestration to microtubules 
through the interaction with the dynein complex (Di Bartolomeo 
and Corazzari, 2010), ensuring a reduce autophagy initiation. The 
activation of the autophagic cascade allows the release of AMBRA1 
from dynein complex through ULK1-dependent phosphorylation. 
AMBRA1 is thus able to translocate to the ER together with BECLIN 
1/ VPS34 complex where it promotes autophagosomes nucleation 
(Di Bartolomeo and Corazzari, 2010) (Fig. 2). Moreover, AMBRA1 
regulates autophagy by potentiating the kinase activity and the 
stability of ULK1 complex (Nazio et al., 2013; Nazio and Cecconi, 
2013). Nazio et al., described that, consequent to autophagy activa-
tion, AMBRA1 binds the E3-ubiquitin ligase TRAF6 and mediates 
K63-chain polyubiquitination of ULK1. This event allows ULK1 
self-association and stabilization, resulting in an increased kinase 
activity of the ULK1 complex. 

Another level of autophagy regulation by AMBRA1 has been 
recently identified. AMBRA1 appears to be also important in the 
temporal regulation of the autophagy response through the dy-
namic interactions with different Cullin-RING E3 ubiquitin ligases 
(Antonioli et al., 2014). In non-autophagic conditions, AMBRA1 is 
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ubiquitinated by the Cullin 4-DDB1 (damage-specific DNA bind-
ing protein 1) E3-ligase complex, which leads to its proteasomal 
degradation.  Autophagic stimulation rapidly promotes AMBRA1 
dissociation from Cullin4-DDB1 and consequent protein stabiliza-
tion. Free from Cullin4, AMBRA1 was shown to interact and inhibit a 
different Cullin complex, Cullin 5, by binding to the adaptor protein, 
Elongin B. This inhibition allows the stabilization of DEPTOR (DEP 
domain containing mTOR-interacting protein), an inhibitor of mTOR 
that rapidly accumulates in autophagy conditions to guarantee the 
timely activation of the ULK complex. Prolonged stresses lead 
Cullin 4-DDB1 to bind back to AMBRA1, which causes its sharp 
degradation and the termination of autophagy response. Altogether, 
these observations highlight a novel aspect of the crosstalk between 
autophagy and the ubiquitin proteasome system, mainly focused 
on the regulation of autophagy dynamics. 

AMBRA1 also plays an important role in the autophagic deg-
radation of mitochondria, a process known as mitophagy. It has 
been shown that a pool of AMBRA1 resides on mitochondria and 
associates with Bcl-2 in basal conditions, thus preventing the binding 
of AMBRA1 to BECLIN 1 and autophagosome formation (Strappaz-
zon and Vietri‐Rudan, 2011). Upon mitophagy induction, AMBRA1 
dissociates from Bcl-2 and increases its interaction with BECLIN 
1 and the E3 ubiquitin ligase PARKIN (RBR E3 ubiquitin protein 
ligase, PARK2), being able to induce both PARKIN-dependent 
and -independent mitochondrial clearance (Van Humbeeck et 
al., 2011; Strappazzon and Nazio, 2014). Moreover, these stud-
ies have revealed the capability of AMBRA1 to directly interact 
with LC3 through an LC3-interacting region (LIR) domain, which 
contributes to the engulfment of damaged mitochondria within the 
autophagosomes (Fig. 2).
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Fig. 2. Regulation of AMBRA1 and its function during autophagy induction. On one hand, AMBRA1 is regulated by different molecules: under 
unstressful conditions, a) AMBRA1 is inhibited by mTOR phosphorylation on S52 and by its recruitment, together with BECLIN 1 complex, on micro-
tubules through its association with dynein-complex b) a pool of AMBRA1 is ubiquitinated by Cul4-DDB1 E3-ligase complex for proteasomal degrada-
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promoting c-Myc dephosphorylation and degradation, and thereby reducing the cell division rate.
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AMBRA1 is a gene crucial for the development of central nervous 
system (CNS). Initially, AMBRA1 is expressed in the neural plate 
during the first stages of neurulation, while it becomes ubiquitously 
expressed at the late stages of embryogenesis and in adult mice 
(Fimia et al., 2007). Ambra1 mutant mice show impaired autophagy, 
accumulation of ubiquitinated protein, unbalanced cellular prolifera-
tion and excessive apoptotic cell death, which cause exencephaly 
and spina bifida and embryonic lethality between E10.5 and E13.5 
(Cecconi and Levine, 2008; Fimia et al., 2007). Similarly, inhibition 
of the paralogous genes ambra1a and ambra1b in Danio rerio leads 
to an incomplete development associated to severe embryonic 
malformations. Two days post-fertilization (dpf) both morphants 
present an extensive hydrocephalus of midbrain and hindbrain 
ventricles that produces abnormal head and smaller eyes. At 3 
dpf, the phenotype is further exacerbated, culminating in cardiac 
edema and embryos death in ambra1a knockdown animals, and at 
4 dpf in case of ambra1b (Benato et al., 2013). Moreover, D. rerio 
mutated embryos show a lower autophagic activity and increased 
cell death compare to WT, features similar to Ambra1 mice mutant 
that further emphasize the functional balance between autophagy 
and apoptosis during embryogenesis. The functional link of AMBRA1 
with apoptosis has been further characterized in in vitro studies. 
Downregulation of AMBRA1 expression in a variety of cell lines lead 
to increased susceptibility to different apoptotic stimuli. Moreover, 
apoptosis induction causes AMBRA1 degradation that occurs in 
a caspase- and calpain-dependent manner. AMBRA1 cleavage 
occurs early during the apoptotic process and was observed to 
precede the decline of other autophagic proteins (Corazzari et al., 
2012; Pagliarini et al., 2012).

Many of AMBRA1 binding proteins appear to play a role during 
development. Traf6 -/- mice are viable and appear normal at birth, 
but they fail to thrive normally and dying prematurely through 
dysfunctional lymph node organogenesis and IL-1 and lipopolysac-
charide (LPS) signaling (Lomaga et al., 1999). Interestingly, Traf6 
null mice also show an increase frequency of neural tube closure 
failure and exencephaly at stage E13.5, that may cause embry-
onic death depending on the genetic background; this phenotype 
is associated to deregulated cell death within specific regions of 
the developing CNS (Lomaga et al., 2000). Cullin 4a knock out 
mice, with a deletion in the exon 1, was reported to die early dur-
ing embryogenesis (Li et al., 2002). However, subsequent studies 
have shown that deletions of different exons of Cul4a do not cause 
developmental abnormalities, because the previous removal of 
exon 1 also inadvertently deleted Pcid2 gene on the complemen-
tary strand (Kopanja et al., 2011; Liu et al., 2009). On the other 
hand, Cul4b null mice show decreased proliferation and increased 
apoptosis causing embryonic lethality (Jiang et al., 2012), thus 
indicating that Cul4 gene diverged from Cul4a to carry out some 
unique functions during embryogenesis. Interestingly, mutations in 
human CUL4B have been reported as one of the major causes of 
X-linked mental retardation (Zhou et al., 2007) and the conditional 
inactivation of DDB1, the substrate adaptor of Cullin 4 complexes, 
in brain led to neuronal degeneration, brain haemorrhages and 
neonatal death (Cang et al., 2006). Of note, also Cullin 5 plays a 
role in the development of cortical development regulating neuron 
positioning trough DAB1 (Dab, reelin signal transducer, homolog 
1) modulation, a protein that directs the migration of neurons 
during brain development (Feng et al., 2007). Altogether, these 
observations suggest that a functional relation between AMBRA1 

and its associated E3 ubiquitin ligases exists in developing brain.
It has been recently reported that the functions of AMBRA1 in 

CNS are maintained also in adult mice. Indeed, in neuronal stem 
cells located in the subventicular zone of lateral ventricles, AM-
BRA1 and BECLIN 1 are required to promote autophagy during 
neurogenesis of adult mice (Yazdankhah and Farioli-Vecchioli, 
2014). Moreover, the analysis of the AMBRA1 protein levels in adult 
mice brain revealed that it is widely expressed in the cytosol of 
pyramidal neurons within the neocortex and hippocampus, and of 
Purkinje cells in the cerebellar cortex (Sepe et al., 2014). Interest-
ingly, during brain aging, AMBRA1 levels decrease progressively 
in the neocortex and hippocampus, and a further reduction was 
observed in Alzheimer’s diseases model mice (Tg2576) accord-
ing to the involvement of autophagy defects in neurodegeneration 
(Sepe et al., 2014). In line, Ambra1 heterozygous mutant mice 
present a reduced autophagy in the Schwann cells after nerve 
injury, which correlates with a persistent neuropathic pain and 
axonal degeneration in the peripheral nerves (Marinelli et al., 
2014). Moreover, significant associations between AMBRA1 and 
the development of mental disorders were found both in mice and 
human. It has been reported that AMBRA1 heterozygous female 
mice present an autism-like behaviour (Dere et al., 2014) and that 
a human intronic variant of AMBRA1 (rs11819869) is associated to 
impulsivity-related traits linked to schizophrenia (Heinrich and Nees, 
2013). Altogether, these evidences point to an important role of 
AMBRA1 in maintaining a proper functionality of the central nervous 
system from embryogenesis to adulthood. The complexity of the 
phenotypes observed also suggests that for a full understanding of 
the function of AMBRA1 in the nervous system it will be valuable 
the availability of conditional Ambra1 KO mice.

Besides its role in the development of nervous systems, AMBRA1 
was also observed to play a role in the development of skeletal 
muscle both in mice and Zebrafish. In both animal models, the reduc-
tion of AMBRA1 expression leads to abnormal muscle morphology 
associated with structural and functional defects of myofiber and 
disorganization of sarcomeres (Skobo et al., 2014). These defects 
are associated to a significant alteration of muscular mitochondria 
morphology, which well correlates with the role of AMBRA1 in the 
autophagic degradation of mitochondria.

As described above, an important feature of AMBRA1 deficiency, 
both in vitro and in vivo, is hyperproliferation (Di Bartolomeo and 
Corazzari, 2010; Fimia et al., 2007). Recently, Cianfanelli et al., 
have provided clues on how AMBRA1 regulates cell proliferation. 
AMBRA1 was shown to negatively regulate the activity of the 
oncogene c-Myc (v-myc avian myelocytomatosis viral oncogene 
homolog). This function is mediated by the interaction with the 
phosphatase acivity of PP2A (serine/threonine protein phospha-
tase 2A) that promotes c-MycS62 dephosphorylation and protein 
destabilization (Cianfanelli et al., 2014). 

It will be important to establish whether the ability of other 
component of BECLIN 1 complex to regulate proliferation, e.g. 
BECLIN 1, Bif-1 and UVRAG (Cianfanelli et al., 2014; Liang et 
al., 2006; Takahashi et al., 2013; Yue et al., 2003), depend on the 
PP2A-AMBRA1 interaction. 

Conclusion and perspectives

Several studies in different model organisms have shown that 
the inhibition of autophagy genes has a significant different impact 
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on development. Conclusive explanations for these dissimilarities 
have not been provided so far. The simple interpretation could 
be that specific autophagy genes play also a role in other vesicle 
trafficking processes, such as endocytosis and phagocytosis, or 
in the control of proliferation. However, it remains conceivable that 
genes like ULK1, BECLIN 1, and AMBRA1 may also regulate non-
canonical forms of autophagy not requiring LC3 family proteins. 
The evolution of these alternative “autophagies” could be explained 
by the requirement during development of sustaining the profound 
modifications in cell architecture by providing a rapid renovation 
of intracellular components. The detailed characterization of the 
targets of lysosomal degradation at different stages of embryogen-
esis is likely to contribute to explain this enigma in the near future.
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