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Abstract 

 

 

 The central event driving neuronal activity is represented by synaptic transmission, a 

process that relies on regulated cycles of synaptic vesicle (SV) exocytosis and 

endocytosis at presynaptic terminal level. Neurons, polarized and perennial cells, to 

guarantee an efficient neurotransmitter release, to maintain cellular homeostasis and 

promote neuronal survival, are particularly dependent on efficient quality control 

pathways to continuously remove dysfunctional presynaptic proteins and organelles. 

The main mechanisms used by neurons to achieve these goals are endosomal sorting 

and autophagy, a highly conserved endo-lysosomal degradation pathway required to 

recycle basic nutrients by the clearance of damaged or aged proteins and organelles. 

 Several presynaptic endocytic proteins have been shown to regulate both SV recycling 

and autophagy and defects in both pathways have been linked to neurodevelopmental 

abnormalities and neurodegeneration in mouse and humans.  
 In 2017 we characterized the previously unknown protein APache (KIAA1107) as a 

neuronal-specific protein, novel interactor of the adaptor protein AP-2 essential in the 

regulation of neuronal development and SV cycle in vitro and in vivo. 

 In this work, we intended to define APache functional role in neuronal autophagy by 

combining electron microscopy, immunofluorescence, live-cell imaging microscopy and 

biochemistry. We observed that APache is actually involved in autophagy: the induction 

of the process increases APache levels in mature neurons and, conversely, APache 

silencing leads to a severe accumulation of late-stage autophagosomes in neurons, 

also at synaptic level, due to autophagic blockade. Interestingly, APache expression is 

significantly reduced in the brain of sporadic Alzheimer’s disease patients. 

 These data point to APache as a novel key regulator of neuronal autophagy. Its 

altered levels, resulting in defective autophagy, may contribute to the precocious 

cellular alterations and synaptic dysfunctions observed in neurodegenerative diseases. 

The further elucidation of its functional role in neurons and of its precise molecular 

mechanism will help our understanding of the physiology and pathology of synaptic 

function. 
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List of abbreviations 

 

 

AD Alzheimer Disease 

ADBE activity-dependent bulk endocytosis 

AP-2 assembly protein complex 2 

APache AP2-interacting clathrin-endocytosis protein 

APP amyloid precursor protein 

ATG autophagy-related gene 

AV Autophagic vacuole 

AZ active zone 

Aβ β-amyloid 

BACE1 β-site APP cleaving enzyme 1 

BDNF brain-derived neurotrophic factor 

CCP clathrin-coated pit 

CCV clathrin coated vesicle 

CMA chaperon-mediated autophagy 

CME clathrin mediated endocytosis 

CTSD cathepsin D 

DIV days in vitro 

E embryonic day 

ELV endosome-like vacuole 

LAMP1 lysosomal-associated membrane protein 1 

LAMP2 lysosomal-associated membrane protein 2 

LC3 microtubule-associated protein 1 light chain 3 
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MBV multivesicular body 

MOI multiplicity of infection 

mTOR mammalian target of rapamycin 

NaK3 Na+/K+ ATPase α-3 

NFT neurofibrillary tangles 

NT neurotransmitter 

P postnatal day 

p38 synaptophysin 

p62 see “SQSTM1” 

PAS pre-autophagosomal structure 

PE phosphatidylethanolamine 

PI2P phosphatidylinositol-4,5-bisphosphate 

PI3KC3 class III phosphatidylinositol 3-kinase  

PI3P phosphatidylinositol 3-phosphate 

ShRNA short hairpin RNA 

SNARE soluble NSF attachment protein receptors 

SQSTM1 sequestosome 1 

SV synaptic vesicles 

Syn I synapsin I 

Syt 1 synaptotagmin 1 

TOR target of rapamycin 

TrkB tropomyosin receptor kinase B 

Ub ubiquitin 

UFE ultrafast endocytosis 

ULK1 Unc-51- like kinase 1 

UPS ubiquitin-proteasome system 

VAMP2 vesicle associated membrane protein 2 
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vATPase vacuolate ATPase 

VPS34 see “PI3KC3”  

WT wild type 
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1. Introduction  
 

 

1.1 Autophagy 

  

 Cell growth and homeostasis depend on the balance between synthetic and 

degradative processes. In eukaryotic cells, there are two main systems that guarantee 

a proper turnover of proteins and organelles: the ubiquitin-proteasome-system (UPS), 

mostly responsible of the degradation of short-lived or misfolded soluble proteins 

(Ciechanover and Brundin, 2003; Inobe and Matouschek, 2014), and the lysosomal 

system (Knecht et al., 2009), involved in the turnover of larger structures, such as 

integral membrane proteins, protein aggregates and organelles (Johansen and 

Lamark, 2011; Lilienbaum, 2013).  

 The UPS starts with an enzymatic cascade that leads to the proteolytic cleavage of the 

ubiquitin (Ub) precursor, with its consequential activation and attachment to the target 

protein. Ub-tagged proteins get delivered to the proteasome, a large protein complex 

where the substrate get degraded by several hydrolases, permitting the recycling of its 

basic components (Tanaka, 2009; Livneh et al. 2016). 

 Lysosomal clearance is mediated by two different pathways strongly interconnected: 

endocytosis, responsible for the degradation of mostly extracellular constituents, and 

autophagy, a degradative system for intracellular clearance of protein aggregates and 

defective organelles (Levine and Klionsky, 2004; Mizushima, 2007). 

 Autophagy is a highly conserved self-eating process essential to obtain basic 

metabolites during stress or starvation. In addition, autophagy occurs also at 

constitutive basal level and represents a highly selective quality control system that 

prevents cell damage by recycling old or damaged cell components. Thus, autophagy 

results crucial to regulate cell survival and homeostasis (Klionsky and Emr, 2000; 

Debnath et al., 2005; Reef et al., 2006). 

 Autophagy can be classified in three distinct types, that differ in cargo recognition and 

capturing: chaperon-mediated autophagy (CMA), highly specific and based on the 

direct transport of target proteins to the lysosome and consequential unfolding by 

chaperons, microautophagy, in which cargoes are directly engulfed in lysosomes by 

lysosomal membrane invagination, and macroautophagy, that occurs by sequestrating 
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cargoes in double-membranous structures, named autophagosomes, delivered to 

lysosomes for degradation (Parzych and Klionsky, 2014). The best studied and 

characterized pathway is macroautophagy. 

 

1.1.1 Macroautophagy  

 Macroautophagy (hereafter referred to as autophagy) is the most efficient and complex 

type of autophagy. This degradative pathway is regulated by autophagy-related (ATG) 

genes coding the Atg protein group. Due to its crucial role in cell survival and 

homeostasis, autophagy is highly conserved through evolution. In fact, several Atg 

proteins, that have been discovered in yeast S. cerevisiae (Tsukada and Ohsumi 

1993), have homologs in more complex eukaryotes (Yang and Klionsky, 2010), 

mammalians included. The majority of Atg proteins participate to the formation of the 

key structure of autophagy, the autophagosome, a double-membrane vesicle that 

sequesters the target cargo and mediates its transport and fusion to lysosomes. This 

process can be divided into the following stages characterized by the participation of 

different adaptors: initiation, autophagosome formation, elongation, enclosure, 

maturation, and degradation (Fig. 1) (Wang and Klionsky, 2003; He and Klionsky, 

2009; Nixon, 2013; Lamb et al., 2013). 
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Figure 1: Schematic overview of macroautophagy (autophagy).  

Autophagy is a complex degradative pathway that allows the turnover of old or damaged cell components 

and protein aggregates, and can occur selectively or nonselectively. Autophagy is inducted by multiple 

signaling and by the participation of several adaptor Atg proteins (initiation phase), and starts with the 

formation of the pre-autophagosomal structure (PAS) (formation phase). PAS evolves in a phagophore or 

isolation membrane, which expands surrounding the selected substrates (elongation phase). Once the 

elongating membranes meet, they fuse closing a bilayer autophagosome containing the substrate 

(enclosure phase). Autophagosomes are delivered to lysosomes and during the journey may fuse with late 

endosomes or multivesicular bodies (MVB) to form amphisomes (maturation phase). Once 

autophagosome reaches the lysosome, the two organelles fuse forming the autolysosome (degradation 

phase). Image reprinted from Nature Medicine, Vol. 19, Number 8, R.A. Nixon, The role of autophagy in 

neurodegenerative disease, Pages 983-97, Copyright 2013, with permission from Springer. 

 

 

 Initiation – The key factor that initiates autophagic biogenesis is the activation by 

dephosphorylation of the Unc-51- like kinase 1 (ULK1), mammalian homologues of 

yeast Atg1. The main autophagic modulator is the target of rapamycin (TOR; in 

mammals mTOR), a conserved serine/threonine kinase involved in regulation of cell 

growth and metabolism (Jung et al.,2010; Inoki et al, 2012). Active TOR interacts with 

several effectors forming the signaling TOR complex 1 (TORC1), that binds and 

phosphorylates ULK1, inhibiting its activity and repressing autophagy. Upon nutrient 

depletion or stress, TOR gets deactivated and dissociates from ULK1, promoting ULK1 

activation and autophagy induction (Fig. 2) (Kraft et al., 2012; Wong et al., 2013; 

Wang and Zhang, 2019).  

ULK1 activation triggers a phosphorylation cascade that culminates with the assembly 

of a multiprotein machinery, the ULK complex, at level of the so called pre-

autophagosomal structure (PAS) (Fig. 2) (Suzuki and Ohsumi, 2010).  

 Formation – Autophagosome formation starts at PAS with the coalescence of small 

membranous vesicles that form a small bowl-shaped structure called phagophore or 

isolation membrane. The origin of membranes is still controversial; however, some 

studies identify the endoplasmic reticulum as the main source (Zhao and Zhang, 

2019). At the beginning of nucleation, active ULK1 phosphorylates Beclin-1, the 

mammalian homolog of Atg6: this event induces the assembly of the class III 

phosphatidylinositol 3-kinase (PI3KC3, also known as VPS34) complex, where Beclin-

1 represents the core component (Fig. 2). PI3KC3 complex produces PI3P, a signaling 

lipid required for recruitment of Atg proteins needed for the subsequent phases of 

autophagosome initiation (Wirth et al., 2013; Nazarko and Zhong, 2013).  
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Figure 2: Model of autophagic induction.  

Upon starvation, stress or specific treatments, the activity of the autophagy inhibitor TOR complex 1 

(TORC1) get repressed, causing the de-repressing of ULK1. Active ULK1 triggers a phosphorylation 

cascade that culminates with the assembly of the class III phosphatidylinositol 3-kinase (PI3KC3, also 

called VPS34) complex, that includes Beclin-1. VPS34 complex produces the signaling lipid PI3P, and the 

consequential recruitment of Atg proteins leads to autophagosome initiation. Image modified from Russell 

et al., 2013. 

 

 

 Elongation and enclosure – After nucleation, the phagophore begins to expand at 

both ends (elongation phase), surrounding a portion of the cytoplasm containing the 

target substrates and sequestering them. Once the ends of the phagophore meet, the 

membranes fuse, closing a fully formed autophagosome containing the cytoplasmic 

cargo (Nixon, 2013; He and Klionsky, 2009). 

 Elongation requires the participation of several SNARE proteins and is achieved 

through two ubiquitin-like reactions: the formation of the Atg12-Atg5 complex 

(Mizushima et al., 2020), and the lipidation of Atg8, in mammals protein microtubule-

associated protein 1 light chain 3 (LC3) (Hemelaar et al., 2003). Currently, three forms 

of LC3 are described in literature, with distinct subcellular localizations: LC3A, LC3B 

and LC3C (Koukourakis et al., 2015). Differently by LC3A and LC3C, that are mostly 

concentrated in the perinuclear and nuclear areas, LC3B in distributed throughout the 

cytoplasm (Koukourakis et al., 2015), and represent the most studied LC3 form. 

 LC3B (hereafter referred to as LC3) is usually present in the cytosol in its soluble form 

LC3 I. Under autophagy induction, LC3 I get conjugated to a phosphatidylethanolamine 

(PE) in a reaction involving the Atg12-Atg5 complex, Atg7 and Atg3, to form LC3 II 

(Shpilka et al. 2011; Nakatogawa 2020). LC3 II is specifically targeted to the expanding 

phagophore and gets bound to autophagic membranes. Unlike other Atg proteins that 

dissociate from the phagophore, LC3 II remains on autophagosome membranes till 

lysosomal degradation (Satoo et al. 2009).  

 LC3 role in autophagy is still matter of debate, however several findings propose that 

LC3 mediates the closure of autophagic membrane (Longatti and Tooze, 2009). 

Although LC3 molecular mechanism remains still unclear, the constant association of 
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LC3 II to the autophagosomes makes it an excellent autophagy-specific marker (Zhang 

et al., 2013; Mizushima et al., 2020).  

 Cargo sequestration inside autophagosomes can occur in a non-selective bulk 

assimilation under starvation (Ryter et al., 2013), or in a selective manner to eliminate 

Ub-tagged structures. The identification of specific target is mediated by autophagy 

cargo adaptors, such as sequestosome 1 (SQSTM1, also called p62) (He and 

Klionsky, 2009; Nixon, 2013), a multidomain receptor that interacts with ubiquitinated 

substrates and binds them to LC3 II, targeting the cargo inside the enclosing 

phagophore (Fig. 3). During the process p62 itself get engulfed in the autophagosome 

and get degraded by lysosomes along with the cargo. For this reason, p62 level highly 

correlates to autophagic activity, representing a useful marker to monitor the 

autophagic efficiency (Bjørkøy et al., 2009; Zhang et al., 2013; Mizushima et al., 2020). 

Figure 3: Selective autophagy mediated by p62.  

Selective autophagy is required for the elimination of ubiquitinated misfolded proteins and protein 

aggregates. The recognition of Ub-tagged protein is mediated by the receptor sequestosome 1 (SQSTM1, 

also called p62), that binds them and recruits them to the enclosing phagophore by binding with LC3 II. 

Image modified from Nixon et al., 2013. 

 

 

 Maturation and degradation – After membrane enclosure, neo-formed 

autophagosomes are trafficked along microtubules toward lysosomes (Maday et al., 

2012; Maday and Holzbaur, 2014). During this journey mediated by dynein-dynactin 

motor complex, autophagosomes may undergo to maturation by fusion with late 

acidified endosomes positive for guanosine triphosphatase Rab7 and the lysosomal-

associated membrane protein 1 (LAMP1), forming amphisomes (Maday and Holzbaur, 

2016). Eventually autophagosomes/amphisomes fuse with lysosomes to become 

autolysosomes (Maday and Holzbaur, 2016). The formation of autolysosomes requires 

the participation of several proteins, such as LC3 II, SNARE proteins, that mediate the 
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fusion between the two membranes (Yu and Melia, 2017), and endosomal proteins 

Rab7, LAMP1 and LAMP2 (Huynh et al., 2007; Gutierrez et al., 2004). 

 The presence of the protonic pump vacuolate ATPase (vATPase) on the lysosomal 

membrane allows the acidification of the lysosomal lumen to pH~4.5–5.0 (Saftig and 

Klumperman, 2009; Mindell, 2012; Trivedi et al., 2020), where several hydrolases are 

contained, in particular members of the chatepsin family (Roberts, 2005¸ Trivedi et al., 

2020). The acidic pH promotes hydrolases activity (Mindell, 2012; Trivedi et al., 2020) 

that degrades both cargo and autophagosome inner membrane, consequentially basic 

components are released into the cytoplasm through lysosomal permeases for reuse.  

 

1.1.2 Neuronal autophagy  

 Autophagy is essential for neuronal physiology and survival. Neurons are indeed 

perennial, complex polarized cells subjected to high constant activity, dependent on 

intracellular trafficking and protein quality control mechanisms to maintain proper 

homeostasis and sustain their function, particularly at synaptic level (Wang et al., 2013; 

Wertz et al., 2020). The central event driving neuronal activity is the neurotransmitter 

(NT) release by fusion of synaptic vesicles (SVs) with the presynaptic membrane 

(Azarnia Tehran et al., 2018). To guarantee an efficient NT release and promote 

neuronal survival, dysfunctional presynaptic components must be continuously 

removed through endosomal sorting and autophagy, highlighting the importance of a 

proper quality control mechanism at presynaptic level (Wang et al., 2013; Vijayan and 

Verstreken, 2017). Moreover, neuron-specific depletion of autophagy in mice results in 

axon degeneration, accumulation of ubiquitin-containing protein aggregates, and 

neuronal cell death (Hara et al., 2006; Komatsu et al., 2006, 2007). Neuronal 

morphology, functionality and lifespan are therefore highly dependent on autophagy, 

that in neurons results constitutively highly active and exhibits an important 

spatiotemporally regulation proceeding through compartmentalized stages (Maday and 

Holzbaur, 2016; Kulkarni and Maday, 2018a).  

 In neurons, autophagy mainly starts with the formation of autophagosomes within 

presynaptic boutons and is followed by their retrograde transport along axonal 

microtubules toward the soma, where lysosomes are enriched (Fig. 4).   
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Figure 4: Schematic representation of autophagic pathway in neurons.  

Neuronal autophagy proceeds in a compartmentalized manner. The pathway starts with the formation of 

autophagosomes at synapses, and is followed by their retrograde transport along the axon. Finally, 

autophagosomes reach the soma and fuse with lysosomes. Image modified from Maday Lab official site, 

no date; https://www.med.upenn.edu/madaylab/research.html 

 

 Retrograde trafficking is achieved by Snapin and Dynein motor complexes, which 

autophagosomes acquire by fusion with late endosomes (Fig. 5) (Wang et al., 2015; 

Cheng et al., 2015; Kulkarni and Maday, 2018b; Hill and Colón-Ramos, 2020). During 

their axonal transport, autophagosomes indeed undergo maturation by fusion with 

Rab7- and LAMP1-positive late endosomes. Thus, neuronal 

autophagosomes/amphisomes present a gradient of maturation from the proximal axon 

to the distal regions, observable by Rab7 and LAMP1 distribution analysis (Cheng et al. 

2018; Yap et al. 2018). 

 

 

 

 

 

 

Figure 5: Overview of autophagic transport.  

Autophagosomes are delivered to the soma by retrograde transport along axonal microtubules mediated 

by the motor complex dynein-dynactin. During the journey autophagosome may undergo to maturation by 

fusion with Rab7-positive late endosome or MBV to form amphysomes, process mediated by SNARE 

proteins. In the end, amphisomes fuse with lysosomes, that may move in anterograde direction via motor 

complex kinesin, to form autolysosomes. Image modified from Nixon et al., 2013. 

https://www.med.upenn.edu/madaylab/research.html
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 Although the previously described pathway is considered the most important 

autophagic route, autophagosomes generation can occur also at the soma, in the mid-

axon or at dendrites, where they move in a bidirectional-oscillatory manner (Maday and 

Holzbaur 2014; Maday and Holzbaur, 2016). An example is the degradation through 

lysosomes recruited at postsynaptic sites to guarantee a proper local regulation of 

synaptic machinery (Kulkarni and Maday, 2018b).  

 Autophagy is important in multiple aspects of synaptic physiology: it regulates synapse 

formation and pruning, synaptic proteostasis, it is required to maintain the pool of 

functional SVs, and it regulates the level of post-synaptic scaffolding proteins and NT 

receptors. Several evidence indicate an enhanced activity-dependent autophagic 

induction within presynaptic and postsynaptic terminals, identifying autophagy as a key 

regulator of synaptic plasticity and transmission in response to neuronal activity 

(Hernandez et al., 2012; Vijayan and Verstreken, 2017). Along this line, recent 

evidence demonstrated that autophagy induction is required for activity-dependent 

structural and functional plasticity underlying novel memory formation in vivo (Glatigny 

et al., 2019). Curiously, nutrient deprivation results ineffective in inducing autophagy in 

neurons, indicating that the role of autophagy in this type of cell primarily relies in the 

maintenance of homeostasis, rather than producing basic nutrients during starvation 

(Maday and Holzbaur, 2016).  

 Besides their conventional function as degradative organelles, a subset of 

autophagosomes appears to act as signaling organelles able to retrogradely transport 

BDNF-activated TrkB receptors internalized at the presynapse towards the soma, thus 

unveiling a novel non-degradative role of autophagosomes at presynaptic boutons 

(Kononenko et al., 2017; Andres-Alonso et al., 2019).  

 

1.1.3 Synaptic vesicle endocytosis  

 As previously mentioned, a key point in neuronal activity is neurotransmission, a 

process triggered by a spike in intracellular calcium concentration at presynaptic level 

and consisting in the release of NT in the synaptic cleft through the fusion of SVs with 

the plasma membrane at the level of the active zone (AZ) of nerve terminal. This event 

occurs together with compensatory local membrane retrieval by endocytosis, in order 

to maintain the availability of SVs of proper size and composition, and to prevent an 

abnormal extension of the presynaptic membrane with a consequential loss of 
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membrane tension and alterations in presynaptic structure location (Kononenko and 

Haucke, 2015; Soykan et al., 2016).  

 Currently there are four proposed models of SV recycling that differs for their speed, 

dependence on clathrin and its associated factors, and cargo fidelity: kiss and run 

endocytosis, clathrin-mediated endocytosis, ultrafast endocytosis and activity 

dependent bulk endocytosis (Fig. 6). It is possible that the dominant mode for 

presynaptic membrane retrieval and SV reformation depends on the type of neuron 

and its activity pattern. 

 

 

Figure 6: Schematic overview of proposed SV recycling models.  

(a) In CME SVs fully fuse with the AZ membrane and are recycled through the assembly of a clathrin coat 

that mediates the membrane invagination, followed by the release of CCVs to reform SVs post-uncoating. 

(b) In UFE SVs rapidly fully fuse with the AZ membrane and large cisternal structures are retrieved in the 

synapse, by which new SVs are generated through CME. (c) SVs transiently fuse with the AZ membrane 

without collapsing, and immediatly close. (d) Multiple SVs simultaneously fuse with the AZ membrane, 

followed by bulk membrane retrieval at distal sites, by which SVs are reformed both involving or not 

clathrin. Image reprinted from Current Opinion in Neurobiology, Vol. 39, T. Soykan, T. Maritzen, V. 

Haucke, Modes and mechanisms of synaptic vesicle recycling, Pages 17-23, Copyright 2016, with 

permission from Elsevier. 
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 Kiss and run endocytosis – A fast (≤ 1 s) membrane retrieval model is represented 

by kiss and run that occurs directly at the AZ (Ceccarelli et al., 1972). It consists in the 

transient fusion SVs without collapse of the vesicle, and involves the formation of a 

transient pore for NT release, that immediatly closes manteining inalterated the original 

molecular composition of the vesicle (Kononenko and Haucke, 2015; Soykan et al., 

2016).  

 Clathrin-mediated endocytosis (CME) – CME is the most studied and best 

characterized endocytic model in eukaryotic cells (McMahon and Boucrot, 2011). It 

consists in a slow (10-20 s) SV recycling mechanism that differs from the previously 

described pathways for its dependence by clathrin,  in form of a big complex called 

triskelion composed of three clathrin heavy chains interacting with three clathrin light 

chains (Kirchhausen et al., 2014), and the assembly protein complex 2 (AP-2), a big 

multimeric complex composed of two subunits, called ears, and a big core complex, in 

turn composed of two large α and β2 subunits, a medium-sized μ subunit and a small 

δ2 subunit (Fig. 7) (Collins et al., 2002). In CME vesicles, after a complete fusion with 

the plasma membrane, are retrieved through the formation of clathrin-coated vesicles 

(CCVs), which, following uncoating, reenter the SVs pool. Invaginations start with the 

assembly of a clathrin coat formed by clathrin triskelia, initiated by early acting 

endocytic adaptors such as AP-2, that mediates transmembrane cargo selection and 

coordinates the coat-assembly (Beacham et al., 2019). AP-2 is found in the cytosol in 

its “close” inactive state, but in response to phosphatidylinositol-4,5-bisphosphate 

(PI2P) conjugation its conformation changes to an “open” active state, that allows its 

association to the AZ membrane through its core, and the interaction of ears subunits 

with the clathrin coat (Fig. 7). The process starts with the formation of early shallow 

clathrin-coated pits (CCPs), that undergo to maturation during which they progressively 

invaginate, and finally the GTPase dynamin catalyzes membrane scission and release 

of CCVs. CCPs are observed on the presynaptic membrane, often lateral to AZs, but 

also on internal endocytic cisternae, some of which may be connected with the plasma 

membrane (Takei et al., 1996; Ferguson et al, 2007; Kononenko et al., 2014; 

Watanabe et al., 2014; Camblor-Perujo and Kononenko, 2021). 
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 Ultrafast endocytosis (UFE) – Synapses, in addition to CME, capitalize on clathrin-

independent mechanisms of membrane retrieval, such as ultrafast endocytosis (UFE) 

and bulk endocytosis. UFE owes its name to its extreme rapidity (50-500 ms) and 

occurs by complete fusion of SVs to the AZ of the plasma membrane followed by the 

retrieval of large cisternal structures that form laterally to the AZs. New SVs are 

regenerated from these structures through a slow, presumabily clathrin-dependent 

mechanism (Watanabe et al., 2013a, 2013b, 2014).  

 Activity-dependent bulk endocytosis (ADBE) – ADBE is a slow (>1 s) non-selective 

mechanism consisting in the retrieval of large endocytic vacuoles from the plasma 

membrane, distal from the AZ, consequentially converted into SVs via clathrin-

dependent and/or clathrin-independent mechanisms (Cheung and Cousin, 2013). This 

pathway is considered an emergency measure in response to prolonged high-

frequency stimulation to prevent a block of neurotransmission (Kononenko and 

Haucke, 2015; Soykan et al., 2016). 

 

1.1.4. Endocytosis and autophagy  

 Multiple aspects of neuronal physiology, the communication with the environment and 

the maintenance of protein and organelle homeostasis, crucially depend on 

endocytosis and autophagy. Interestingly, several proteins with a well-known function 

in the regulation of SV recycling have recently been reported to participate in the 

Figure 7: Structure and function of AP-2 

The assembly protein complex 2 (AP-2) is 

big multimeric complex composed by a big 

core complex that mediates AP-2 

membrane association and cargo binding, 

and by two subunits called ears, that bind 

clathrin triskelia. In its close conformation, 

the membrane and clathrin binding is 

repressed and AP-2 is in inactive state, 

while in its open conformation AP-2 is in its 

active state and the binding with 

membranes and clathrin is promoted, 

allowing the formation of clathrin coated 

vesicles. Image modified from Beacham et 

al., 2019. 
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endosome-autophagosome trafficking at presynaptic terminals (Fig. 8) (Azarnia Tehran 

et al., 2018; Overhoff et al., 2020). In fact, many evidence highlight a strong 

interconnection between these pathways in neurons, even if the reciprocal regulation of 

these systems is still matter of debate. This molecular crosstalk between SV recycling 

and autophagy may provide an activity-dependent quality control mechanism needed 

to guarantee an adequate NT release, and it is at the end crucial for proper brain 

function. 

  An efficient rejuvenation of SV proteins has been shown to facilitate 

neurotransmission in Drosophila (Fernandes et al., 2014; Uytterhoeven et al., 2011). 

Depletion of the presynaptic protein Atg5-interactor Basoon results in the increasing of 

autophagy and decreasing of SV density at presynaptic terminals (Okerlund et al., 

2017). Hernandez and colleagues reported a strong interdependence between 

autophagy induction and the number of SVs in dopaminergic neurons (Hernandez et al. 

2012). Moreover, two research groups demonstrate that endophilin-A, an endocytic 

dynamin interactor essential for SV recycling, is involved in autophagosome formation 

and its deletion interferes with autophagosomes generation (Murdoch et al., 2016; 

Soukup et al., 2016). Similarly, Rab7, associated to late endosomes, is required for 

autophagosome formation, as well as autophagic retrograde transport and fusion with 

lysosomes (Cheng et al., 2015; Yap et al., 2018). Another example is the transport of 

the brain-derived neurotrophic factor (BDNF) and TrkB receptor to the soma, that 

Figure 8: Schematic overview of autophagy (right) and synaptic endocytosis (left) crosstalk. 

Image modified from Azarnia Tehran et al., 2018. 
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occurs by retrograde axonal transport via amphisomes after the fusion between 

BDNF/TrkB containing endosomes with autophagosomes (Andres-Alonso et al. 2019). 

In a study conducted by Kononenko and colleagues, AP-2 was shown to be involved, 

beyond its canonical role in CME, also in autophagosome retrograde transport by 

binding both LC3 and the dynactin subunit p150Glued. AP-2 silencing, in fact, links to 

retrograde transport impairment and accumulation of endosome-like vacuoles (ELVs) 

and autophagosomes at presynaptic terminals and along axons (Fig. 9) (Kononenko et 

al., 2017). AP-2 results therefore an essential actor in the autophagosome-mediated 

transport of BDNF/TrkB (Fig. 9), thus promoting neuronal complexity and preventing 

neurodegeneration both in vitro and in vivo (Kononenko et al., 2017).  

 

Figure 9: Representation of autophagic dysfunctions in AP-2 KO neurons.  

“Hypothetical model for the role of AP-2 in retrograde transport of TrkB-containing autophagosomes in 

neurons. In WT neurons, AP-2 via its association with LC3 and p150Glued mediates retrograde transport 

of BDNF/TrkB-containing amphisomes (late-stage autophagosomes post-fusion with Rab7-positive late 

endosomes) to the cell body, where TrkB signalling regulates transcription of activity-dependent genes in 

the nucleus. In the absence of AP-2 (KO) TrkB endocytosis proceeds, however BDNF/TrkB-mediated 

signalling is defective due to impaired retrograde transport of BDNF/TrkB-containing autophagosomes. 

Stalled late-stage autophagosomes in neurites of AP-2 KO neurons cause axonal swellings and underlie 

neurodegeneration.” Image and legend reprinted from Nature Communications, Vol. 8, N. Kononenko, G. 

A. Claen, M. Kuijpers, D. Puchkov, T. Maritzen, A. Tempes, A. R. Malik, A. Skalecka, S. Bera, J. Jaworski, 

V. Haucke, Retrograde transport of TrkB-containing autophagosomes via the adaptor AP-2 mediates 

neuronal complexity and prevents neurodegeneration, Article 14819, Copyright 2017, open access article 

distributed by Springer under the terms of the Creative Commons Attribution 4.0 International License. 
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1.1.5 Autophagy and Alzheimer Disease 

 Because of their extended lifespan and complex morphology, neurons are extremely 

susceptible to protein damage (Rubinsztein et al., 2011) and a proper function of 

autophagy is required for maintenance of synaptic homeostasis and neurotransmission 

(Maday, 2016; Kulkarni and Maday, 2018). Strong connections between the 

presynaptic machinery for SV exocytosis/endocytosis, autophagy and neurological 

disorders are emerging (Menzies et al., 2015; Wang et al., 2013). Defects in 

endocytosis and alterations in any stage of the autophagic pathway indeed link to 

various neurodegenerative diseases, such as Alzheimer Disease (AD), Parkinson 

Disease, Huntington Disease and Amyotrophic Lateral Sclerosis, as they directly 

impact on neuronal survival, synaptic transmission and plasticity (Nixon et al., 2013; 

Frake et al., 2015; Menzies et al., 2015; Azarnia Tehran, 2018; Bingol, 2018; Fujikake 

et al., 2018; Overhoff et al., 2020).  

 Since AD is considered the most prominent neurodegenerative disease and the 

primary cause of cognitive impairment during aging (Long and Holtzmann, 2019), in the 

last years a particular attention was focused on the link between this disease and 

autophagic dysfunctions. Functional alterations of the endosomal and autophagic 

pathways were indeed found to occur as early pathogenic events in AD neurons (Yao, 

2004; Cao et al., 2010; Tamminemi et al., 2017), often preceding the neurotoxic insults, 

and directly contributing to abnormal amyloid production, synaptic dysfunction and 

reduced neuronal survival. AD is indeed characterized by an abnormal and neurotoxic 

accumulation at brain level of β-amyloid (Aβ) plaques, which are generated through the 

cleavage of the amyloid precursor protein (APP), and neurofibrillary tangles (NFTs), 

mainly composed by hyperphosphorilated Tau. An altered autophagic pathway may be 

a contributing factor for the deposition of these structures by both reducing their 

removal and promoting their production (Nilsson et al., 2013; Feng et al., 2017).  

 Experimental evidence raised in mouse models of AD and human AD indicates that, in 

addition to the extracellular accumulation of Aβ, its intracellular accumulation is also a 

very early event that even precedes the formation of amyloid plaques and correlates 

with early synaptic dysfunction (Gouras et al., 2000; Takahashi et al., 2002; Yang et al., 

2015). This is accompanied by an expansion of the endosomal compartment and by a 

massive accumulation of unprocessed autophagic vacuoles that appear unable to 

properly mature upon fusion with late endosomes/lysosomes (Fig. 10) (Boland et al., 

2008; Nixon and Yang, 2011) and positive for APP and APP-processing factors (Yu et 

al., 2005; Nilsson et al., 2013; Whyte et al., 2017).  Moreover, a blockade of the 
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autophagic flux correlates with the 

accumulation of phosphorilated Tau (Lee et al., 

2010; Rodríguez-Martín et al., 2013) while 

induction of autophagy contributes to 

decreasing of Tau levels and NFTs deposition 

(Berger et al., 2006; Krüger et al., 2012). This 

phenotype, distinctive for AD neurons, may be 

caused by an impairment in autophagosome 

retrograde transport, in their altered maturation 

or in a defective lysosomal clearance (Nixon et 

al.,2005; Boland et al., 2008; Lee et al., 2010; 

Rodriguez-Martin et al., 2013; Tamminemi et 

al., 2017). For instance, AP-2, previously 

mentioned for its double role in both SV 

recycling and autophagy, was reported to 

promote the intracellular trafficking and 

lysosomal degradation of BACE1, a β-

secretase involved in APP processing, (Feng et 

al., 2017; Ye et al., 2017; Bera et al., 2020), 

and to target endosomal internalized APP for 

autophagic turnover, preventing amyloidosis 

(Tian et al., 2013). These findings suggest that AP-2 may be an important player in AD.  

 The increasing evidence of autophagic contribute to AD provide promising 

perspectives for development of new therapeutic approaches. Several studies indeed 

demonstrate that autophagy boosting with various autophagic activators on AD mouse 

model results in beneficial effects by limiting Aβ production and/or deposition and 

cognitive impairment (Spilman et al., 2010; Du et al., 2013; Zhu et al., 2013; Jiang et 

al., 2014). However, effects of autophagy upregulation in patients affected by AD have 

not been explored yet, furthermore the molecular mechanisms of therapeutic targeting 

of autophagy needs to be clarified. 

 

 

 

 

Figure 10: Ultrastructural analysis of 

dystrophic AD neurites.  

AD neurons are affected by autophagic 

alterations that cause the severe 

accumulation of AVs (circled by 

arrowheads). Image reprinted from 

Neurobiology of Disease, Vol. 43, Issue 

1, R.A. Nixon and D.S. Yang, Autophagy 

failure in Alzheimer's disease—locating 

the primary defect, Pages 38-45, 

Copyright 2011, with permission from 

Elsevier.  
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1.2 APache (KIAA1107) 

 

 KIAA1107 is an uncharacterized, highly evolutionary conserved gene. The research 

group supervised by prof. Silvia Giovedì and prof. Fabio Benfenati published a paper 

describing the functional role of this gene product, the protein KIAA1107, that they 

named APache (Piccini et al., 2017). 

 Using the bioinformatics approach GAMMA (GlobAl Microarray Meta-Analysis) (Wren 

JD, 2009) to search for uncharacterized genes associated with SVs and synaptic 

physiology, they identified KIAA1107 with the highest score. KIAA1107 is an 

evolutionarily conserved protein with unknown structure and function. The murine 

KIAA1107 gene is located on chromosome 5 and includes two splicing variants, one 

coding for a protein of 1,088 aa that is considered the main isoform (~140 kDa). The 

human KIAA1107 gene is located on chromosome 1 and gives rise to one transcript. 

They cloned the main mouse isoform and discovered that it is a neuron-specific protein 

highly expressed in the cortex, hippocampus and striatum (Fig. 11A,B), 

developmentally regulated in both mouse brain and primary cortical neurons (Fig. 

11C,D), and present in axons and at presynaptic terminals (Fig. 11E,F).  
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Figure 11: Neuronal expression and localization of KIAA1107 

(A) Real-time PCR analysis of KIAA1107 mRNA levels in various mouse tissues (means ± SEM, n=3 

animals) *p<0.05, **p<0.01, ***p<0.001 vs liver, one-way ANOVA/Bonferroni’s multiple comparison test. 

(B) Immunoblot of the regional expression of KIAA1107 in the adult mouse brain. Cx, cortex; Hip, 

hippocampus; Cb, cerebellum; Ob, olfactory bulb; Str, striatum; Bs, brain stem. (C,D) Immunoblot of the 

temporal expression profile of KIAA1107 in the developing mouse cerebral cortex (C) and in primary 

cortical neurons at various stages of development (D). (E,F) Representative images of cortical neurons 

stained for KIAA1107 (green) and the pan-axonal neurofilament marker SMI312 (red) at 5 days in vitro 

(DIV) (E) or the presynaptic marker synaptotagmin-1 (Syt1, red) at 17 DIV (F). Scale bars, 10 µm. Image 

and legend reprinted with permission from authors. 
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 They employed a mass spectrometry approach using overexpressed FLAG-KIAA1107 

as a bait to pull-down KIAA1107 interactors from mouse brain extracts, and seven 

proteins were reproducibly identified as specific KIAA1107 binding partners (Fig. 12A). 

Interestingly, most of them (in red) are related to endosomal and autophagic trafficking. 

They focused the attention on AP-2, confirmed by co-immunoprecipitation assays the 

reciprocity of the interaction between KIAA1107 and AP-2 (Fig. 12B), and found the 

protein enriched on CCVs (Fig. 12C). In cortical neurons KIAA1107 immunoreactivity 

colocalized with AP-2 (Fig. 12D). Moreover, KIAA1107 silencing in mature neurons 

caused a reduction in the levels of AP-2 and of the SV protein synaptophysin 

compared to controls (Fig. 12E). 

 

Figure 12: KIAA1107 binds to AP-2 on clathrin-coated vesicles 

(A) KIAA1107 interactors identified by pull-down experiments and mass spectrometry analysis (B) Mouse 

brain extracts were subjected to immunoprecipitation (IP) with anti-KIAA1107 (left) or anti-AP-2α 
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antibodies (right) and control IgG (starting material, INPUT; supernatant, SUP). (C) KIAA1107 is enriched 

in the clathrin-coated vesicle (CCV) fraction (total homogenate, H; clathrin heavy chain, CHC; dynamin, 

DYN; synaptophysin, SYP). (D) Representative merged confocal image of cortical neurons (17 DIV) 

stained for KIAA1107 (green) and AP-2α (red). Scale bar, 10 µm. (E) Immunoblot and densitometric 

quantification of protein levels in silenced (ShRNA#2) and control neurons (means ± SEM, n=4 

independent experiments). *p<0.05, ***p<0.001 vs ShRNActr, unpaired Student's t-test. Image and legend 

reprinted with permission from authors. 

 

 In light of this finding, KIAA1107 was named APache (AP2-interacting clathrin-

endocytosis protein) and its characterization focused on its potential role in SV 

recycling. Experiments performed by silencing APache expression through RNA 

interference revealed that APache-lacking neurons were affected by a severe reduced 

SV and CCV density, accompanied by an accumulation of enlarged ELVs at 

presynaptic terminals, similarly to AP-2 knocked-down neurons, reflecting a function of 

APache in CME (Fig. 13A,B, additional evidence not shown). Moreover, APache 

downregulation in vivo leaded to an impaired maturation in developing neurons, that 

presented a reduction of total number and length of neurites, and significant defects in 

synaptic transmission in mature cultured neurons (data not shown). These 

experimental evidence indicate that APache is an important actor in the regulation of 

SV trafficking, neuronal development and synaptic plasticity.  

 

Figure 13: Reduced SV density and increased size of endosome-like structures at APache-silenced 

cortical synapses  



24 
 

(A) Representative TEM images of nerve terminals from cultured cortical neurons transduced with either 

ShRNActr or ShRNA#2 at 12 DIV and processed at 17 DIV. Note the reduced SV density in the APache-

KD synapse compared to control (CCVs, red arrowheads). Scale bar, 200 nm. (B) Morphometric analysis 

from serial ultrathin sections obtained from ShRNActr (black bars) and ShRNA#2 (red bars) treated 

synapses revealed (from left to right) a reduction in the density of total SVs and CCVs and an increase in 

the area of endosome-like structures in APache-KD synapses compared to control. *p<0.05, **p<0.01, 

unpaired Student's t-test. Image and legend reprinted with permission from authors. 
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2. Aim of the study 
 

 

 The central hypothesis of this work was based on APache involvement in SV 

trafficking and association to AP-2, an important actor in neuronal endocytosis and 

autophagy, two processes that are severely affected in Alzheimer’s disease (AD).  

 Our goal was the elucidation of APache functional role in neurons, especially in 

autophagy, to evaluate its potential contribution to the pathogenesis of the precocious 

neuronal defects observed in AD. This will help our understanding of the physiology of 

synaptic function, and at the same time, may open new avenues for translational 

research by assessing the impact of APache loss in specific processes of synapse 

functioning and of neuronal degeneration.  

 As experimental model we employed primary cultures of mouse cortical neurons, 

under autophagic stimulation or APache downregulation, and brain samples of late 

onset sporadic AD patients. 
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3. Materials and methods 

 

 

3.1 Constructs 

 For APache silencing through lentiviral transduction 3 distinct short hairpin (sh) RNAs 

were designed (Mission shRNA custom cloning, Sigma-Aldrich) based on the 

sequence of the cloned KIAA1107 (APache) transcript variant (for detailed description 

of constructs see Piccini et al., 2017). ShRNA#2 resulted the most active in knocking 

down the endogenous APache expression and it was used for the subsequent studies. 

ShRNA#2 and control ShRNA (Luciferase shRNA; Sigma-Aldrich) were inserted into 

pLKO.1-CMV-mCherry lentiviral vectors. For rescue experiments, the p277-eGFP-

APache vector was used, being intrinsically resistant to shRNA#2.  

 For APache silencing through transfection, ShRNA#2 and control ShRNA were 

inserted into pLKO.1-CMV-mTurquoise or pLKO.1-CMV-eGFP vectors. Autophagic flux 

was analyzed using the Tandem pBABE-puro mCherry-eGFP-LC3B plasmid (addgene, 

#22418). Autophagosome transport was analyzed using the pTagRFP-C-LC3B plasmid 

(Evrogen #FP141). 

 

 

3.2 Cell culture and treatments 

 

 All the experiments were performed on mouse primary cortical cultures prepared from 

WT C57BL/6J (Charles River) 18-day embryos (E18). Cerebral cortices were washed 

in HBSS (Gibco #14175-053), dissociated by enzymatic digestion in 0.125% trypsin 

(Gibco #25050-14) for 25 min at 37°C and then triturated sequentially with a P1000 and 

a P200 pipette tip in Neurobasal (Gibco #21103-049) supplemented with 10% FBS 

(Gibco #10500-064), plus 1% Glutamax 100-X (Gibco #35050-38), 1% penicillin–

streptomycin (Gibco #10378-016).  

 For imaging assays, neurons were plated at low density (6x104 cells/coverslip) onto 

0.1 mg/ml poly-L-lysine (Sigma-Aldrich #25988-63-0)-coated 25-mm glass coverslips. 



27 
 

For biochemistry assays, neurons were plated at high density (300 × 106 - 1 × 107 

cells/well) onto 1 mg/ml poly-L-lysine-coated 35-mm well plates. Neurons were 

maintained in Neurobasal supplemented with B27 (1:50 B27, Gibco #17504-007), 1% 

Glutamax, 1% penicillin–streptomycin at 37°C in a 5% CO2 humidified atmosphere. 

Under this culture condition approximately 85-90% of the cortical neurons are 

glutamatergic and cultures are almost glia-free (Piccini et al., 2015). 

 Lentiviral transducion with pLKO.1-CMV-mCherry-ShRNA lentiviral vector was 

performed in neurons at 12 DIV (days in vitro) with 3 multiplicity of infection (MOI), and 

after 24 h medium was replaced with fresh and conditioned medium. Analysis was 

performed 5 days post infection (17 DIV). Control neurons were transducted with the 

corresponding control shRNA. 

 Transfection was performed in neurons at 10-14 DIV with Lipofectamine 2000 

(Invitrogen #11668-19) according to the manufacturer’s instructions, and cells were 

analysed after 72 h. Control neurons were transfected with the corresponding control 

shRNAs. 

 Torin1 treatment was performed by incubating neurons at 12-17 DIV with 250 nM 

Torin1 (BioVision #2273-5, resuspended in Milli-Q water) for 4 h at 37°C. Control 

neurons were incubated with sterile Milli-Q water (vehicle). 

 

 

3.3 Biochemistry procedures 

 

3.3.1 Protein extraction and subcellular fractionation 

 Total cell lysates were obtained from neurons at 12-17 DIV. Neurons were washed 

twice in ice-cold HBSS and lysed in lysis buffer (50 mM Tris; 150 mM NaCl; 1 mM 

EDTA pH 8.0; 1% Triton X-100) supplemented with protease and phosphatase inhibitor 

cocktail (Cell Signaling, respectively #58715 and #58705). After 10 min of incubation 

on ice, lysates were collected and clarified by centrifugation at 1,000 x g for 10 min at 4 

°C to remove nuclei and unbroken cells.  

 For subcellular fractionation neurons at 12-17 DIV were washed twice in ice-cold 

HBSS and collected in buffered sucrose solution (0.32 mM Sucrose; 5 mM Hepes) 

supplemented with protease inhibitor cocktail. Cells were incubated on ice for 10 min 

and lysed by 10 passages through a 29G needle using a 1 ml syringe, then clarified by 
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centrifugation at 1,000 x g for 10 min at 4 °C to obtain post nuclear supernatant (PNS 

or S1 fraction). This was centrifuged at 16,000 x g for 15 min at 4 °C to obtain 

supernatant, a cytosolic fraction (S2) that was collected, and pellet, a membrane 

fraction (P2) that was resuspended in buffered sucrose solution. 

 Digitonin-based membrane-cytosol fractionation was performed on neurons at 12-17 

DIV.  Neurons were washed in ice-cold HBSS and permeabilized in buffer D (modified 

from Bernocco et al., 2008): 0.02% digitonin (Sigma-Aldrich #D-5628), 300 mM 

Sucrose, 5 mM Hepes, 100 mM NaCl, 5 mM EDTA, 3 mM MgCl2 supplemented with 

protease inhibitor cocktail, under gentle shaking at 4°C for 20 min. Supernatant 

(cytosolic fraction) was collected, and membranes were scraped from the well plate in 

buffer D. 

 Protein lysates from autopsy sections of frontal cerebral cortex of late onset sporadic 

AD patients and cognitively normally aging elderly subjects were extracted in ice-cold 

buffered sucrose in homogenization buffer supplemented with protease inhibitor 

cocktail, and centrifuged at 1,000 x g for 10 min at 4 °C to obtain a PNS fraction. 

 

3.3.2 Protein quantification and western blotting 

 Protein concentrations were determined using Bradford Protein Assay (Bio-Rad 

#5000006) or BCA Protein Assay kits (Thermo Scientific #23225) assays. Samples 

were boiled for 3 min in reducing sample buffer (Laemmli, 1970) and equivalent 

amounts of protein were subjected to SDS-PAGE electrophoresis on 10-14% 

polyacrylamide gels depending on target protein molecular weight, and transferred 

from the gel onto nitrocellulose membranes.  

 Blotted membranes were blocked for 1 h at room temperature in 5% milk in Tris-

buffered saline (TBS: 200 mM NaCl, 50 mM Tris) plus 0.1% Triton X-100 (TBS-T) and 

incubated 2 h at room temperature or overnight at 4 °C with the following primary 

antibodies: anti-Actin (1:1000, Sigma #A4700), anti-Adaptin α (AP-2α) (1:1000, BD 

#610502), anti-Atg3 (1:1000, Cell Signalling #3415P), anti-Atg5 (1:1000, Cell Signalling 

#8540P), anti-ATP6V1A (1:5000, Abcam #ab137574), anti-Cathepsin D (1:2000, 

Sigma-Aldrich #219361), anti-KIAA1107 (1:1000, Primm EFA/10 201010-00019), anti-

LAMP1 (1:1000, Abcam #ab24170), anti-LC3B (1:1000, Sigma-Aldrich #L7543), anti-

mTOR (1:1000, Cell Signaling #2983), anti-phospho-mTOR(Ser2448) (1:1000, Cell 

Signaling #5536), anti-NaK3 (ATP1A3) (1:1000, Invitrogen #MA3-915), anti-

Synaptophysin 1 (p38) (1:5000, SYSY #101 011), anti-Rab5 (1:1000, Abcam # 
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ab18211), anti-Rab7 (1:1000, Abcam ab50533), anti-Synapsin I (clone 10.22) (1:1000, 

homemade by Greengard's laboratory; Rockefeller University, NY, USA), anti-

Synaptotagmin 1 (1:1000, SYSY #105 011), anti-Vinculin (1:5000, Sigma-Aldrich 

#V9264). 

 Membranes were washed in TBS-T and incubated for 1 h at room temperature with 

horseradish peroxidase (HRP)-conjugated goat anti-rabbit (1:3000; Bio-Rad #170-

6515) or anti-mouse (1:5000; Bio-Rad #170-6516) secondary antibodies. Membranes 

were then washed in TBS-T and TBS. Bands were revealed with the ECL 

chemiluminescence detection system (Thermo Scientific #32106) with the ChemiDoc 

imaging system (Bio-Rad Laboratories, Hercules, CA, USA) and the quantification of 

immunoreactivity was performed by bands densitometric analysis with ImageJ/FIJI 

(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA). 

 

3.3.3 Cathepsin D (CTSD) activity assay 

 CTSD activity was determined in 17 DIV neurons using a CTSD activity assay kit 

(BioVision #K143) as described by the manufacturer’s protocol. Enzymatic activity was 

determined using a CTSD substrate (Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(DNP)-

D-Arg-NH2 trifluoroacetate salt) labeled with MCA that releases  fluorescence after the 

substrate cleavage. Briefly, neurons were lysed in 200 µl of chilled CD Cell Lysis 

Buffer, incubated on ice for 10 min, and centrifuged for 5 min at top speed. Ten µg /well 

of cell lysate was mixed with 50 µl of Reaction Buffer and 2 µl of substrate to a final 

volume of 102 µl into a 96-well plate and incubated for 2 h at 37 °C. Samples were read 

at 10-min intervals (Ex/Em= 328/393 nm) with the multiplate TECAN® reader (Tecan 

Trading AG, Switzerland) using a 320 ± 25-nm excitation filter and 485 ± 20-nm 

emission filter. Background values were calculated by reading wells filled only with 

solutions and subtracted to each sample values. Data were normalized to µg 

protein/sample and expressed in percentage of control value. 

 

3.4 Microscopy 
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3.4.1 Transmission electron microscopy (TEM) 

 Neurons were fixed at 17 DIV with 1.2% glutaraldehyde in 66 mM sodium cacodylate 

buffer, post-fixed in 1% OsO4, 1.5% K4Fe(CN)6, 0.1 M sodium cacodylate, en bloc 

stained with 10% of uranyl acetate replacement stain (EMS) for 30 min, dehydrated, 

and flat embedded in epoxy resin (Epon 812, TAAB). After baking for 48 h, the glass 

coverslip was removed from the Epon block by thermal shock and neurons were 

identified by means of a stereomicroscope. Embedded neurons were then excised from 

the block and mounted on a cured Epon block for sectioning using an EM UC6 

ultramicrotome (Leica Microsystems). Ultrathin sections (60–70 nm thick) were 

collected on 200-mesh copper grids (EMS) and observed with a JEM-1011 electron 

microscope (Jeol, Tokyo, Japan) operating at 100 kV. For each experimental condition, 

at least 50 images were acquired at 10,000x magnification (sampled area per 

experimental condition: 36 µm2). Synaptic profile area, AV number and density were 

determined using ImageJ/FIJI. AVs were defined as single or double membrane-bound 

vacuoles containing intracellular material. 

 

3.4.2 Immunocytochemistry and confocal microscopy 

 Neurons at 12-17 DIV were washed in pre-warmed phosphate-buffered saline buffer 

(PBS) and fixed with pre-warmed 4% paraformaldehyde (PFA; Thermo Scientific 

#28908) plus 4% sucrose for 15 min at room temperature. Fixation process was 

followed by serial washes in PBS. 

 All the following steps were performed at room temperature. Cells were permeabilized 

in 0.1% PBS with 0.1% Triton X-100 (PBS-T) for 10 min, followed by blocking in PBS-T 

with 3% bovine serum (BSA, Sigma-Aldrich #A4503) for 30 min. Neurons were 

incubated for 2 h (or overnight, at 4 °C) with the following primary antibodies: anti-

KIAA1107 (1:500, Primm EFA/10 201010-00019), anti-LAMP1 (1:200, Sigma #L1418), 

LC3B (N-term) (Clone 2G6) (1:100, Origene #AM20213PU-N), LC3B (1:200, Sigma 

#L7543), p62/SQSTM1 (1:500, Sigma #P0067), Rab7 (1:250, Abcam #ab137029), 

Synaptobrevin 2 (VAMP2) (1:500, SYSY #104 211).  

 Cells were then washed in PBS and labeled with the following fluorochrome-

conjugated antibodies (Invitrogen; all 1:500): Alexa Fluor goat anti-mouse 488 

(#A11001), Alexa Fluor goat anti-rabbit 488 (#A11034); Alexa Fluor goat anti-mouse 

647 (#A21235), Alexa Fluor goat anti-rabbit 647 (#A21244). Incubation was followed by 

serial washes in PBS-T and PBS. 25 mm coverslips were mounted using Prolong Gold 
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antifade reagent with or without DAPI (4′, 6′-diamidino-2- phenylindole) for nuclear 

staining (Thermo Scientific, respectively #P36934 and #P36935).  

 Images of neurons were acquired with a confocal laser scanning microscopy (CLSM; 

Leica SP8, Leica Microsystems, Wetzlar, Germany) using a 40 × oil-immersion 

objective. Acquisitions consisted of stacks of images taken through the z-plane of the 

cell. Confocal microscope settings were kept the same for all scans in each 

experiment. Image analysis of different stacks in each colour channel was performed 

using the JACoP plug-in on ImageJ/FIJI for colocalization studies with Manders test. 

For quantitative analysis of fluorescent VAMP2-puncta, masks of mCherry-infected 

neurons were made using ImageJ. Then VAMP2 signal was thresholded using the 

same parameters for all the images. Colocalization points represent VAMP2 puncta of 

only infected neurons and their number was determined using the ImageJ/FIJI 

colocalization plugin. The VAMP2 puncta density was calculated as the number of 

puncta on the infected neuronal area. 

 

3.4.3 Live-cell imaging 

 Images from neurons at 13 DIV were acquired in Tyrode’s solution (10 mM glucose, 

140 mM NaCl, 2.4 mM KCl, 10 mM Hepes, 2 mM CaCl2, 1 mM MgCl2) at temperature-

controlled stage (37°C) with an inverted epifluorescence microscope (Olympus IX81, 

Olympus Corporation, Tokyo, Japan) using a 60 × oil-immersion objective. Axons are 

identified by their morphology and autophagosomes were tracked within axonal tracts 

around 25 μm of length. Time-lapse images were acquired for 30 sec (1Hz) with 

xCellence rt (Olympus). Kymograph construction was carried out using the 

KymographBuilder plug-in in ImageJ/FIJI. Particles were manually tracked with the 

Manual Tracking plug-in on ImageJ/FIJI.  

 

 

3.5 Statistical analysis  

 Data distribution was assessed by D’Agostino-Pearson’s normality test (n>6) or 

Shapiro-Wilk test (n≤6). The comparison between two normally distributed sample 

groups was performed using the unpaired Student's two-tailed t-test with Welch's 

correction, while two groups not normally distributed were compared using the 

nonparametric Mann-Whitney’s U-test. To compare more than two experimental 

groups, either the one-way or two-way ANOVA (followed by the Bonferroni's multiple 
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comparison test) or the Kruskal-Wallis ANOVA (followed by the Dunn's multiple 

comparison test) was used depending on data distribution. Statistical analysis was 

performed with GraphPad Prism version 7.00 (GraphPad Software, Inc., San Diego, 

CA, USA). Significance level was set to p<0.05. Experimental data are expressed as 

means ± SEM for number of cells/samples or independent preparations (n) as reported 

in the figure legends.  
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4. Results 

 

 

7.1 APache is induced by autophagy stimulation and 

colocalizes with LC3 on autophagosomes 

 As first step we wanted to assess if APache is involved in autophagy by promoting the 

process in mouse primary cultured cortical neurons at 12-17 DIV with the inducer 

molecule Torin1 (250 nM, 4 h), that act as an mTOR inhibitor, and analyzed the 

samples through western blot assay. First, to confirm the efficacy of Torin1 treatment, 

we measured the expression level of the autophagic marker LC II, the active form of 

LC3 bound to autophagosome membranes, that resulted higher in treated neurons 

compared to control (vehicle) cells (Fig. 14A,B), confirming the actual induction of the 

autophagic cycle. We proceed by measuring the expression level of APache: in Torin1 

treated neurons the expression level of APache was significantly increased compared 

to control neurons (Fig. 14A,B). Moreover, also the level of the α subunit of the 

APache interactor AP-2 (AP-2α) resulted significantly augmented in treated neurons, 

compared to control samples (Fig. 14A,B).  

 To confirm the increased APache level after autophagy stimulation, we then analyzed 

Torin1 treated and control neurons through immunocytochemistry assay. Torin1 

efficacy was verified by measuring the fluorescence intensity of LC3: as expected, LC3 

signal increased consequentially to the treatment (Fig. 14C,D). APache fluorescence 

intensity in treated neurons also resulted significantly higher compared to control cells 

signal (Fig. 14C,E). Furthermore, compared to controls, treated neurons showed a 

higher colocalization between LC3 and APache signals (Fig. 14F). These results 

suggest that autophagy stimulation in neurons with Torin1 promotes APache induction 

and colocalization with LC3 on autophagosomes. 

 In neurons, autophagosomes mainly form at synaptic level (Maday and Holzbaur, 

2016; Kulkarni and Maday, 2018a). To evaluate the synaptic response to autophagy 

induction, we checked for autophagosome presence at synaptic level in control and 

Torin1 treated neurons through immunocytochemistry assay. We measured the 
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fluorescence intensity of LC3 at level of puncta positive for the synaptic marker 

VAMP2, and treated cells showed a significantly higher signal compared to controls 

(Fig. 14G,H), confirming the increased formation of autophagosomes at synaptic level 

after autophagy induction. We then passed to the evaluation of APache reaction to 

autophagic induction at synaptic level, and we measured the signal of APache in 

VAMP2 positive-puncta. Similarly to LC3, APache fluorescence intensity resulted 

significantly increased in treated neurons compared to control cells (Fig. 14I,L), 

indicating that APache increasing observed in neurons occurs also at synapses.  

 In order to probe if APache may therefore be directly involved in autophagy pathway, 

we first wanted to better analyze its localization within neurons by performing different 

methods of subcellular fractionation of cultured cortical neurons at 12-17 DIV. We first 

performed a cytosolic- (S2) and membrane-enriched (P2) fractionation, analyzed 

through western blot. APache, besides been present at detectable level in cytosolic 

fraction, resulted significantly enriched in membrane fraction, validated by the 

concomitant increased level of synapsin I (Syn I) and synaptophysin (p38), two SV 

membrane markers, in P2 fraction (Fig. 15A,B). Then, we performed a subcellular 

fractionation with the detergent digitonin to extract cytosolic soluble proteins (cytosol 

fraction) from plasma membrane and organellar proteins (membrane fraction). 

Digitonin indeed partially solubilizes only the plasma membrane, and not all cellular 

membranes (Bernocco et al., 2008). The efficiency of the protocol in generation of 

extracts corresponding to different subcellular structures was validated by western blot 

analysis with antibodies specific for protein markers: vinculin as cytosolic marker, 

Na+/K+ ATPase as plasma membrane marker, LC3 II and LAMP1 as autophagic 

markers. LC3 II and LAMP1 were almost exclusively found in membrane fractions 

compared to cytosolic ones, verifying an efficient purification of autophagosomes and 

autolysosomes (Fig. 15C,D). APache distribution showed an appreciable enrichment in 

the membrane fraction compared to cytosol (Fig. 15C,D), confirming the presence of 

the protein at autophagic vacuolar level. 
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Figure 14: Increased APache protein levels after autophagy stimulation. 

(A) Representative western blotting of lysates from cultured cortical neurons treated with either DMSO 

(vehicle) or the mTOR inhibitor Torin1 (250 nM, 4h) at 17 DIV; immunoreaction performed with antibodies 

against APache, AP-2α and LC3 II (lower band) and actin, used as loading control. (B) Quantification of 

APache level (vehicle: 100 ± 15.28; Torin1: 172.2 ± 8.38, n=6 independent preparations), AP-2α level 

(vehicle: 100 ± 7.18; Torin1: 147.7 ± 4.3, n=6 independent preparations) and LC3 II level (vehicle: 100 ± 

7.13; Torin1: 129.8 ± 6.39; n=6 independent preparations). Protein levels in treated neurons are expressed 

in percentage of the respective amounts in control neurons. Values are normalized on loading control. 

**p<0.01, ***p<0.001, Unpaired t test with Welch's correction. Graph shows means ± SEM. (C) 

Representative confocal images of cortical neurons treated with either vehicle or Torin1 (250 nM, 4 h) at 

17 DIV and stained for LC3 (red) and APache (green). Scale bar, 20 µm. (D, E) Quantification of LC3 

intensity values (D) (vehicle: 19.68 ± 1.60; Torin1: 52.13 ± 3.15, n=36-44 neurons per condition from n=3 

independent preparations), APache intensity values (E) (vehicle: 31.96 ± 3.40, n=35 neurons; Torin1: 

78.31 ± 5.53, n=40 neurons from 3 independent preparations) and percentage of APache and LC3 co-

localization (F) (vehicle: 17.10 ± 2.13, n=26 neurons; Torin1: 29.85 ± 2.50, n=22 neurons from 3 

independent preparations) in vehicle and Torin1 treated neurons. A.U. = arbitrary units of fluorescence 

intensity. ***p<0.001, ****p<0.0001, Unpaired t test with Welch's correction/ Mann-Whitney Unpaired t test. 

All graphs show means ± SEM.  (G,I) Representative images of synapses from cortical neurons treated 

with either vehicle or Torin1 and stained for VAMP2 (red), to identify synaptic boutons, and either LC3 

(green, G) or APache (green, I) at 17 DIV. Arrows denote synaptic boutons positive for LC3 or APache. 

Scale bar, 5 µm. (H,L) Quantification of LC3 (H) or APache (L) intensity values at VAMP2-positive puncta 

in vehicle and Torin1 treated synapses (LC3 vehicle: 19.50 ± 1.95, n=88 synapses; LC3 Torin1: 65.78 ± 

4.99, n=89 synapses; APache vehicle: 18.99 ± 1.18, n=87 synapses; APache Torin1: 69.56 ± 5.94, n=82 

synapses, from 3 independent preparations). A.U. = arbitrary units of fluorescence intensity. ****p<0.0001, 

Mann-Whitney Unpaired t test. All graphs show means ± SEM. 
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Figure 15: APache is present at the level of autophagic vacuolar fraction  

(A) Representative western blotting of post nuclear supernatant (S1), cytosolic- (S2) and membrane-

enriched (P2) fractions from cultured cortical neurons at 12-17 DIV; immunoreaction performed with 

antibodies against APache, synapsin I (Syn I) and synaptophysin (p38). Syn I and p38 are used as SV 

membrane markers. (B) Quantification of APache level (S1: 100 ± 15.67; S2: 31.57 ± 14.79; P2: 179.5 ± 

30.17; n=5 independent preparations) expressed in percentage of the respective amount in post nuclear 

supernatant. **p<0.01, Kruskal-Wallis test. Graph show means ± SEM. (C) Representative western blotting 

run in duplicate of total lysates (untreated), organellar/plasma membrane and cytosolic preparations from 

cultured cortical neurons at 12-17 DIV; immunoreaction performed with antibodies against APache, 

vinculin, Na
+
/K

+
 ATPase α-3 (NaK3), LAMP1, LC3 II and actin. LC3 II and LAMP1 are used as protein 

markers respectively of autophagosomes and lysosomes to confirm the enrichment of autophagic 

vacuolars (autophagosomes and autolysosomes) in membrane fractions. Vinculin is used to evaluate 

potential cytosolic contaminations in organellar fractions and used as cytosolic loading control. NaK3 is 

used as membrane loading control. Actin is used as untreated total loading control. (D) Quantification of 

APache distribution in each fraction expressed in percentage of the respective amount in untreated total 

samples (untreated: 100 ± 13.29; membrane: 132.8 ± 20.58; cytosol: 17.68 ± 5.86; n=6 independent 

preparations). Values are normalized on the respective loading controls. **p<0.01, ***p<0.001, Ordinary 

one-way ANOVA. All graphs show means ± SEM. 
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7.2 APache silencing causes an aberrant autophagic 

accumulation also at synaptic level 

 Our previous results made us wonder if lack of APche may influence the autophagic 

pathway. To investigate this point, we silenced APache expression in mouse cortical 

neurons at 12 DIV through lentiviral transduction with a silencing mCherry-shRNA 

(APache KD), using a control mCherry-RNA for control neurons (control). First, cells 

were analyzed at 17 DIV by transmission electron microscopy (TEM) both at synaptic 

and neuritic level to check for autophagosome presence (Fig. 16A,D). In neurons, 

indeed, autophagosomes mainly form at synaptic level (Maday and Holzbaur, 2016; 

Kulkarni and Maday, 2018a). The constitutive presence of autophagosomes is 

considered physiological in neurons, but is rather limited, and an increase in the 

number and/or density of autophagosomes can therefore correlate with autophagic 

dysfunctions (Nixon et al., 2013; Zhang et al., 2013; Frake et al., 2015; Menzies et al., 

2015; Azarnia Tehran, 2018; Bingol, 2018; Fujikake et al., 2018; Mizushima and 

Murphy, 2020; Overhoff et al., 2020). Compared to controls, in APache KD neurons a 

higher percentage of synapses accumulated autophagic vacuoles (AVs), identified as 

single or double membrane-bound vacuoles containing intracellular material (Fig. 

16A,B). Despite the density of AVs in KD synapses showed a trend of increase, no 

significantly changes were found (Fig. 16C). Regarding the presence of 

autophagosomes along neurites, we have always been able to detect AVs along 

neuronal processes in all conditions, but KD neurites were characterized by a 

significantly increased AV density compared to controls (Fig. 16D,F). Notably, the 

ultrastructural effects of APache KD were reversible: the silencing phenotype was 

completely rescued by co-transduction of the neurons with eGFP-APache, an 

overexpressing vector resistant to shRNA silencing (APache rescue) (Fig. 16A-F).  

 Effects of APache downregulation in neurons were also assessed by 

immunocytochemistry. In silenced samples, LC3 fluorescence intensity, detected in the 

whole neuron, resulted considerably higher compared to control cells (Fig. 17A,B). 

Moreover, APache KD cells showed a significantly higher colocalization between LC3-

positive structures and the synaptic marker VAMP2, compared to controls (Fig. 

17C,D), with no altered density of synaptic boutons (VAMP2-positive puncta) (Fig. 

17E,F). These data indicate that, as consequence of APache downregulation, we 

observe an accumulation of autophagosomes at synapses. 
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 To further confirm autophagic accumulation consequentially to APache silencing, 

control and KD cortical neurons were also analyzed through western blot assay. 

APache lacking cells were characterized by significantly higher expression level of LC3 

II, indicative of an increased amount of autophagic vacuoles in the cells (Fig. 17G,H). 

Moreover, the expression level of AP-2α resulted also significantly reduced in KD 

neurons (Fig. 17G,H) in agreement with previous results (Piccini et al., 2017).  

 Collectively, these data demonstrate a strong accumulation of autophagosmes also at 

synaptic level after APache silencing in neurons. 
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Figure 16: Ultrastructural analysis of autophagic vacuoles in APache KD cortical neurons  

(A) Representative electron micrographs of synaptic terminals from cultured cortical neurons transduced at 

12 DIV with lentiviral vectors coding for either control mCherry-shRNA (control) or APache mCherry-

shRNA (APache KD) and rescued by coinfection with EGFP-APache resistant to silencing (APache 

rescue), and processed at 17 DIV. Scale bar, 200 nm. (B,C) Quantification of the percentage of synapses 

containing AVs (B) and AV density (C) in control, APache KD and APache rescue neurons (n=114 control 

synapses, n=100 APache KD synapses and n=50 APache rescue synapses, from 4 independent 

preparations). (B: control: 4.897  1.799%, APache KD: 15.278  2.240%, rescue: 6.6  1.5%; C: control: 

0.641  0.25, APache KD: 1.05  0.128, rescue: 0.349  0.015). *p<0.05; one-way ANOVA with 

Bonferroni’s multiple comparison test. All graphs show means ± SEM. (D) Representative electron 

micrographs of neurites from control, APache KD or APache rescue cortical neurons. White arrowheads 

indicate autophagic vacuoles (AV). Scale bar, 200 nm. (E,F) Quantification of the percentage of neuronal 

processes containing AVs (E) and AV density (F) in control, APache KD and APache rescue neurons 

(n=54 images per genotype, from 3 independent preparations). (E: control: 60.248  7.687%, APache KD: 

86.364  4.545%, rescue: 56.818  9.185%; F: control: 0.4  0.022, APache KD: 1.28  0.008, rescue: 

0.272  0.025). ***p<0.001; one-way ANOVA with Bonferroni’s multiple comparison test. All graphs show 

means ± SEM 
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Figure 17: APache KD cortical neurons accumulate autophagosomes also at synapses 

(A) Representative confocal images of cortical neurons transduced at 12 DIV with lentiviral vectors coding 

for either control mCherry-shRNA (control) or APache mCherry-shRNA (APache KD) (red) and stained for 

LC3 (green) at 17 DIV. Scale bar, 10 µm. (B) Quantification of LC3 intensity values in control and APache 

KD neurons (control: 4.14 ± 0.61, n=33 neurons; APache KD: 10.18 ± 1.73, n=31 neurons, from 3 

independent preparations). A.U. = arbitrary units of fluorescence intensity. ***p<0.001, Mann-Whitney 

Unpaired t test. Graph shows means ± SEM. (C) Representative confocal images of control or APache KD 

cortical neurons (red) stained for LC3 (green) and VAMP2 (magenta). White boxes indicate panels 

magnified to the right. Arrowheads in the magnified inserts indicate points of co-localization between LC3-

positive structures and synaptic boutons. Scale bars: 20 µm, 10 µm (inserts). (D) Quantification of the 

percentage of LC3 puncta colocalizing with VAMP2 in control and APache KD neurons (control: 13.42 ± 

1.63, n=36 neurons; APache KD: 24.91 ± 2.72, n=38 neurons, from 3 independent preparations). A.U. = 

arbitrary units of fluorescence intensity. ***p<0.001, Unpaired t test with Welch's correction. Graph shows 

means ± SEM. (E) Representative images of control or APache KD neurons stained for VAMP2 (green). 

Co-localization panels indicate synaptic boutons of tranduced neurons. Scale bar, 20 µm. (F) 

Quantification of the density of VAMP2-positive puncta in control and APache KD neurons (control: 0.032 ± 

0.0024, n=27 neurons; APache KD: 0.029 ± 0.0023, n=28 neurons, from 3 independent preparations). 

Graph shows means ± SEM. n.s.= non-significant, Mann-Whitney Unpaired T-test. (G) Representative 

western blotting of lysates from cultured cortical neurons transduced at 12 DIV with lentiviral vectors 

coding for either control mCherry-shRNA (control) or APache mCherry-shRNA (APache KD) and 

processed at 17 DIV; immunoreaction with antibodies against APache, AP-2α, LC3 II (lower band) and 

actin, used as loading control. APache is used to confirm its depletion. (H) Quantification of APache level 

(control: 100 ± 16.73; APache KD: 3.4 ± 0.98, n=6 independent preparations), AP-2α level (control: 100 ± 

4.37; APache KD: 54.14 ± 7.74, n=6 independent preparations) and LC3 II level (control: 100 ± 14.38; 

APache KD: 179.7 ± 15.42; n=6 independent preparations). Protein levels in APache KD neurons are 

expressed in percentage of the respective amounts in control neurons. Values are normalized on loading 

control. **p<0.01, ***p<0.001, Unpaired t test with Welch's correction. Graph shows means ± SEM. 
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7.3 APache KD neurons accumulate amphisomes 

 To investigate the molecular mechanism of APache in autophagy, we started by 

characterizing the nature of autophagosomes that accumulate in neurons 

consequentially to APache downregulation. During their retrograde transport forward to 

the soma, autophagosomes may undergo to maturation by fusion with late endosomes 

to form amphisomes (Wang et al., 2015; Cheng et al., 2015; Maday and Holzbaur, 

2016; Kulkarni and Maday, 2018a; Hill and Colón-Ramos, 2020). In order to 

determinate if APache silenced neurons accumulate newly formed or late-stage 

autophagosomes, we firstly performed western blot assays on transducted control and 

KD cortical neurons and measured the expression level of two endosomal Rab proteins 

associated to different stages of endosomal maturation: Rab5, considered a marker of 

early endosomes, and Rab7, instead associated to late endosomes. KD neurons 

showed higher expression levels of Rab7 compared to controls, while Rab5 resulted 

unchanged between the two conditions (Fig. 18A,B), suggesting an increased amount 

of solely late endosomes/amphisomes in lack of APache.  

 To visualize late-stage autophagosomes, we then performed immunocytochemistry 

assays double-labeling control and APache KD cortical neurons for LC3 and Rab7. KD 

cells showed, in addition to a higher level of fluorescence intensity of LC3 as expected, 

also increased Rab7 fluorescence intensity compared to controls (Fig. 18C,D). 

Moreover, downregulated cells showed a significantly higher colocalization between 

Rab7 and LC3 signals (Fig. 18C,E), identifying autophagosomes that accumulate in 

KD neurons are late-stage autophagosomes post-fusion with Rab7-positive late 

endosomes. Altogether, the biochemical and imaging data argue that the 

autophagosomal structures observed by electron microscopy have undergone fusion 

with late endosomes. 
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Figure 18: Increased amount of late-stage autophagosomes in APache KD cortical neurons.  

(A) Representative western blotting of lysates from control or APache KD cortical neurons; 

immunoreaction with antibodies against APache, Rab5, Rab7 and actin, used as loading control. Rab5 

and Rab7 are used as markers of respectively early and late endosomes. (B) Quantification of Rab7 level 

(control: 100 ± 19.91; APache KD: 170.1 ± 9.75, n=6 independent preparations) and Rab5 level (control: 

100 ± 8.61; KD: 102.8 ± 8.64; n=6 independent preparations). Protein levels in APache KD neurons are 

expressed in percentage of the respective amounts in control neurons. Values are normalized on actin 

levels. Graph shows means ± SEM. *p<0.05, Unpaired t test with Welch's correction. (C) Representative 

confocal images of control or APache KD cortical neurons (blue) stained for LC3 (green) and Rab7 (red). 

Channels were false color-coded to better illustrate the co-localization. White boxes indicate panels 

magnified to the right. Arrows in the magnified inserts indicate points of co-localization between LC3 and 

Rab7 along neurites. Scale bars: 10 µm, 5 µm (inserts). (D) Quantification of Rab7 intensity values in 

control and APache KD neurons (control: 10.55 ± 2.40, APache KD: 33.24 ± 5.09, n=31 neurons from 3 

independent preparations). A.U. = arbitrary units of fluorescence intensity. (E) Quantification of the 

percentage of LC3 puncta colocalizing with Rab7 in control and APache KD neurons (control: 7.84 ± 1.41, 

APache KD: 12.68 ± 1.46, n= 31 neurons from 3 independent preparations). All graphs show means ± 

SEM. **p<0.01, ****p<0.0001; Mann-Whitney Unpaired t test.  
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7.4 APache silencing causes the blockade of the 

autophagic flux 

 Once assessed APache participation in autophagy pathway, we wanted to define its 

molecular mechanism starting by the identification of the autophagic stage in which 

APache is involved. Autophagy is a complex process and requires a strictly regulation 

during all its phases. Thus, alterations in every step of the pathway lead to an important 

unbalancing between autophagosome formation and degradation. Autophagosome 

accumulation is indeed mainly imputable to two factors: a greater autophagic 

production, or a blockade of the cycle with a consequential diminished autophagic 

degradation (Zhang et al., 2013; Mizushima and Murphy, 2020). Our electron 

microscopy, fluorescence microscopy and biochemical analysis showed a strong 

accumulation of autophagosomal structures that have undergone fusion with late 

endosomes all over APache KD neurons, along neurites and at presynaptic terminals. 

But the increased level of LC3 II that we observed does not necessarily estimate the 

autophagic activity, because not only autophagy activation but also inhibition of 

autophagosome degradation greatly increases the amount of LC3 II. 

 For this reason, we focused on the early stages of autophagy: induction and 

autophagosome formation. We analyzed lentiviral transducted control and APache KD 

cortical neurons through western blot by measuring the expression level of crucial 

mediators of autophagic induction and formation. To evaluate the level of induction of 

the autophagyc cycle, we analyzed the level of the main autophagic regulator mTOR, 

in both its total and active form phospho-mTOR. To monitor the generation of new 

autophagosomes we measured the level of two proteins required for autophagosome 

formation, Atg 3 and Atg5. Western blot analysis reported no differences between 

control and silenced neurons in the level of mTOR/phosphor-mTOR, as well as Atg 

proteins (Fig. 19A,B), excluding alterations in the early stages of autophagy 

consequentially to APache downregulation. 

 Degradation of the autophagic receptor p62 is a widely used marker to monitor 

autophagy activity, because p62 directly binds to LC3 and is selectively degraded by 

autophagy (Bjørkøy et al., 2005; Zhang et al., 2013; Mizushima et al., 2020). We then 

tested control and APache KD cortical neurons to assess if the alterations observed in 

silenced cells were caused by a blockade of the autophagic flux. We analyzed the 

samples through immunocytochemistry and detected the signal of p62. Silenced 

neurons showed a significantly increase in p62 fluorescence intensity compared to 
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control neurons (Fig. 19C,D), indicative of a blockade of the autophagic flux in the 

absence of APache. 

 To estimate autophagosome maturation and degradation further, we used a version of 

LC3 probe tagged with both eGFP and the red fluorescent protein mCherry (mCherry-

eGFP-LC3B). Both fluorescent reporters are active before fusion and acidification of 

autophagosome with lysosome, making immature autophagosomes emit both green 

and red signals, and appear yellow. The eGFP signal is quenched when 

autophagosome acidifies, because of the degradation of eGFP by lysosomal 

proteases, while the mCherry is unaffected, so mature autolysosomes appear 

exclusively red. The dynamic switch from yellow to red fluorescence its indicative of a 

functional autophagic flux process. Accordingly, when the autophagy flux is blocked 

and the formation of autolysosomes is impaired, the ratio between the green and the 

red signal increases (Mizushima and Murphy, 2020). 

 We cotransfected mouse cortical neurons at 14 DIV with the tandem mCherry-eGFP-

LC3B construct and control or APache silencing vectors (mTurquoise-ShRNA), and we 

imaged the cells soma at 17 DIV to detect the signal of both mCherry and eGFP. The 

calculated eGFP/mCherry intensity ratio resulted significantly higher in silenced cells 

compared to control neurons (Fig. 19E,F), confirming the autophagic blockade 

consequentially to APache downregulation. 
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Figure 19: APache silencing causes the blockade of autophagic flux.  

(A) Representative western blotting of lysates from control or APache KD cortical neurons; 

immunoreaction with antibodies against APache, mTOR, phospho-mTOR(Ser2448) (p-mTOR), Atg5, Atg3 

and actin, used as loading control. APache is used to verify the actual silencing of the protein. mTOR and 

phospho-mTOR are used to evaluate the level of autophagy induction. Atg5 and Atg3 are used as markers 

of early autophagosomes (B) Quantification of mTOR level (control: 100 ± 25.46; APache KD: 121.9 ± 

40.81), p-mTOR level (control: 100 ± 37.41; KD: 106.4 ± 21.77), Atg5 level (control: 100 ± 16.67; APache 

KD: 105.8 ± 19.38) and Atg3 level (control: 100 ± 15.35; APache KD: 99.57 ± 18.52). n=6 from 3 

independent preparations. Protein levels in APache KD neurons are expressed in percentage of the 

respective amounts in control neurons. Values are normalized on actin levels. Graph shows means ± 

SEM. Unpaired t test with Welch's correction. (C) Representative confocal images of control or APache KD 

cortical neurons (red) stained for p62 (green). Scale bar, 20 µm. (D) Quantification of p62 intensity values 

in control and APache KD neurons (control: 5.85 ± 0.45, n=34 neurons; APache KD: 15.17 ± 1.74, n=37 

neurons, from 3 independent preparations). ****p<0.0001. Mann-Whitney Unpaired t test. A.U. = arbitrary 

units of fluorescence intensity. (E) Representative confocal images of mouse cortical neurons (17 DIV) co-

transfected at 14 DIV with vectors coding for either control mTurquoise-shRNA (control) or APache 

mTurquoise-shRNA (APache KD) and tandem mCherry-eGFP-LC3B, as a reporter of autolysosome 

formation. White boxes indicate soma shown magnified to the right. Scale bar, 20 µm (10 µm in the insets). 

(F) Mean eGFP/mCherry intensity ratio in control and APache KD neurons  (control: 0.9861 ± 0.1692, 

n=44 neurons; APache KD: 1.997 ± 0.2414, n=45 neurons, from 5 independent preparations). All graphs 

show means ± SEM. ****p<0.0001 Dunn's multiple comparisons test.  
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7.5 APache silencing does not alter lysosomal density 

and functionality 

 A block in autophagy leads to a decreased degradation of autophagosomes, that 

accumulate within the neuron. The cause of this impaired clearance may depend on an 

inefficient transport of autophagosomes to the soma, an altered fusion with lysosomes 

and/or to lysosomal dysfunctions (Kononenko et al., 2017; Tamminemi et al., 2017; 

Whyte et al., 2017; Bingol, 2018).  

 To identify the cause of the autophagic block in APache KD neurons, we first focused 

on lysosomes. The two main factors impacting on lysosomal degradation usually are 

represented by a low number of lysosomes, insufficient to cope with autophagosome 

production, or the presence of dysfunctional lysosomes with a diminished proteolytic 

activity (Trivedi et al., 2020). 

 We first evaluated lysosomal density in control and APache KD cortical neurons 

silenced through lentiviral transduction, by measuring through immunocytochemistry 

the fluorescence intensity of the lysosomal marker LAMP1. LAMP1 signal resulted 

similar in both controls and silenced cells (Fig. 20A,B). To confirm the result, we 

measured the expression level of LAMP1 in control and KD neurons by performing 

western blot analysis. Similarly to immunofluorescence result, control and KD samples 

showed similar levels of LAMP1 (Fig. 20C,D). These data indicate that APache 

silencing does not affect lysosomal density. 

 In light of this data, we focused on lysosomal functionality, which relies on the 

enzymatic activity of hydrolases, mainly represented by cathepsins (Roberts, 2005). To 

evaluate lysosomal degradative activity, we first measured by western blot analysis the 

expression level of the lysosomal enzyme cathepsin D (CTSD) in transducted APache 

KD cortical neurons, to evaluate if APache silencing could alter the concentration of 

this enzyme. KD cells showed a similar CTSD expression level compared to controls 

(Fig. 20C,D). To test the functionality of this enzyme, we performed a colorimetric 

assay to measure the proteolytic activity in cell lysates obtained from both control and 

transducted APache KD cortical neurons. The enzyme resulted equally active in both 

control and KD samples (Fig. 20E). 

 Moreover, the expression level of ATP6V1A, the A subunit of the protonic pump 

vATPase that acidifies lysosomes, identified as an APache interactor (Piccini et al., 

2017), resulted unaltered in silenced neurons compared to control cells (Fig. 20C,D). 
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 Collectively, these data exclude an altered lysosomal density and degradative activity 

as putative cause for autophagosome accumulation observed in APache KD neurons, 

suggesting that APache role in autophagy relies on other mechanisms of the pathway. 
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Figure 20: APache silencing does not alter lysosomal density and functionality. 

(A) Representative confocal images of control or APache KD neurons (red) stained for the lysosomal 

marker LAMP1 (green). Scale bar, 20 µm. (B) LAMP1 intensity values in APache KD neurons are 

unaltered compared to control neurons (control: 71.46 ± 8.44, APache KD: 69.70 ± 5.87, n=24 neurons, 

from 3 independent preparations). A.U. = arbitrary units of fluorescence intensity. Unpaired t test with 

Welch's correction. (C) Representative western blotting of lysates from control or APache KD cortical 

neurons; immunoreaction with antibodies against LAMP1, ATP6V1A, cathepsin D (total form: pro CTSD; 

active form: active CTSD) and actin, used as loading control. (D) Quantification of LAMP1 level (control: 

100 ± 6.57; APache KD: 99.71 ± 8.59, n=10 from 4 independent preparations), active CTSD level (control: 

100 ± 5.45; APache KD: 111.4 ± 14.87, n=7 from 3 independent preparations) and ATP6V1A level 

(control: 100 ± 4.8; KD: 98.78 ± 7.69; n=5 from 2 independent preparations). Protein levels in APache KD 

neurons are expressed in percentage of the respective amounts in control neurons. Values are normalized 

on actin levels. All graphs show means ± SEM. Unpaired t test with Welch's correction. (E) Cathepsin D 

activity in control and APache KD neurons. Data were normalized to µg protein/sample and expressed in 

percentage of control values (control: 100 ± 14.03; APache KD: 116 ± 6.97, n=8 samples from 3 

independent preparations). Graph shows means ± SEM. Unpaired Student’s t test. 
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7.6 APache silencing does not alter autophagic 

retrograde transport 

 

 One of the major events driving neuronal autophagy consists in retrograde transport of 

autophagosomes from synapses to the soma, where most lysosomes are located, 

along axonal microtubules, through an active process that requires the mediation of the 

motor complex dynactin (Wang et al., 2015; Cheng et al., 2015; Kulkarni and Maday, 

2018b; Hill and Colón-Ramos, 2020). Neurons with an impaired autophagic transport 

are characterized by an accumulation of AVs at synapses and along the axon (Boland 

et al., 2008; Nixon and Yang, 2011; Kononenko et al., 2017). 

 To test if an inefficient autophagosome retrograde transport may contribute to 

autophagic accumulation observed in APache-silenced neurons, we monitored 

autophagosome transport in mouse cortical neurons through live-cell imaging. Neurons 

were cotransfected at 10 DIV with control or APache-silencing eEGFP-ShRNA-vectors 

and RFP-LC3B construct, and at 13 DIV RFP-tagged autophagosomes were tracked 

along axons to evaluate their motility (Fig. 21A).  To better visualize the movements of 

LC3 puncta during the recordings, the analyzed axonal tracts were represented by 

kymographs, graphical illustrations commonly used to provide the spatial position of 

particles over time (Fig. 21B). 

  Axonal tracts around 25 μm of length were imaged for 30 s, and recordings were 

analyzed to calculate the fraction of stationary versus mobile autophagosomes (in 

retrograde direction or anterograde behavior). Afterward, retrograde moving RFP-

puncta were manually tracked to measure their velocity (μm/s). In control and APache 

KD neurons the percentage of retrograde autophagosomes over the total LC3 puncta 

population resulted unchanged (control: 11 ± 1.53%; APache KD: 6.33 ± 1.86%) (Fig. 

21C), as well as the velocity of retrograde autophagosomes in KD neurons resulted 

similar to control neurons (control: 0.3 ± 0.04 μm/s; APache: 0.31 ± 0.04 μm/s) (Fig. 

21D).  

 Currently, these findings indicate that APache silencing does not alter autophagosome 

mobility, neither in terms of number of retrograde organelles nor in their velocity. 

However, this must be considered a preliminary result, as until now we performed a 

limited number of experiments, still insufficient to draw firm conclusions on APache role 

in autophagosome trafficking. 
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Figure 21: APache silencing does not alter autophagic retrograde transport 

(A,B) Representative time-lapse images (0 s, 15 s, 30 s) (A) and corresponding kymographs (B) of mouse 

cortical neurons (13 DIV) co-transfected at 10 DIV with vectors coding for either control eEGFP-shRNA 

(control) or APache eEGFP-shRNA (APache KD) and RFP-LC3b as a reporter of autophagosomes. 

Arrowheads indicate static (red) and retrograde  (green) LC3 puncta (white). Scale bars, 5 µm. (C, D) 

Quantification of stationary and retrograde LC3 puncta expressed in percentage of total LC3 puncta (C) 

(control: static: 81.33 ± 2.6%, retrograde: 11 ± 1.53%; APache KD: static: 90 ± 2.89%, retrograde: 6.33 ± 

1.86%, n=3 independent preparations) and relative retrograde velocity (D) (control: 0.3 ± 0.04 μm/s, n=40 

LC3 puncta; APache: 0.31 ± 0.04 μm/s, n=20 LC3 puncta, from 3 independent preparations). All graphs 

show means ± SEM. Two-way ANOVA/Mann-Whitney Unpaired t test. 
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7.7 AD human brains show reduced APache expression 

  Alterations in autophagy link to several neurodegenerative diseases, such as AD, 

where neurons are characterized by a severe accumulation of autophagosomes 

(Boland et al., 2008; Nixon and Yang, 2011). Functional alterations of the endosomal 

and autophagic pathways and of SV trafficking occur as early pathogenic events in AD 

neurons (Cao et al., 2010). This distinctive phenotype resembles the one we observed 

in APache KD neurons and the one reported in AP-2 KO neurons, a protein playing a 

role in neuronal autophagy preventing neurodegeneration (Kononenko et al., 2017; 

Bera et al., 2020).  

 In light of this morphological similarity, considered the previously described thigh 

connection between APache and autophagy, we wanted to indagate if APache is 

involved in the pathogenesis of the precocious neuronal alterations observed in AD that 

directly contribute to synaptic dysfunction and reduced neuronal survival. To test this 

hypothesis, we measured by western blot analysis the expression level of APache in 

autopsy sections from frontal cerebral cortex of late onset sporadic AD patients and 

cognitively normally aging elderly subjects as controls (aged matched). Synaptic 

integrity was checked measuring the expression level of the synaptic marker 

synaptotagmin 1 (Syt 1). AD brains showed a drastically decreased expression level of 

APache compared to controls (Fig. 22A,B), not imputable to neuronal loss or synaptic 

degeneration, since level of Syt 1 was unchanged (Fig. 22A,B). Notably, also the level 

of AP-2 was significantly reduced in AD brain samples (Fig. 22A,B). 

 We are currently evaluating whether APache silencing might contribute to the 

pathogenesis of AD by modifying the processing of amyloid precursor protein APP and 

production of Aβ. Preliminary results obtained by western blot analysis on extracellular 

soluble APP levels (sAPP), as a read-out of the general cleavage of the protein, 

showed a reduction of extracellular sAPP levels in cell medium of APache KD neurons 

compared to controls (data not shown). 

 These data indicate that APache may be involved in the pathogenesis of AD and it 

may represent a useful marker to monitor the progression of the disease at early 

stages, when neuronal death is not already occurred. 
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Figure 22: Decreased APache protein level in human AD brains  

(A) Representative western blotting of homogenates from brain samples of late onset sporadic AD patients 

(AD) and cognitively normally aging elderly subjects (control); immunoreaction with antibodies against 

APache, AP-2, synaptotagmin 1 (Syt 1) and actin. Syt 1 is used as synaptic markers to evaluate synaptic 

loss. Values are normalized on Sy 1 levels.  (B) Quantification of APache level (control: 100 ± 12.95; AD: 

25.62 ± 6.92), AP-2level (control: 100 ± 12.54; AD: 46.87 ± 6.75) and Syt 1 level (control: 100 ± 2.56; 

AD: 98.4 ± 2.05), n=8 subjects per condition. Protein levels in AD brains are expressed in percentage of 

the respective amounts in control brains. Values are normalized on Syt 1 levels. **p<0.01, ***p<0.001, 

Unpaired Student’s t test/Mann-Whitney Unpaired test. All graphs show means ± SEM. 
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5. Discussion 

 

 

 Autophagy is a highly conserved self-eating process fundamental for the regulation of 

cellular homeostasis by eliminating old or damaged cell components to obtain basic 

metabolites during stress or starvation (Debnath et al., 2005; Reef et al., 2006). 

Considering that neurons are perennial polarized cells subjected to high constant 

activity for neurotransmission, the proper clearance of dysfunctional components 

through autophagy results particularly crucial (Vijayan and Verstreken, 2017; Wang et 

al., 2017). To date it is clear that several presynaptic proteins canonically known for 

their role in SV endocytosis, such as AP-2 (Kononenko et al, 2017; Azarnia Tehran et 

al., 2018; Overhoff et al., 2020), play also a role in autophagy and neurodegeneration. 

In fact, alterations in any step of autophagy link to several neurodegenerative diseases 

(Nixon et al., 2013; Frake et al., 2015; Menzies et al., 2015; Azarnia Tehran, 2018; 

Bingol, 2018; Fujikake et al., 2018; Overhoff et al., 2020). For this reason, in the last 

decade several studies focused on the characterization of neuronal autophagy, a 

process still largely unclear especially as regards the molecular players involved, 

highlighting the necessity of identification of neuronal specific autophagic markers.  

 In this study, we investigated the involvement of APache in neuronal autophagy. 

APache is a previously unknown protein identified as a novel interactor of AP-2 and 

characterized in our research group as an important actor in CME playing an essential 

role in neuronal development and synaptic transmission. Pull-down experiments and 

mass spectrometry analysis identified several proteins involved in organelle/vesicular 

transport, part of the endosomal and lysosomal systems, as APache-interacting 

partners (Piccini et al., 2017; Fig. 12 Introduction).  

 The involvement of APache in neuronal autophagy has been suggested by the strong 

increase of its protein level observed in primary cortical neurons after autophagy 

stimulation with Torin1 also at synaptic level, and by the increased colocalization 

between APache and LC3 at the level of autophagosomes in this condition (Fig. 14 

Results). The data were corroborated by APache enrichment at the level of the 

membrane/organellar fraction of the neurons, where also autophagosomes and 

autolysosomes are enriched (Fig. 15 Results). These results suggest that APache may 

be present at level of autophagosome membranes and participate to autophagic 
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pathway. Experiments of co-immunoprecipitation of APache and LC3 performed in 

mouse brain extracts did not reveal a direct interaction between the two proteins (data 

not shown), and a purification of autophagomes will be therefore needed to validate 

APache association with these vacuolar structures. 

 Several lines of evidence suggest that APache is not simply involved, but even crucial 

for the normal proceeding of the autophagic cycle. In distal axon autophagosomes fuse 

with late endosomes to form amphisome (Cheng et al. 2018; Yap et al. 2018) and 

begin a process of maturation that is coupled with their retrograde transport mediated 

by dynactin through axonal microtubules toward the cell body, where lysosomes are 

enriched, and fuse with lysosomes allowing their degradation (Wang et al., 2015; 

Cheng et al., 2015; Kulkarni and Maday, 2018b). Western blot analysis, fluorescence 

and electron microscopy revealed a defective autophagy in neurons after APache 

silencing (Fig. 16, 17 and 18 Results). We observed a severe accumulation of 

autophagic structures, mainly late-stage autophagosomes, already fused with late 

endosomes, along neurites and at presynaptic terminals in absence of APache. A 

blockade of the autophagic flux leading to a consequential accumulation of 

autophagosomes (Mizushima & Murphy, 2020; Zhang et al., 2013) was demonstrated 

by increased autophagic receptor p62 level and mCherry-eGFP-LC3B switch from red 

to yellow fluorescence observed in APache-silenced neurons (Fig. 19 Results). 

Unaltered expression levels of crucial mediators of autophagy induction (phospho-

mTOR) and formation (Atg3 and Atg5) in absence of APache (Fig. 19 Results) instead 

excluded an involvement of the protein in the early stages of the pathway.  

 The precise molecular mechanism causing the blockade of the autophagic flux after 

APache silencing in neurons is unfortunately still lacking. AP-2 is an important mediator 

of autophagosome retrograde transport, by binding both LC3 and the motor complex 

dynactin (Kononenko et al., 2017). In light of APache direct interaction with AP-2 

(Piccini et al., 2017), we speculated that together with AP-2 APache might be part of a 

protein complex that mediates autophagosome retrograde transport. Unexpectedly, 

APache seems not involved in the retrograde transport of autophagosomes to the 

soma: in absence of APache the amount of autophagosomes moving through 

retrograde transport and also their velocity were similar to what we observed in control 

conditions (Fig. 21 Results). Moreover, analysis performed through fluorescence 

microscopy and biochemical assays (Fig. 20 Results) revealed that APache-silenced 

neurons have no alterations neither in the amount of the main lysosomal marker 

LAMP1 and ATP6V1A (the A subunit of the protonic pump vATPase that acidifies 

lysosomes identified as an APache interactor) nor in the expression and activity of the 
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lysosomal hydrolase cathepsin D, to indicate that APache silencing does not affect 

lysosomal density and degradative activity.  

 The implication of APache-AP2 interaction, if any, in the autophagic context remains 

still unclear. Certainly, our data showed a close correlation between the levels of both 

proteins: with the induction of autophagy in neurons with Torin1 both levels are 

increased (Fig. 14 Results), in APache-silenced neurons AP-2 levels are roughly 

halved (Fig. 15 Results), in brain samples of AD we observed a drastic reduction in the 

expression levels of both proteins (Fig. 22 Results). Beyond a close functional 

correlation, there could be a role of APache in determining the stability of AP-2 in the 

formation of a molecular complex. 

 Synapses represent a key site in neuronal autophagy: both autophagic induction and 

autophagosome formation occurs at synaptic boutons (Wang et al., 2015; Cheng et al., 

2015; Kulkarni and Maday, 2018b) and autophagy itself influences synaptic 

morphology and functioning (Hernandez et al., 2012; Vijayan and Verstreken, 2017). 

Moreover, AD neurons are characterized by a distinctive accumulation of AVs at 

presynaptic terminals caused by autophagic alterations (Boland et al., 2008; Nixon and 

Yang, 2011). We assessed a strong autophagic accumulation at APache-silenced 

synapses, and, moreover, biochemical analysis performed on brain samples of late 

onset sporadic AD patients showed a severely decreased level of APache at early 

stages of the disease, when synaptic loss is not already occurred (Fig. 22 Results). 

Levels of several proteins involved in SV trafficking are reduced from early stages of 

the disease and are associated with ultrastructural changes and impaired function of 

the synapses (Cao et al., 2010; Yao et al., 2003; Masliah et al., 2001). We can 

speculate that APache function is defective in AD and this is causally related to 

pathological neuronal alterations in SV and autophagy trafficking. Future studies will be 

needed to verify this hypothesis, but the possible involvement of APache also at 

synaptic levels would broaden our knowledge about new neuronal-specific autophagic 

markers useful for the identification of new drug targets. 

 

  



64 
 

6. Conclusions and future 

perspective 
 

 

 In this dissertation we described APache as a novel presynaptic actor of autophagy, 

involved in the mid and late stages of the pathway. We showed that APache 

downregulation causes a blockade of the autophagic flux, with a consequential 

accumulation of late-stage autophagosomes that occurs in the whole neuron, along 

neurites and at presynaptic terminals. The precise molecular mechanism of APache is 

still unknown, however our data indicate that the autophagic blockade observed in 

APache KD neurons is not due to alterations in lysosomal density or dysfunctional 

lysosomal enzymes.  

 Interestingly, APache level resulted severely reduced in brain samples of late onset 

sporadic AD patients when synaptic loss is not already occurred. We speculate that an 

altered APache level or a perturbation of its function may contribute to the 

pathogenesis of the precocious neuronal alterations observed in AD. A clearer 

elucidation of its functional role in neurons, therefore, may provide useful insight into 

the pathogenetic mechanisms at the basis of this untreatable disease, and is attractive 

and promising for the identification of druggable targets, which are urgently needed to 

achieve a definitive therapy for AD. Moreover, the main markers used to evaluate 

autophagic activity have a wide expression, not limited to the neural tissue (e.g. LC3), 

thus, the identification of a neuron-specific autophagic marker is still an important 

challenge researchers are dealing with. The neuron-specific expression of APache 

raises the intriguing possibility that this protein may be a promising candidate marker to 

specifically monitor neuronal autophagy. 

 To characterize the molecular mechanism of APache in neuronal autophagy, further 

experiments are still needed. We plan to conclude preliminary experiments on 

autophagosome trafficking and we are currently further analyzing lysosomal function by 

evaluation of EGF-induced degradation of EGF receptor in control and APache-

silenced neurons. We will investigate the fusion between autophagosomes and 

lysosomes, a crucial step of autophagy essential to guarantee the proper clearance of 

autophagosomes. In particular, we will focus on the interaction between autophagic 

and lysosomal SNARE proteins by performing co-immunoprecipitation or pull-down 

binding assays.  
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