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1. List of abbreviations 

AIM    ATG8-interacting motif 

ALR    Autophagic lysosome reformation 

ALS    Amyotrophic lateral sclerosis 

AP    Adaptor protein complex 

ATG    Autophagy related gene 

BECN1   Beclin1 

BFP    Blue fluorescent protein 

CNS    Central nervous system 

dKO    Double Knockout 

Dyn2    Dynamin2 

EBSS    Earle’s balanced salt solution 

ER    Endoplasmic reticulum 

ERES    ER exit sites 

FBA    Foot based angle 

FIP200    FAK family kinase-interacting protein of 200kD 

GFP    Green fluorescent protein  

HSP    Hereditary spastic paraplegia 

IM    Isolation membrane 

KD    Knockdown 

KI    Knockin 

KO    Knockout 

LAMP1   Lysosome-associated membrane glycoprotein 1 

LC3    Microtubule-associated protein 1A/1B-light chain 3 

LIR    LC3-interacting region 

M6PR    Mannose 6-Phosphate Receptor 

MEFs    Mouse embryonic fibroblasts 
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mTOR    Inhibitory mechanistic Target of Rapamycin 

PdtIns    Phosphatidylinositol 

PdtIns(3)P / PI3P  Phosphatidylinositol-3 phosphate 

PdtIns(4)P / PI4P  Phosphatidylinositol-4 phosphate 

PdtIns(4,5)P2 / PI(4,5)P2 Phosphatidylinositol-4,5 biphosphate 

PE    Phosphatidylethanolamine 

PI4K    Phosphatidylinositol-4 phosphate kinase 

PI4K2A   Phosphatidylinositol 4-kinase type 2 alpha 

PIs    Phosphoinositides 

PM    Plasma membrane 

p-S6K    Phosphorylated p70S6 Kinase 

PtdIns(3,5)P2 / PI3,5P2 Phosphatidylinositol-3,5 biphosphate 

PtdIns(5)P / PI5P  Phosphatidylinositol-5 phosphate 

qRT-PCR   Qualitative real-time PCR 

RFP    Red fluorescent protein  

ROS    Reactive oxygen species 

SPG    Spastic paraplegia gene 

SPIN    Spinster 

SQSTM1/p62   Sequestosome 1 

STX17    Syntaxin17 

TFEB    Transcription factor EB 

TGN    transGolgi network 

UBA    Ubiquitin-binding domain 

WT    Wild type 
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2. German summary (Zusammenfassung) 

Die hereditäre spastische Paraplegie (HSP) umfasst eine Gruppe heterogener 

neurodegenerativer Erkrankungen, die durch die Degeneration kortikospinaler Nervenfasern 

gekennzeichnet ist. Im Zusammenhang mit HSP wurden bereits mehr als 80 mutierte Gene 

(SPG) beschrieben. SPG11 und SPG15 gemeinsam machen die häufigste autosomal-rezessive 

erbliche HSP-Form aus. SPG11 und SPG15 sind außerdem mit SPG48, einer weiteren Form 

der autosomal-rezessiv vererbbaren HSP, assoziiert. SPG48 Patienten zeigen Mutationen in der 

zeta-Untereinheit des neu beschriebenen Adaptorproteinkomplexes-5 (AP-5). Verschiedene 

Hinweise sprechen für eine gemeinsame Rolle der Proteine SPG11, SPG15/ZFYVE26 und AP-

5 zeta.  

In dieser Studie wurde die Rolle von SPG11, ZFYVE26 und AP-5 für die Pathogenese der HSP 

untersucht. Es wurde ein SPG48 Mausmodell (Ap5z KO) generiert und charakterisiert. Mithilfe 

dieses Modells wurden strukturelle Veränderungen des transGolgi Netzwerkes (TGN), ein 

gestörter Transport von Endosomen zum TGN sowie eine Beeinträchtigung der 

Rückgewinnung von Lysosomen aus Autolysosomen (ALR) entdeckt. Außerdem wurde 

analysiert, ob der gleichzeitige Verlust von Spg11 und Zyfyve26 zu einem schwerwiegenderen 

Krankheitsbild im Mausmodell führt. Im Einklang mit der Annahme, dass beide Proteine eine 

gemeinsame Funktion für Autophagie und ALR haben, wurde kein schwerwiegenderer 

Phänotyp im Doppel Knockout (KO) im Vergleich zu den Einzel-KO‘s beobachtet. Zusätzlich 

wurde gezeigt, dass sich PI4K2A, eine Kinase, welche für die Produktion von 

Phosphatidylinositol-4 Phosphat (PdtIns(4)P) aus PdtIns zuständig ist, in Lipofuszin-ähnlichem 

Material in Neuronen von Spg11 KO und Zfyve26 KO-Mäusen anhäuft.  

Zusammengefasst zeigen die Ergebnisse, dass der Verlust von SPG11 oder ZFYVE26 zu einer 

Fehllokalisation von PI4K2A führt. Dies wiederum verändert lokal die Konzentration von 

PdtIns(4)P und PdtIns(4,5)P2. Dadurch kann es zu einer gestörten Rekrutierung von Effektoren 

wie Clathrin und Dynamin2 und einem ALR-Defekt kommen. Dies wiederum führt zu einer 

gestörten Autophagie und langfristig zur Neurodegeneration.  
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3. Summary 

Hereditary spastic paraplegia (HSP) denotes a group of heterogeneous neurodegenerative 

disorders caused by the degeneration of upper motor neurons. More than 80 associated genes 

(SPG) have been described so far. SPG11 and SPG15 together are among the most common 

forms of autosomal-recessive HSP. Clinically, SPG11 and SPG15 cannot be distinguished. 

Hence, it was proposed that both proteins are pathogenetically linked. Moreover, SPG11 and 

SPG15 are closely related with SPG48, another form of autosomal-recessive HSP. SPG48 

patients show mutations in the zeta subunit of the newly described adaptor protein complex-5 

(AP-5). Clinically, these patients present a similar but milder phenotype compared with SPG11 

and SPG15.  

In this study, we used Spg11, Zfyve26 and Spg48 Knockout (KO) mice to evaluate the role of 

SPG11, ZFYVE26 and AP-5 in the pathogenesis of HSP. We found structural alterations of the 

transGolgi network (TGN), an impairment of the retrieval of proteins from late endosomes to 

the TGN as well as an impairment of autophagic lysosome reformation (ALR) and autophagy. 

Moreover, we evaluated whether the simultaneous loss of Spg11 and Zfyve26 aggravates the 

phenotype in mice. Supporting a common role of these proteins in autophagy and ALR we did 

not observe any aggravation of the phenotype by simultaneous disruption of Spg11 and Zfve26. 

Furthermore, we were able to show that PI4K2A accumulates in autofluorescent intraneuronal 

deposits of Spg11 KO and Zfyve26 KO mice. PI4K2A, one of the four kinases responsible for 

the production of phosphatidylinositol-4 phosphate (PdtIns(4)P) from PdtIns, was found to be 

increased in mouse embryonic fibroblasts (MEFs) and brain samples of both KO mice.  

Taken together, the results show that the loss of SPG11 and ZFYVE26 leads to an increased 

accumulation of PI4K2A in autofluorescent material. The accumulation of this kinase resulted 

in the increase of its product PdtIns(4)P. This may also lead to altered levels of PdtIns(4,5)P2 

and thus to a dysregulated recruitment of the ALR effectors Clathrin and Dynamin 2. This in 

turn can result in impaired autophagy and neurodegeneration. Further analyses should be 

performed to clarify the role of these proteins in autophagy and ALR. 
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1. Introduction 

1.1 Hereditary Spastic Paraplegia (HSP) 

Hereditary Spastic Paraplegia (HSP) is a group of neurodegenerative disorders characterized 

by a prominent lower-extremity spasticity due to degeneration of corticospinal tract fibers 

(Blackstone 2012). First symptoms can arise during the infancy, childhood, adolescence or 

adulthood (Shribman et al. 2019). Advances in DNA sequencing technologies allowed to 

identify more than 80 distinct genetic loci mutated in HSPs with all modes of inheritance: 

autosomal-dominant, autosomal-recessive and X-linked (Klebe et al. 2015). Few mitochondrial 

DNA mutations have also been described (Mignarri et al. 2016; Verny et al. 2011; Sánchez-

Ferrero et al. 2012) (Figure 1).  

HSPs are present in populations worldwide with a pooled global average prevalence of about 

1.8:100,000 with geographic variances (Ruano et al. 2014). For example, a study in southeast 

Norway revealed a total prevalence of 7.4:100.000 (Erichsen et al. 2009), while in Portugal the 

prevalence is 4.1:100.000 (Coutinho et al. 2013). Interestingly, some forms of HSPs are more 

frequent in certain continents compared to others. Autosomal-dominant forms of HSP prevail 

in Northern Europe and North America (Ruano et al. 2014; Finsterer et al. 2012; Blackstone 

2018). Autosomal-recessive HSPs have been mostly observed in populations with high 

consanguinity, like in the middle East and North Africa (Coutinho et al. 1999; Boukhris et al. 

2009).  

In the past, HSPs have been divided into pure and complex forms (Harding 1983). Generally, 

patients affected by pure HSP show a slow progression of the disease with a prominent 

spasticity of the lower limbs, often associated with hypertonia, corticospinal tract signs, 

reduction of proprioception and vibration sense of lower extremities (Harding 1983). In some 

cases voiding dysfunction has been described (Fourtassi et al. 2012). Complex forms are 

associated with additional features including neuropathy, parkinsonism, cognitive impairment, 

epilepsy, dementia, aphasia, amyotrophy and visual abnormalities (Harding 1983; Blackstone 

2018). Moreover, some cases show clinical overlap with other disorders like lower motor 

neuron disease, cerebellar ataxia or leukodystrophy (Blackstone 2018). Most of the patients, 

especially in the case of pure forms, have a normal lifespan. 

Many of the autosomal-dominant forms of HSP (around 70-80 % of patients) are pure forms. 

The most common one is SPG4, covering 40% of the cases, with mutations in SPAST encoding 

the protein Spastin (Beetz et al. 2006; Hazan et al. 1999). 
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Autosomal-recessive HSPs, like the SPG11 or the SPG15 subtypes, are often defined as 

complex due to various clinical manifestations (Ruano et al. 2014) (chapter 1.1.2). 

Unfortunately, so far, no specific treatment is available. Therapy is mainly symptomatic in order 

to maintain the mobility and avoid complications due to falls or inactivity with the use of 

physiotherapy (Blackstone 2018). 

 

Figure 1. Scheme of HSP genes involved in the pathogenesis. HSP is a heterogeneous group of 

neurodegenerative disorders affecting the corticospinal motor neurons. Different genes have been 

described to cause HSP. Their products have been shown or proposed to act in different compartments 

and processes. ER: Endoplasmic reticulum (Blackstone 2018).  

 

1.1.2. SPG11, SPG15 and SPG48 

SPG11 is the most common subtype of autosomal-recessive HSPs. It is characterized by a slow 

progression of the disease and cognitive decline. Usually the first symptoms arise in childhood 

or at early teenager years, before the second decade of life (Kara et al. 2016). Canonical SPG11 

symptoms include difficulties in walking and spasticity of distal extremities, ataxia, severe 

bladder problems, parkinsonism and neuropathy (Guidubaldi et al. 2011; Kara et al. 2016). The 

major hallmark is the thinning of the corpus callosum, which can vary based on the severity of 

the disease (Stevanin et al. 2008; Kara et al. 2016). Indeed, patients with a mild to moderate 

disease show a small reduction of the corpus callosum compared to a severe disease 

development where the thinning is more pronounced (Kara et al. 2016). 

SPG15 is another common autosomal-recessive HSP subtype. Its clinical course cannot be 

distinguished from SPG11 and, thus, the diagnosis is exclusively molecular (Kara et al. 2016). 
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SPG11 and SPG15 encode for Spatacsin/SPG11 and Spastizin/ZFYVE26, respectively, which 

are known to interact (Chang et al. 2014; Słabicki et al. 2010). 

The human SPG11 gene is located on chromosome 15q21.1 and encompasses 40 exons (Pozner 

et al. 2020). More than 100 mutations, mostly non-sense or frameshift mutations, have been 

described so far, but no “hot spots” have been found (Denora et al. 2016). The encoded protein 

is a large protein (≈ 280 kDa) which is ubiquitously expressed in the central nervous system 

(CNS) during embryonic development in rodents (Stevanin et al. 2008). In humans, SPG11 

mRNA is highly expressed in the cerebral cortex and cerebellum (Stevanin et al. 2008). 

Spastizin, also known as ZFYVE26, is encoded by SPG15/ZFYVE26 located on chromosome 

14q24.1 which includes 42 exons (Hanein et al. 2008). Truncating mutations of this gene have 

been described to cause HSP (Hanein et al. 2008). In humans, the ZFYVE26 mRNA is mostly 

expressed in the bone marrow, the adrenal gland, lungs, skeletal muscles and in the adult and 

fetal brain (Hanein et al. 2008). In rodents, a high expression has been observed in the granular 

layer of the cerebellum, the spinal cord and the hippocampus with a stronger expression at 

embryonic stages as compared to adult brains (Hanein et al. 2008). 

It has been shown that both proteins localize to different cellular compartments suggesting 

different roles inside the cell. A localization of SPG11 and ZFYVE26 to the endosomes and 

lysosomes has been shown (Murmu et al. 2011; Khundadze et al. 2013; Hirst et al. 2013). 

Different roles of Spatacsin and Spastizin in the process of autophagy have been reported 

(Vantaggiato et al. 2019). Both proteins have been linked to the recycling of lysosomes from 

autolysosomes (autophagic lysosome reformation/ALR) (Varga et al. 2015; Chang et al. 2014). 

Indeed, even though both SPG11 and SPG15 have been found to interact with proteins involved 

in endosomal trafficking and maturation, only loss of Spastizin leads to a defect of endosome-

autophagosome fusion (Vantaggiato et al. 2019). 

Besides, Spatacsin and Spastizin interact within a complex with proteins that have later been 

identified as subunits of the adaptor complex-5 (Hirst et al. 2012; Hirst et al. 2013). Notably, 

its zeta subunit is associated with another HSP entity, i.e. SPG48. Adaptor protein complexes 

(AP) are a family of heterotetrametric protein complexes that facilitate the transport of cargo 

proteins into vesicular carriers from one membrane compartment to another one inside the cell 

(Sanger et al. 2019). Several adaptor protein complexes have been described and characterized 

(AP1-5), each with a specific localization and function (Sanger et al. 2019) (Figure 2). Only the 

function of AP-5 remains unclear. Mutations in AP5Z1/SPG48, a relatively newly discovered 

heterotetrametric adaptor protein complex (Hirst et al. 2012), are associated with another 

subtype of autosomal-recessive HSP (Słabicki et al. 2010). Few cases have been described so 
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far (Słabicki et al. 2010; Hirst et al. 2016; Pensato et al. 2014). All patients recapitulate the 

classical phenotype of a complex HSP with spasticity of the lower limbs, parkinsonism, 

cognitive impairment, thinning of corpus callosum etc. (Hirst et al. 2016). In contrast to SPG11 

and 15, the onset is at middle- or late-adulthood (Słabicki et al. 2010; Hirst et al. 2016). Only 

one case with early onset in a 7-year-old boy has been described (Pensato et al. 2014). 

The AP5Z1 gene is located on chromosome 7p22 and encompasses 17 exons. Two isoforms 

have been described with two different functions. Initially, AP5Z1, also known as KIAA0415, 

was described as an helicase involved in DNA double-strand break repair (Słabicki et al. 2010). 

This function seems to be associated with the shorter isoform, which is predominantly nuclear 

(Słabicki et al. 2010). The longer isoform is mostly cytoplasmatic and a subunit of the adaptor 

protein complex-5 (Hirst et al. 2012). 

As for Spatacsin and Spastizin, a role for AP-5 in autophagy has been suggested (Hirst et al. 

2013). Moreover, as support for this hypothesis, accumulations of abnormal multilamellar 

structures, positive for the endolysosomal marker lysosome-associated membrane glycoprotein 

1 (LAMP1) were reported in SPG11, SPG15 and SPG48 patient fibroblasts (Renvoisé et al. 

2014; Hirst et al. 2015).  

A novel function of AP-5 was recently described by Hirst et al. 2018. In this study, it was shown 

that AP-5 acts as a backup system for the retrieval of proteins from late endosomes to the 

transGolgi network (TGN) (Hirst et al. 2018). Additionally, it has been proposed that AP-5 

together with Spatacsin and Spastizin is involved in protein sorting. An hypothetical model 

suggests that ZFYVE26 facilitates the docking on membranes due to its interaction with 

Phosphatidylinositol 3-phosphate (PtdIns(3)P) while SPG11 forms the scaffold around the 

vesicles (Hirst et al. 2013; Pensato et al. 2014). 

This interaction would explain the clinical overlap of patients carrying mutations in either one 

of these genes. 
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Figure 2. Adaptor protein complexes and HSP. Adaptor protein complexes facilitate the transport of 

cargo proteins into vesicular carriers from one membrane compartment to another one inside the cell. 

Four of the five AP complexes have been extensively studied and characterized (AP 1-4). AP-5 is the 

newly discovered adaptor protein complex and comprises 4 subunits, Beta (β), Sigma (σ), Mu (µ) and 

Zeta (ζ). Mutations in the zeta subunit of AP-5 have been associated with one of the autosomal-recessive 

forms of HSP (SPG48). Moreover, it has been shown that AP-5 interacts with two other proteins 

involved in HSP, Spatacsin (SPG11) and Spastizin (SPG15/ZFYVE26) (Park and Guo 2014) 

 

1.2 Autophagy 

Autophagy is a highly conserved cellular process, which facilitates the recycling of nutrients 

and the degradation of potentially harmful entities. 

In literature, three different types of autophagy have been described: macroautophagy, 

microautophagy and chaperone-mediated autophagy (Parzych and Klionsky 2014). 

Macroautophagy, often referred to as autophagy, is the best characterized process and is tightly 

regulated by different autophagy related genes (ATGs) (Nishimura and Tooze 2020). The 

encoded proteins were first described in yeast and sequentially several orthologues were 

described in mammalians as a proof of a conserved process (Takeshige et al. 1992; Mizushima 

et al. 1998). 

Autophagy can be divided into six steps (Figure 3): 

1. Initiation 

2. Phagophore formation (Nucleation) 

3. Autophagosome formation (Elongation and Completion) 

4. Fusion with lysosomes (Docking and Fusion) 
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5. Cargo degradation 

6. Autophagic lysosome reformation (ALR) 

 

 

Figure 3. Macroautophagy. Macroautophagy/Autophagy is sensitive to different intracellular or 

environmental stimuli. It starts with the recruitment of several protein complexes, leading to the 

formation of the autophagosome. Autophagosomes incorporate different cargos that are degraded after 

fusion with lysosomes. The pool of lysosomes is maintained with the help of autophagic lysosome 

reformation (ALR). ER: endoplasmic reticulum; PM: plasma membrane; ERES: ER exit sites; IM: 

isolated membrane; AP: autophagosome; AL: autolysosome (Al-Bari 2020). 

 

Under normal conditions, autophagy occurs at a low level but can be induced in response to 

different stimuli including cell stress like nutrient or energy deprivation, pathogen infection and 

hypoxia (Parzych and Klionsky 2014). In mammals, initiation of autophagy starts with the 

formation of an isolation membrane (IM). It derives from different organelles, e.g. the 

endoplasmic reticulum (ER), and is enriched with PtdIns(3)P -rich subdomains (omegasome) 

due to the recruitment of the kinases ULK1 and PI3KC3 (Axe et al. 2008; Abada and Elazar 

2014; Backer 2016). 

The ULK1 complex consists of a combination of different proteins: ULK1 itself, the FAK 

family kinase-interacting protein of 200kD (FIP200), ATG13 and ATG101 (Suzuki et al. 2015). 

PI3KC3 is a lipid kinase responsible for the generation of PtdIns(3)P and essential for the 

initiation (Backer 2016). In particular, PI3KC3 forms two complexes, PI3KC3-C1 and 

PI3KC3-C2, both containing VPS34, p150 and Beclin1 (BECN1) (Itakura et al. 2008). 

During starvation-induced autophagy, complex-I is translocated to the initiation site on the ER 

due to the interaction with the ATG14L subunit (Itakura et al. 2008). Here, ULK1 
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phosphorylates BECN1 and promotes the generation of PtdIns(3)P in omegasomes (Hurley and 

Young 2017). This leads to the subsequent interaction and recruitment of WIPI1/2 scaffold 

proteins which are essential for the elongation and formation of LC3-positive autophagosomes 

(Proikas-Cezanne et al. 2015). 

Complex-II interacts with UVRAG and is involved in the endocytic pathway (Itakura et al. 

2008). 

For the elongation of the IM, two ubiquitin-like conjugation systems, ATG12 (ATG12-ATG5-

ATG16 complex) and LC3 (microtubule-associated protein 1A/1B-light chain 3), are required 

(Al-Bari 2020). The first system coordinates the insertion of LC3-phosphatidylethanolamine 

(PE), known also as LC3-II, into the membrane for the autophagosome generation. The second 

system is involved in the cleavage and lipidation of MAP1-LC3 (Tanida et al. 2004). In 

mammalian cells, LC3 is cleaved by ATG4 near the C-terminal glycine to form the cytosolic 

soluble LC3-I, which is activated by ATG7 and delivered to the E2-like ATG3. Here, LC3-I is 

cleaved and converted to LC3-II (lipidation), forming the membrane-associated form (Al-Bari 

2020). Thus, LC3-II is specifically inserted into the inner and outer membrane of the elongating 

autophagosome where it regulates the autophagosomal size due to the ability to determine the 

membrane curvature (Kraft et al. 2016; Jin and Klionsky 2014). 

At this point, autophagy can be divided into non-selective or selective autophagy. In the first 

case, cytoplasmatic material is targeted inside the autophagosomes in a non-selective manner. 

Selective autophagy instead requires specific receptors which bind specific cargos that need to 

be degraded. All these receptors contain a specific domain, the LC3-interacting region (LIR) or 

the ATG8-interacting motif (AIM), which allow to bind specifically to proteins of the 

ATG8/LC3/GABARAP family (Zientara-Rytter and Subramani 2018). 

In total, more than twenty different receptors have been described in mammalian cells. The best 

characterized and most common receptor involved in selective autophagy is p62, also known 

as SQSTM1 (Deng et al. 2017). It has been shown that p62 is able to promote the degradation 

of selective cargoes in three different ways: direct interaction with LC3 via its LIR motif, 

association with early autophagosomes (due to the recruitment of the ATG protein via its PB1 

domain) and binding of ubiquitinated proteins via its ubiquitin-binding domain (UBA) (Dikic 

and Elazar 2018). 

After selection, cargos are retained inside these double membrane vesicles known as 

autophagosomes and transported along microtubules for the fusion with lysosomes. 

RAB7, a member of the small GTPase family, is important for the coordination of membrane 

trafficking (Hyttinen et al. 2013). RAB7 can interact with both, dynein and kinesin motor 
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proteins (Hyttinen et al. 2013; Jordens et al. 2001). Upon starvation, kinesin interacts with 

RAB7, LC3 and PtdIns(3)P transporting early autophagosomes to the minus-end of 

microtubules in the cell periphery (Pankiv et al. 2010). At the periphery, RAB7 interacts with 

dynein which allows the transport of late autophagosomes to the perinuclear region where the 

lysosomes are enriched. This enrichment is triggered by an increase of intracellular pH 

(Nakamura and Yoshimori 2017).  

The fusion between autophagosomes and lysosomes is coordinated by the tethering complex 

HOPS RAB GTPase and SNARE proteins (Nakamura and Yoshimori 2017). Other important 

players are PI4K2A and INPP5E. They mediate the generation of PtdIns(4)P and PtdIns(3)P, 

respectively, on autophagosomes which are essential for autophagosome-lysosome fusion 

(Wang et al. 2015). 

Upon starvation Syntaxin17 (STX17), a member of SNARE proteins, is recruited on mature 

autophagosomes where it interacts with the HOPS complex and SNAP29, forming an 

heterocomplex. This complex interacts with R-SNARE and VAMP8 leading to the formation 

of a high energetically favorable complex. This allows the fusion and generation of single 

membrane vesicles called autolysosomes (Itakura et al. 2012). 

In autolysosomes, the material is degraded and the products released for recycling. The release 

of nutrients from autolysosomes stops the autophagy by activating the regeneration of 

lysosomes via the autophagic lysosome reformation (ALR) (Chen and Yu 2017). 

 

1.2.1 Autophagic lysosome reformation (ALR) 

During autophagy, lysosomes are consumed for the generation of autolysosomes. ALR is the 

final step of autophagy and essential for the recovery of the lysosomal pool (Yu et al. 2010). 

During this process tubular structures, which are pH neutral, extrude from the autolysosomal 

membrane and are later cut to generate small vesicles called proto-lysosomes (Yu et al. 2010). 

These vesicles mature into functional lysosomes, thereby maintaining lysosomal homeostasis. 

This process is still not well known, but some key molecular players have been described: 

PtdIns(4,5)P2, AP-2, Clathrin, KIF5B and Dynamin2 (Chen and Yu 2017, 2018). 

During prolonged starvation, PtdIns(4,5)P2 enriched-microdomains are generated on the 

surface of autolysosomes due to the conversion of PtdIns(4)P by the PIP5K1B (Rong et al. 

2012). AP-2 then links Clathrin to PtdIns(4,5)P2 molecules. One molecule of Clathrin recruits 

two AP-2 which then recruit two PtdIns(4,5)P2 molecules generating the lattice on the 

membrane of autolysosomes (Chen and Yu 2017, 2018). The motor protein KIF5B is able to 

bind directly to PtdIns(4,5)P2 and mediates the generation of reformation tubules at the sites of 
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Clathrin buds (Du et al. 2016). These reforming tubules are initially pH neutral, positive for 

LAMP1 but negative for LC3. The lumen does not contain any lysosomal proteins (Yu et al. 

2010). The retention of the proteins from reformation tubules is mediated by the production of 

PtdIns(4)P by PI4K3B (Sridhar et al. 2013). 

Another important player in ALR is Dynamin2, which is recruited at the tip of reformation 

tubules where microdomains of PtdIns(4,5)P2 by PI5K1A are generated (Schulze et al. 2013; 

Rong et al. 2012). Once recruited to the membrane, the large GTPase Dynamin2 mediates the 

scission of the proto-lysosomes (Chen and Yu 2015). 

Like other processes, also ALR is tightly regulated and under the control of mTOR (inhibitory 

mechanistic Target of Rapamycin) (Zhang et al. 2016). During starvation, mTOR is inhibited 

and autophagy can take place (Jung et al. 2010). After prolonged starvation, nutrients are 

released from autolysosomes, reactivating mTOR which provides a negative feedback signal in 

order to avoid excessive degradation and thus triggering ALR (Chen and Yu 2017, 2018). 

Spinster (SPIN), a sugar transporter and lysosomal efflux permease, has been described to be 

also involved in the initiation of ALR together with mTOR (Rong et al. 2011). Interestingly, it 

has been shown that mTOR regulates the generation of PtdIns(3)P in lysosomes via the PI3KC3 

complex which in turn regulates the scission of tubules (Munson et al. 2015). PtdIns(3)P seems 

to be also involved in the initiation of ALR due to the interaction with two proteins involved in 

HSP, SPG11and SPG15 (Chang et al. 2014). The detailed mechanisms, however, are still poorly 

understood. 

It has been shown that ALR has clinical importance, since it has been described to be involved 

in several diseases like Parkinson disease, HSP and skeletal muscles diseases (Magalhaes et al. 

2016; Varga et al. 2015; McGrath et al. 2021). Therefore, further investigations of ALR for 

alternative and more effective therapeutic strategies are still needed.  
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Figure 4. Autophagic lysosome reformation and its regulation. ALR is an important process essential 

for the regeneration of the lysosomal pool. Different players take part in this process, such as PtdIns(3)P, 

PtdIns(4)P, PtdIns(4,5)P2, Spastizin, Spatacsin, Clathrin, KIF5B and Dynamin2. On the surface of 

autolysosomes, Clathrin is recruited via its interaction with PtdIns(4,5)P2, leading to the generation of 

buds which are pulled by KIF5b. The reformation tubules undergo scission mediated by Dynamin 2, 

which generates proto-lysosomes. These structures will then generate new functional lysosomes. ALR 

is mainly regulated by mTORC1. After prolonged starvation, the release of nutrients from AL reactivates 

mTORC1, which subsequentially triggers ALR. mTORC1 is also involved in the biogenesis of 

lysosomes via its interaction with the TFEB-dependent pathway. During starvation, mTORC1 is 

inactivated, TFEB dephosphorylated and converted into its active form. Thus, TFEB translocates to the 

nucleus where it activates the transcription of lysosomal and autophagy genes. PI3P: 

Phosphatidylinositol 3 Phosphate; PI4P: Phosphatidylinositol 4 Phosphate; PI(4,5)P2: 

Phosphatidylinositol 4,5 biphosphate; Dyn2: Dynamin2; IM: isolated membrane; AP: autophagosome; 

AL: autolysosome; TFEB: transcription factor EB (Al-Bari 2020). 

 

1.2.2 Autophagy regulation 

Autophagy is important for the maintenance of the homeostasis in cells and therefore, a tight 

regulation is needed. 

The main regulator of autophagy is mTOR, which is inactivated in response to different 

intracellular and environmental stressors, such as nutrient starvation, growth factors, hypoxia 

and ER stress (Saxton and Sabatini 2017).  

mTOR and in particular mTORC1 comprises five components: the catalytic subunit mTOR, the 

regulatory associated protein Raptor, its inhibitor protein PRAS40 and DEPTOR (Saxton and 

Sabatini 2017).  
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mTORC1 can regulate autophagy in different ways. One of them is the interaction with the 

initiation complex ULK1 (He and Klionsky 2009). When mTORC1 is active under nutrient 

conditions it phosphorylates ATG13 preventing its association with ULK1 and therefore 

inhibiting autophagy initiation (Al-Bari and Xu 2020; Abada and Elazar 2014). 

The ULK1 complex can also be activated in response to energy deficiency via AMPK signaling 

(Al-Bari 2020). In this condition, AMPK signaling directly phosphorylates Raptor and ULK1, 

leading to inhibition of mTORC1 and enhancement of autophagy (Gwinn et al. 2008; Kim et 

al. 2011). Interestingly, mTORC1 is sensitive to growth factors and nutrients. The presence of 

amino acids regulates mTORC1 positively via RAG proteins and the RAS-related GTPase (He 

and Klionsky 2009; Kim et al. 2008). mTOR then translocates to the surface of lysosomes, 

thereby gets activated and inhibits autophagy (Saxton and Sabatini 2017). Under starvation 

conditions, mTORC1 is inhibited and ULK1 active leading to the induction of autophagy 

(Hosokawa et al. 2009). 

Moreover, mTORC1 is involved in lysosome biogenesis via its interaction with the 

transcription factor EB (TFEB)-dependent pathway (Martina et al. 2012), a member of the 

transcription factor MiTF/TFE family. Under nutrient conditions, mTORC1 phosphorylates 

TFEB on the surface of lysosomes, leading to its inactivation (Martina et al. 2012) (Figure 4). 

mTORC1 also promotes the release of phosphorylated TFEB to the cytoplasm and its 

interaction with chaperones which prevents the nuclear translocation of TFEB (Martina et al. 

2012). 

During starvation, mTORC1 is inhibited and dissociates from lysosomes. Thus, mTORC1 is no 

longer able to inhibit TFEB which diffuses from lysosomes to the nucleus where it then induces 

the expression of lysosomal-autophagy related genes (Martina et al. 2012) (Figure 4). 

Finally, autophagy can also be regulated via mTOR independent pathways such as levels of 

Ca2+, reactive oxygen species (ROS), HIF-1α, or MAPK/JNK signaling (Al-Bari and Xu 2020). 

Dysregulation of autophagy has been shown to be involved in several neurodegenerative 

diseases, including HSPs. Therefore, a better understanding of SPG11, 15 and 48 in this process 

might open new therapeutic strategies.  

 

1.3 Phosphoinositides and Autophagy 

Phosphoinositides (PIs) are a family of key lipids in eukaryotes that are involved in the 

regulation of several processes. The synthesis and turnover of these lipids are regulated by 

phosphorylation/dephosphorylation on positions 3, 4 or 5 of phosphatidylinositol by specific 

lipid kinases or phosphatases (Dickson and Hille 2019). Phosphoinositides and therefore their 
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kinases/phosphatases have been described to be involved in several processes like cytoskeleton 

dynamics, signaling cascades and membrane trafficking which are important for the 

maintenance of the cellular homeostasis (Hammond and Burke 2020). Mutations in the 

enzymes involved in the generation of phosphoinositides have been described in several human 

diseases (Pendaries et al. 2003; Hammond and Burke 2020; Falasca 2012). 

Phosphatidylinositol (PtdIns) is synthesized only at the ER membrane, while the associated 

phosphoinositides are present on different endomembranes at the cytoplasmatic side, like the 

plasma membrane (PM), ER, Golgi apparatus, endosomes and lysosomes (Craene et al. 2017; 

Hammond and Burke 2020). In particular, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are mainly found 

in the PM, PtdIns(4)P mainly in the Golgi apparatus, PtdIns(3)P and PtdIns(3,5)P2 at 

endosomes and lysosomes (Craene et al. 2017). 

Interestingly, PtdIns(3)P, PtdIns(3,5)P2, PtdIns(4)P, PtdIns(4,5)P2 and PtdIns(5)P have been 

described to be involved in autophagy-associated membrane events (Claude-Taupin and Morel 

2021) (Figure 5). 

 

 

Figure 5. Function and localization of phosphoinositides during autophagy. Phosphoinositides play an 

important role in different steps of autophagy. PtdIns(3)P and PtdIns(4)P are important for the initiation 

of autophagy, autophagosome formation and maturation. During glucose starvation, PtdIns(5)P is 

involved in autophagosome maturation or during metabolic stress in autophagosome-lysosome fusion. 

PtdIns(4)P and PtdIns(3,5)P2 are important for the generation of autolysosomes. PI3P: 

Phosphatidylinositol 3 Phosphate; PI4P: Phosphatidylinositol 4 Phosphate; PI5P: Phosphatidylinositol 

5 Phosphate; PI3,5P2: Phosphatidylinositol 3,5 biphosphate; ER: endoplasmic reticulum (Claude-

Taupin and Morel 2021) 
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1.3.1 PtdIns(3)P 

As already mentioned, autophagy is characterized by different steps which are well regulated 

due to the involvement of different players. The de novo biogenesis of autophagosomes is one 

of the most important steps of this process where the materials which need to be degraded are 

engulfed inside these structures. During this process, PtdIns(3)P plays an important role. 

Indeed, the accumulation of PtdIns(3)P is essential for the recruitment of protein complexes 

involved in the generation and maturation of autophagosomes (Axe et al. 2008). Moreover, 

PtdIns(3)P has been described to be involved in autophagy-cargo selection to target 

ubiquitinated aggregates into autophagosomes (Filimonenko et al. 2010) and in ALR (Munson 

et al. 2015; Chang et al. 2014). 

 

1.3.2 PtdIns(5)P and PtdIns(3,5)P2 

PtdIns(5)P is a rare phosphoinositide in mammalian cells. Its production is mediated by 

PIKFYVE, which transforms PtdIns into PtdIns(5)P (Shisheva 2012). 

This rare phosphoinositide has been found in the PM of early endosomes and autophagosomes 

(Shisheva 2012). Indeed, during glucose starvation, PtdIns(5)P regulates the formation of 

autophagosomes by recruiting WIPI2 and DFCP1 which then allows LC3 lipidation 

independently of the presence of PtdIns(3)P (Vicinanza et al. 2015). A more recent study 

showed that PtdIns(5)P is also involved in autophagosome-lysosome fusion under high 

metabolic stress conditions (Lundquist et al. 2018). 

Like PtdIns(5)P, PtdIns(3,5)P2 is another low abundant phosphoinositide. PIKfyve kinase is not 

only involved in the generation of PtdIns(5)P, but also in the phosphorylation of PtdIns(3)P to 

PtdIns(3,5)P2 (Zolov et al. 2012). The turnover of PtdIns(3,5)P2 is dependent on the 

phosphatase FIG4, which generates PtdIns(3)P via dephosphorylation, therefore maintaining 

the correct levels of PtdIns(3,5)P2 (Rudge et al. 2004).  

PtdIns(3,5)P2 is involved in the regulation of the two main regulators of autophagy, mTORC1 

and AMPK, by controlling their subcellular localization (Bridges et al. 2012; Fernandez-

Mosquera et al. 2019). Additionally, a role of PtdIns(3,5)P2 in autophagosome-lysosome fusion 

depending on the function of INPP5E phosphatase has been described in neuronal cells 

(Hasegawa et al. 2016). Since INPP5E catalyzes the formation of PtdIns(3)P from 

PtdIns(3,5)P2, mutations in this enzyme lead to high levels of PtdIns(3,5)P2 which negatively 

regulates the fusion of autophagosomes and lysosomes (Hasegawa et al. 2016). 
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1.3.3 PtdIns(4)P and PI4Ks 

PtdIns(4)P is another important phosphoinositide, which is mainly detected in the Golgi under 

nutrient conditions (Wang et al. 2003). Its generation is mediated by four different 

phosphatidylinositol-4 phosphate kinases (PI4Ks), which are involved in different processes: 

PI4K2A, PI4K2B, PI4K3A and PI4K3B (Boura and Nencka 2015). 

The pool of PtdIns(4)P is associated with endocytosis (Jović et al. 2014), the protein transport 

to the Golgi and the formation of the transGolgi vesicles, which promote the transport of 

specific cargos to late endosomes or to the PM (Guo et al. 2014). A role of PtdIns(4)P in 

autophagy and in particular the pool produced from PI4K2A has been described more recently 

(Wang et al. 2015). Under normal conditions, this kinase and its product are mainly 

accumulated in the TGN (Barylko et al. 2009). Upon starvation, PI4K2A is redistributed to 

autophagic structures, in particular to autophagosomes, via its interaction with GABARAP 

proteins (Wang et al. 2015). At this site, the production of PtdIns(4)P allows the 

autophagosome-lysosome fusion (Wang et al. 2015). 

Mutations in this kinase have been associated with Gaucher disease (Jović et al. 2012), 

Hermansky-Pudlak Syndrome (Salazar et al. 2009), spastic paraplegia (Alkhater et al. 2018) 

and cancer (Li et al. 2010). 

PI4K3B, another kinase, is responsible for the production of PtdIns(4)P on lysosomes. It has 

been shown to be involved in ALR (Sridhar et al. 2013). Around 20 % of this kinase associates 

with lysosomes and its presence controls the correct sorting of lysosomal substrates and 

prevents their incorporation into reformation tubules (Sridhar et al. 2013). 

PtdIns(4)P also plays an indirect role in ALR due to its possible conversion to PtdIns(4,5)P2 by 

PIP5K1A and B. It has been shown that PtdIns(4,5)P2 plays a key role in the recruitment of 

Clathrin, KIF5B and Dynamin2 during ALR (Rong et al. 2012). 

Furthermore, the balance between PtdIns(4)P and PtdIns(4,5)P2 must be maintained for a proper 

ALR. A recent study has shown that mutations in the phosphatase INPP5K, involved in the 

generation of PtdIns(4)P from PtdIns(4,5)P2, lead to ALR impairment causing skeletal muscle 

diseases (McGrath et al. 2021).  

A balance between different forms of phosphoinositides appears to be crucial for several 

processes inside the cell. Small changes in the amount of these lipids can lead to severe 

consequences. 
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2. Aim of the study 

HSP is a heterogeneous group of neurodegenerative disorders characterized by degeneration of 

the upper motoneuron axons leading to weakness and spastic gait (Fink 2014). More than 80 

genetic loci have been described to cause different types of HSP (Klebe et al. 2015). Our group 

focuses on the most predominant autosomal-recessive HSP forms SPG11, SPG15 and the rare 

form SPG48, which are characterized by mutations in Spatacsin, Spastizin and the AP5 zeta 

subunit, respectively. Except SPG48, which shows milder symptoms, these forms share an 

identical clinical phenotype (Kara et al. 2016). It has been shown that Spatacsin, Spastizin and 

the subunits of AP-5 co-precipitate and thus, likely act together (Hirst et al. 2013). The role of 

these proteins is still poorly understood.  

Our main objective was to investigate the pathophysiology of the AP-5-related proteins 

Spatacsin, Spastizin and AP-5 in autophagy and ALR.  

Recently, AP-5 was described to act as a back-up system of the retromer for the retrieval of 

proteins from late endosomes to the TGN (Hirst et al. 2018). We aimed to investigate a role of 

AP-5 in this process in our mouse model and evaluate possible consequences on the TGN 

structure and the correct sorting of lysosomal proteins. 

Another aim of this study was to evaluate whether a simultaneous disruption of SPG11 and 

SPG15 might aggravate the phenotype, thereby contributing to the identification of the role of 

these proteins. Because Spg11 KO and Zfyve26 KO as well as AP5-zeta KO mice accumulate 

undegraded autolysosomal material, we aimed to characterize these deposits by mass 

spectrometry to possibly identify misrouted cargoes. The accumulation of PI4K2A in deposits 

of Spg11 KO and Spg15 KO mice neurons, a kinase which is already known to be involved in 

autophagy (Wang et al. 2015), motivated us to evaluate whether it might also be involved in 

ALR. In particular we aimed to evaluate whether different levels of PI4K2A and its product, 

PtdIns(4)P, affect ALR as well as the recruitment of its key players. 
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3. Overview of the manuscripts 

A mouse model for SPG48 reveals a block of autophagic flux upon disruption of adaptor 

protein complex five 

Mukhran Khundadze*, Federico Ribaudo, Adeela Hussain, Jan Rosentreter, Sandor Nietzsche, 

Melanie Thelen, Dominic Winter, Birgit Hoffmann, Muhammad Awais Afzal, Tanja Hermann, 

Cecilia de Heus, Eva-Maria Piskor, Patricia Franzka, Lisa von Kleist, Tobias Stauber, Judith 

Klumperman, Christian Kosan, Markus Damme, Tassula Proikas-Cezanne, Christian A. 

Hübner. Published in the journal Neurobiology of Disease 127 (2019) 419–431  

(* first authorship) 

This study described for the first time a KO mouse for a subunit of the AP-5 complex which 

recapitulates the human phenotype. We confirmed the impairment of the retrieval from late 

endosomes to the TGN and revealed structural alterations of the Golgi Apparatus upon 

disruption of AP-5. Moreover, this study demonstrated that the absence of AP-5 leads to a block 

of autophagy with accumulation of undigested material, increased amount of autophagosomes 

and autolysosomes and impairment of ALR, resulting in axon degeneration. 

My contribution to this work was the planning and execution of the following experimental 

work: preparation of cells for different experimental procedures, transfection, 

immunocytochemistry, microscope image optimization and acquisition, live cell imaging 

establishment and image acquisition, quantification of confocal images and time lapses, data 

collection, statistical analyses as well as participation in the preparation of the manuscript. 

 

Mouse models for hereditary spastic paraplegia uncover a role of PI4K2A in autophagic 

lysosome reformation 

Khundadze M*, Ribaudo F*, Hussain A, Stahlberg H, Brocke-Ahmadinejad N, Franzka P, 

Varga RE, Zarkovic M, Pungsrinont T, Kokal M, Ganley IG, Beetz C, Sylvester M, Hübner 

CA. Published in the journal Autophagy, 2021 Mar 9:1-17 8 (* first authorship) 

In this study we demonstrated that the simultaneous disruption of Spg11 and Zfyve26 in mice 

does not aggravate the phenotype confirming a common role in the pathophysiology of HSP. 

The disruption of Spatacsin and Spastizin increased the amount of undigested material in 

neurons and led to ALR impairment. No impairment of the autophagosome-lysosome fusion 

process was observed in contrast to previous data. Moreover, we reported a new function of 

PI4K2A in ALR. It plays an important role in the recruitment of key players like Clathrin and 

Dynamin2 on reformation tubules. Finally, we proposed that increased levels of PI4K2A as 
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well as its product PtdIns(4)P in Spg11 and Zfyve26 KO mice contribute to the pathophysiology 

of SPG11 and SPG15. 

My contribution to this work was the planning and execution of the following experimental 

work: preparation of cells for different experimental procedures, transfection, 

immunocytochemistry, microscope image optimization and acquisition, live cell imaging 

establishment and image acquisition, quantification of confocal images and time lapses, western 

blotting, RNA isolation and quantitative RT-PCR, flow cytometry, data collection, statistical 

analyses as well as participation in the preparation of the manuscript. 
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3.1.1 Supplementary Material 

Extended experimental procedures 

Behavioral analysis 

Spatial memory was assessed in a Morris water maze, consisting of a circular tank (diameter 

120 cm, depth 60 cm) filled with water at 23±1 °C at a depth of 30 cm as described in 

(Khundadze et al., 2013). 

For gait analysis mice were trained to walk on a horizontal 20 cm elevated plastic beam (1,000 

mm long, either 38 mm broad for cohorts between 8 and 12 months of age or 48 mm broad for 

mice with an age between 16 and 20 months of age) leading to their home cage. After the initial 

learning phase, the foot-base-angle at toe-off positions of the hind-paws was measured in 

ImageJ using single video frames from recordings of beam walking mice.  

 

Immunoblot analyses  

For immunoblot analysis, brain samples were homogenized in a buffer containing 25 mM 

sucrose, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, completed with protease inhibitor mix. The 

homogenates were centrifuged at 500 g at 4°C for 10 min. The supernatants were collected and 

mixed with a buffer containing 25 mM sucrose, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1% 

TritonX-100 completed with proteinase inhibitors and gently rotated for 1 h at 4°C (i.e: triton 

X-100 soluble fraction). After centrifugation at 13,000 g and 4°C for 15 minutes the pellets 

were dissolved in 1% (w/v) SDS/PBS buffer (i.e: triton X-100 insoluble fraction). The samples 

were denatured at 95°C in Lämmli buffer and separated in 4-20% pre-cast gradient gels 

(BioRad, Germany). After transfer on a PVDF membrane (Roche, Switzerland), 2.5% (w/v) 

milk powder with 2.5% (w/v) BSA in TBS-T buffer (Tris-buffered saline with Tween 20, 

Sigma-Aldrich, Germany) was used in order to block the membrane. Primary and secondary 

antibodies were incubated in blocking solution. For detection of proteins ECL Western Blotting 

Detection System (GE Healthcare Amersham, USA) was used.  For autophagy studies mouse 

embryonic fibroblasts (MEFs) were either incubated for 6 h with 1 µM Torin 1 (Merck, 

Germany) to initiate or 100 nM Bafilomycin A (Santa Cruz, USA) to block autophagy and 

subsequently lysed in a buffer containing 50 mM Tris-HCl pH 8.0, 120 mM NaCl, 0.5% NP40, 

2 mM EDTA completed with protease inhibitor mix and PhosSTOP (Roche, Switzerland). The 

lysates were rotated for 30 minutes and centrifuged at 10,000 g at 4°C. The resulting supernatant 

was denatured in sample buffer for 5 minutes at 95°C and separated in 8-15% polyacrylamide 

pre-cast gradient gels. 5% BSA in TBS-T served as blocking solution. Antibodies used for this 

study are available as Supplementary information. 
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Antibodies 

For immunoblotting a polyclonal affinity purified rabbit anti-Zfyve26 antibody (Khundadze 

etal., 2013) was used diluted 1:50. The following commercially obtained antibodies were used: 

rabbit anti-AP5Z1, 1:500 (Atlas antibodies, USA); rabbit anti-SPATACSIN, 1:500, (Protein 

Tech, UK); mouse anti-M6PR (Cation-independent mannose 6-phosphate receptor), 1:100 for 

the retrieval assay (Abcam, UK); rabbit anti-Glg1, 1:500 for immunofluorescence studies and 

1:1,000 for immunoblot analysis (Abcam, UK); mouse anti-NF200, 1:50 (Sigma-Aldrich, 

Germany); mouse anti-Parvalbumin, 1:5,000 (Swant, Switzerland); mouse anti-Calnexin, 

1:1,000 (BD Biosciences, USA); mouse anti-Giantin, 1:1,000 (Enzo Life Sciences, Germany); 

rabbit anti-GM130, 1:500 (Sigma Aldrich, Germany); rat anti-Lamp1, 1:200 for 

immunofluorescence and 1:500 for immunoblot studies (BD Pharmigen, USA); mouse anti-

p62, 1:500 for immunofluorescence and 1:1,000 for immunoblot analysis (Abcam, UK); rabbit 

anti-TGN38, 1:250 for immunofluorescence studies and 1:1,000 for immunoblot analysis 

(Santa Cruz, USA); rabbit anti-Beclin-1, 1:1,000 and mouse anti-CtsD, 1:500 (Santa Cruz, 

USA); guinea pig anti-MAP2, 1:1,000 (Synaptic Systems, Germany); mouse anti–β-actin, 

1:5,000 (Abcam, UK); rabbit anti-LC3, 1:250 for immunofluorescence and 1:500 for 

immunoblot analysis; rabbit anti-mTOR, 1:1,000; rabbit anti-70S6-kinase, 1:500 and rabbit 

anti-phospho-70S6-kinase, 1:500 (Cell Signaling, USA). Mouse anti-Mtc02, 1:500 (Abcam, 

UK). Horseradish peroxidase–labelled secondary antibodies for Western blotting: goat anti-

rabbit and goat anti-mouse, both 1:4,000 (Amersham Bioscience, UK); goat anti-rat, 1:1,000 

(Santa Cruz; USA). 

Fluorescently labelled secondary antibodies: goat anti-guinea pig-Alexa Fluor 546; goat anti-

mouse-Alexa Fluor 488 and 546, goat anti-rabbit Alexa Fluor 488 and 546, 1:1,000 (Invitrogen, 

Germany). Goat anti-rabbit, goat anti-mouse and goat anti-rat Cy5, 1:1,000 (Invitrogen, 

Germany). Nuclei were stained with Hoechst-33258, 1:10,000 (Molecular Probes, Germany). 

 

Flow cytometry 

Flow cytometric measurements were performed with an LSR Fortessa system (BD Biosciences, 

USA). Data were acquired with the BD FACSDIVA V8.0.1 software (BD Biosciences, USA). 

In addition to GFP fluorescence, FSC (forward scatter) and SSC (side scatter) signals were 

acquired. For analysis of HTT degradation, MEF cells were transfected with 103Q-HTT-GFP, 

pretreated with MG-132 (1µM, Merck Millipore, Germany) and Cycloheximide (10 µg/ml, 

Sigma-Aldrich, Germany) and starved in EBSS supplemented with MG-132 and 

Cycloheximide for 0 and 6 h. Cells were fixed in 4% PFA in PBS at the respective time points 
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and stored at 4°C for a maximum of 2 days until measurement. Prior to analysis, cell debris and 

aggregates were excluded by pre-gating on FSC/SSC. Median fluorescence intensities were 

calculated using the FlowLogic 700.2A software (Inivai Technologies Pty. Ltd). 

 

Spectral analysis 

Images of Purkinje cells of sagittal brain sections were captured with a laser scanning 

microscope (TCS SP8 Leica Microsystems, Germany). The fluorescent signals of deposits and 

the Cy5 secondary antibodies were recorded and further analyzed by linear unmixing as 

described previously (Khundadze et al., 2013).  

 

Ultrastructural analysis and morphometry 

For the ultrastructural analysis of the Golgi apparatus, cells were fixed at room temperature by 

adding fixative (2.5% glutaraldehyde and 2% formaldehyde, Electron Microscopy Sciences) in 

0.1M phosphate buffer, (pH7.4) 1:1 to culture medium for 10 min. This was replaced by fresh 

fixative for 2 hours at room temperature. Cells were then postfixed with 1% OsO4/1.5% 

K3Fe(III)(CN)6 in 0.065 M phosphate buffer, for 2 h at 4ºC and finally 1 h with 0.5% uranyl 

acetate in demineralized water. After fixation cells were dehydrated and embedded in Epon 

epoxy resin (Polysciences, USA). Ultrathin sections of 60 nm were contrasted with uranyl 

acetate and lead citrate using the AC20 (Leica) and examined with a T12 electron microscope 

(ThermoFisher, Eindhoven, the Netherlands). Images were collected from three different grids 

per condition. Random pictures of 40 cells per set were collected for quantification. All 

morphometric measurements were done using the ImageJ software. To measure the 

compactness of the area containing the Golgi complex, cells were randomly screened for the 

presence of one or more Golgi stacks. When a Golgi area was encountered the smallest possible 

ellipse enclosing all visible Golgi stacks was drawn in ImageJ and the surface area of that ellipse 

was measured. This was done for 40 cells per condition, after which the average surface area 

was calculated. Similarly, the area of 40 individual Golgi stacks per condition was measured 

with the ellipse selection tool. 
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Video S1. Lysosomal tubulation in WT MEFs (attached in CD-ROM). 

Video S2. Lysosomal tubulation in AP5 zeta KO MEFs (attached in CD-ROM). 

 

 

Fig. S1. AP5 zeta knockout mice do not show major alterations of mitochondria. (A-B´) 

Electron microscopic images of Purkinje cells. The cell bodies are indicated by a dashed line. 

The magnifications of the highlighted regions in (A) and (B) are shown in (A´) and (B´), 

respectively. Individual mitochondria are indicated by arrowheads. Scale bars: 2.5 μm for (A, 

B). The distribution and the overall intensity of the mitochondrial protein marker Mtc02 (red) 

was not changed in Purkinje cell bodies from brain sections of 20-month-old mice. Scale bars: 

5 μm. Student's t-test (>30 cells from three mice per genotype; *p < 0.05). 
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Fig. S2. Impaired late endosome-to-Golgi retrieval in AP5 zeta deficient MEFs. (A) Schematic 

illustration of the M6PR retrieval assay. Ab: antibody; M6PR: mannose-6-phosphate receptor; 

N: nucleus; KO: knockout; TGN: transGolgi network. (B-C″) Indirect immunofluorescence 

microscopy of wild-type and AP5 zeta knockout MEFs, which were pulse chased with an 

antibody against M6PR. In knockout cells, more M6PRs are found outside of the transGolgi 

network, which is labeled by TGN38. Scale bar: 20 μm. (D) Analysis of TGN38 and M6PR co-

localization using the ZEN Blue co-localization plugin. Student's t-test (>100 cells were 

analyzed per genotype; three independent experiments; * p < 0.05). (E) Protein abundance of 

Glg1 and TGN38 was not significantly changed in total brain lysates of six-month-old mice. 

Actin served as a loading control. Student's t-test (three mice per genotype; p > 0.05). Error bars 

in (D, E) represent mean ± SEM. 
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Supplementary table 1. List of upregulated proteins identified in lysosomal fractions from WT and KO by SILAC-based mass spectrometric 

analysis (black: Golgi associated proteins; lilac: endosome-lysosome associated proteins) 

Uniprot 
ID 

Description Gene name Abundance ratio: KO / 
WT 

Log 2 fold change Abundance ratio adj. P-value: KO / 
WT 

Neg log10 p values 

Q02013 Aquaporin-1 OS=Mus musculus GN=Aqp1 PE=1 SV=3 Aqp1 21,02 4,393690764 2,8E-16 15,55284197 

Q6IME9 Keratin, type II cytoskeletal 72 OS=Mus musculus GN=Krt72 PE=3 SV=1 Krt72; Krt72-ps 31,813 4,991544521 2,8E-16 15,55284197 

Q8VHY0 Chondroitin sulfate proteoglycan 4 OS=Mus musculus GN=Cspg4 PE=1 SV=3 Cspg4 11,216 3,487486349 6,13149E-15 14,21243371 

Q9Z2K1 Keratin, type I cytoskeletal 16 OS=Mus musculus GN=Krt16 PE=1 SV=3 Krt16 11,632 3,540027269 1,2179E-14 13,91438857 

Q07235 Glia-derived nexin OS=Mus musculus GN=Serpine2 PE=1 SV=2 Serpine2 10,448 3,385154897 3,0036E-14 13,52235742 

Q8K479 Complement C1q tumor necrosis factor-related protein 5 OS=Mus musculus GN=C1qtnf5 PE=1 
SV=1 

Mfrp; C1qtnf5 17,456 4,125651102 3,0036E-14 13,52235742 

P97447 Four and a half LIM domains protein 1 OS=Mus musculus GN=Fhl1 PE=1 SV=3 Fhl1 13,83 3,789729251 3,07664E-12 11,51192355 

P14602 Heat shock protein beta-1 OS=Mus musculus GN=Hspb1 PE=1 SV=3 Hspb1 12,752 3,672651629 6,58955E-12 11,18114408 

Q99JY8 Phospholipid phosphatase 3 OS=Mus musculus GN=Plpp3 PE=1 SV=1 Ppap2b; Plpp3 8,127 3,022722894 2,06102E-11 10,68591821 

Q9CS42 Ribose-phosphate pyrophosphokinase 2 OS=Mus musculus GN=Prps2 PE=1 SV=4 Prps2 12,032 3,588804567 7,6682E-11 10,1153066 

Q8CI59 Metalloreductase STEAP3 OS=Mus musculus GN=Steap3 PE=1 SV=1 Steap3 8,318 3,056236685 8,42688E-11 10,07433324 

Q62009 Periostin OS=Mus musculus GN=Postn PE=1 SV=2 Postn 7,469 2,900915098 1,52025E-10 9,818085569 

Q8R0Y6 Cytosolic 10-formyltetrahydrofolate dehydrogenase OS=Mus musculus GN=Aldh1l1 PE=1 SV=1 Aldh1l1 7,841 2,97103766 3,3764E-10 9,471546481 

P97299 Secreted frizzled-related protein 2 OS=Mus musculus GN=Sfrp2 PE=2 SV=2 Sfrp2 6,461 2,691757475 3,46437E-09 8,460375583 

Q922P8 Transmembrane protein 132A OS=Mus musculus GN=Tmem132a PE=1 SV=2 Tmem132a 8,382 3,067294521 5,51646E-08 7,258339483 

E9Q557 Desmoplakin OS=Mus musculus GN=Dsp PE=1 SV=1 Dsp 6,354 2,66766509 1,17468E-07 6,930081494 

Q61391 Neprilysin OS=Mus musculus GN=Mme PE=1 SV=3 Mme 5,417 2,437494091 1,54713E-07 6,81047413 

Q06335 Amyloid-like protein 2 OS=Mus musculus GN=Aplp2 PE=1 SV=4 Aplp2 5,988 2,582074221 1,72741E-07 6,762603387 

Q62219 Transforming growth factor beta-1-induced transcript 1 protein OS=Mus musculus GN=Tgfb1i1 
PE=1 

Tgfb1i1 9,563 3,257463276 5,31945E-07 6,274133331 

Q9JLM8 Serine/threonine-protein kinase DCLK1 OS=Mus musculus GN=Dclk1 PE=1 SV=1 Dclk1 6,51 2,702657543 6,29172E-07 6,201230529 

Q9QWL7 Keratin, type I cytoskeletal 17 OS=Mus musculus GN=Krt17 PE=1 SV=3 Krt17 6,241 2,641777212 1,12964E-06 5,947059029 

Q922U2 Keratin, type II cytoskeletal 5 OS=Mus musculus GN=Krt5 PE=1 SV=1 Krt5 5,266 2,396707521 3,01339E-06 5,520944261 

Q9R257 Heme-binding protein 1 OS=Mus musculus GN=Hebp1 PE=1 SV=2 Hebp1 5,378 2,427069755 6,86863E-06 5,16312994 

Q9CZT5 Vasorin OS=Mus musculus GN=Vasn PE=2 SV=2 Vasn 4,259 2,09051473 1,03947E-05 4,983186506 

Q61781 Keratin, type I cytoskeletal 14 OS=Mus musculus GN=Krt14 PE=1 SV=2 Krt14 5,248 2,39176772 1,04634E-05 4,980327327 

Q78S06 

O70258 

Protein SYS1 homolog OS=Mus musculus GN=Sys1 PE=2 

SV=1 Epsilon-sarcoglycan OS=Mus musculus GN=Sgce PE=1 

SV=2 

Sys1 

Sgce 

5,801 

5,939 

2,536301619 

2,570220033 

2,17979E-05 

3,11187E-05 

4,661585907 

4,5069786 

Q9R0Y5 Adenylate kinase isoenzyme 1 OS=Mus musculus GN=Ak1 PE=1 SV=1 Ak1 4,869 2,283625501 4,24108E-05 4,372523578 

P21460 Cystatin-C OS=Mus musculus GN=Cst3 PE=1 SV=2 Cst3 3,961 1,985864701 7,26797E-05 4,138586784 

P28653 Biglycan OS=Mus musculus GN=Bgn PE=1 SV=1 Bgn 3,756 1,909197063 9,42249E-05 4,025834513 

P11862 Growth arrest-specific protein 2 OS=Mus musculus GN=Gas2 PE=1 SV=1 Gas2 4,8 2,263034406 0,000115126 3,938826937 

P21956 Lactadherin OS=Mus musculus GN=Mfge8 PE=1 SV=3 Mfge8 3,691 1,884011738 0,000123484 3,908390477 

Q64442 Sorbitol dehydrogenase OS=Mus musculus GN=Sord PE=1 SV=3 Sord 5,747 2,522809049 0,000143494 3,84316706 

P14094 Sodium/potassium-transporting ATPase subunit beta-1 OS=Mus musculus GN=Atp1b1 PE=1 SV=1 Atp1b1 3,707 1,890252115 0,000168503 3,773392271 

O35459 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial OS=Mus musculus GN=Ech1 PE=1 SV=1 Ech1 4,388 2,133563526 0,000179754 3,745322282 

P16110 Galectin-3 OS=Mus musculus GN=Lgals3 PE=1 SV=3 Lgals3 3,498 1,806530289 0,000269102 3,570082522 

P09602 Non-histone chromosomal protein HMG-17 OS=Mus musculus GN=Hmgn2 PE=1 SV=2 Hmgn2; Gm7931 5,058 2,338567037 0,000269102 3,570082522 

Q9EQJ0 Two pore calcium channel protein 1 OS=Mus musculus GN=Tpcn1 PE=1 SV=1 Tpcn1 4,881 2,287176752 0,000368239 3,433869845 
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P97350 Plakophilin-1 OS=Mus musculus GN=Pkp1 PE=1 SV=1 Pkp1 4,129 2,045792419 0,000398538 3,399530041 

P35441 Thrombospondin-1 OS=Mus musculus GN=Thbs1 PE=1 SV=1 Thbs1 3,361 1,748890543 0,000473132 3,325017655 

Q64133 Amine oxidase [flavin-containing] A OS=Mus musculus GN=Maoa PE=1 SV=3 Maoa 3,36 1,748461233 0,000473654 3,324539055 

O08532 Voltage-dependent calcium channel subunit alpha-2/delta-1 OS=Mus musculus GN=Cacna2d1 
PE=1 

Cacna2d1 3,37 1,752748591 0,000504325 3,297289575 

P07091 Protein S100-A4 OS=Mus musculus GN=S100a4 PE=1 SV=1 S100a4 3,996 1,998556583 0,000515848 3,287477954 

Q91VK4 Integral membrane protein 2C OS=Mus musculus GN=Itm2c PE=1 SV=2 Itm2c 3,581 1,840362519 0,000529314 3,276286706 

P97857 A disintegrin and metalloproteinase with thrombospondin motifs 1 OS=Mus musculus 
GN=Adamts1 

Adamts1 3,449 1,786178129 0,000678024 3,168755224 

Q62087 Serum paraoxonase/lactonase 3 OS=Mus musculus GN=Pon3 PE=1 SV=2 Pon3 3,732 1,899948986 0,000801663 3,096008421 

Q9JKZ2 Sodium/myo-inositol cotransporter OS=Mus musculus GN=Slc5a3 PE=1 SV=2 Slc5a3 3,618 1,855192408 0,00084581 3,072727436 

Q9CZ52 Anthrax toxin receptor 1 OS=Mus musculus GN=Antxr1 PE=1 SV=2 Antxr1 4,396 2,136191386 0,000981958 3,007907267 

Q9CQW9 Interferon-induced transmembrane protein 3 OS=Mus musculus GN=Ifitm3 PE=1 SV=1 Ifitm3 3,154 1,65718266 0,001125237 2,948755988 

Q9R112 Sulfide:quinone oxidoreductase, mitochondrial OS=Mus musculus GN=Sqor PE=1 SV=3 Sqrdl; Sqor 3,325 1,733354341 0,001176533 2,929395945 

P25785 Metalloproteinase inhibitor 2 OS=Mus musculus GN=Timp2 PE=1 SV=2 Timp2 4,026 2,009347172 0,001303744 2,884807685 

Q61838 Pregnancy zone protein OS=Mus musculus GN=Pzp PE=1 SV=3 Pzp 3,313 1,728138203 0,001311109 2,882361077 

Q9D6X6 Serine protease 23 OS=Mus musculus GN=Prss23 PE=2 SV=2 Prss23 3,707 1,890252115 0,001311867 2,882110208 

Q8R2Q8 Bone marrow stromal antigen 2 OS=Mus musculus GN=Bst2 PE=1 SV=1 Bst2 3,073 1,619647767 0,001574135 2,802958049 

P97333 Neuropilin-1 OS=Mus musculus GN=Nrp1 PE=1 SV=2 Nrp1 3,565 1,833902077 0,00201608 2,69549223 

Q6NSU3 Glycosyltransferase 8 domain-containing protein 1 OS=Mus musculus GN=Glt8d1 PE=1 SV=1 Glt8d1 3,689 1,883229789 0,00235694 2,62765144 

P06151 L-lactate dehydrogenase A chain OS=Mus musculus GN=Ldha PE=1 SV=3 Ldha 2,97 1,570462931 0,002460382 2,608997493 

Q61543 Golgi apparatus protein 1 OS=Mus musculus GN=Glg1 PE=1 SV=1 Glg1 2,963 1,567058626 0,00252347 2,598001797 

Q9D7S7 60S ribosomal protein L22-like 1 OS=Mus musculus GN=Rpl22l1 PE=1 SV=1 Rpl22l1 3,166 1,662661255 0,002847922 2,545471918 

P00342 L-lactate dehydrogenase C chain OS=Mus musculus GN=Ldhc PE=1 SV=2 Ldhc 2,971 1,570948605 0,003220276 2,492106919 

P35492 Histidine ammonia-lyase OS=Mus musculus GN=Hal PE=1 SV=1 Hal 3,363 1,749748779 0,003565009 2,447939367 

Q61469 Phospholipid phosphatase 1 OS=Mus musculus GN=Plpp1 PE=1 SV=1 Ppap2a; Plpp1 2,955 1,56315813 0,003582945 2,445759831 

Q8CGU1 Calcium-binding and coiled-coil domain-containing protein 1 OS=Mus musculus GN=Calcoco1 PE=1 Calcoco1 3,73 1,89917563 0,003753731 2,425536869 

Q9CQ91 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 3 OS=Mus musculus GN=Ndufa3 
PE 

Ndufa3 3,832 1,938097561 0,004014885 2,396326937 

Q3TW96 UDP-N-acetylhexosamine pyrophosphorylase-like protein 1 OS=Mus musculus GN=Uap1l1 PE=1 
SV= 

Uap1l1 2,864 1,518031493 0,004092777 2,387981954 

Q8VCR7 Protein ABHD14B OS=Mus musculus GN=Abhd14b PE=1 SV=1 Abhd14b 3,308 1,725959235 0,004143421 2,38264092 

P08074 Carbonyl reductase [NADPH] 2 OS=Mus musculus GN=Cbr2 PE=1 SV=1 Cbr2 2,823 1,497229129 0,004445661 2,352063699 

Q61292 Laminin subunit beta-2 OS=Mus musculus GN=Lamb2 PE=1 SV=2 Lamb2 3,039 1,603596675 0,004489824 2,347770725 

P12023 Amyloid-beta A4 protein OS=Mus musculus GN=App PE=1 SV=3 App 2,799 1,484911487 0,004862315 2,313156904 

Q3V4B5 COMM domain-containing protein 6 OS=Mus musculus GN=Commd6 PE=1 SV=1 Commd6 3,354 1,745882689 0,004862315 2,313156904 

P56818 Beta-secretase 1 OS=Mus musculus GN=Bace1 PE=1 SV=2 Bace1 3,253 1,701770822 0,004862315 2,313156904 

Q9CQH7 Transcription factor BTF3 homolog 4 OS=Mus musculus GN=Btf3l4 PE=1 SV=1 Btf3l4 3,499 1,806942665 0,004862315 2,313156904 

Q80Z71 Tenascin-N OS=Mus musculus GN=Tnn PE=1 SV=2 Tnn 3,268 1,708407983 0,005081762 2,293985694 

Q9R1Q6 Transmembrane protein 176B OS=Mus musculus GN=Tmem176b PE=1 SV=1 Tmem176b 3,183 1,670387157 0,005081762 2,293985694 

Q4FZC9 Nesprin-3 OS=Mus musculus GN=Syne3 PE=1 SV=1 4831426I19Rik; 
Syn 

3,68 1,879705766 0,005370696 2,269969449 

Q8K007 Extracellular sulfatase Sulf-1 OS=Mus musculus GN=Sulf1 PE=2 SV=1 Sulf1 3,494 1,804879608 0,005526973 2,257512655 

Q00560 Interleukin-6 receptor subunit beta OS=Mus musculus GN=Il6st PE=1 SV=2 Il6st 2,85 1,510961919 0,008215772 2,085351645 

P08121 Collagen alpha-1(III) chain OS=Mus musculus GN=Col3a1 PE=1 SV=4 Col3a1 2,658 1,410341105 0,008734084 2,05878266 

P54071 Isocitrate dehydrogenase [NADP], mitochondrial OS=Mus musculus GN=Idh2 PE=1 SV=3 Idh2 2,651 1,40653667 0,008987871 2,046343178 

O89051 Integral membrane protein 2B OS=Mus musculus GN=Itm2b PE=1 SV=1 Itm2b 2,612 1,385154897 0,010588891 1,975149513 

Q9CY18 Sorting nexin-7 OS=Mus musculus GN=Snx7 PE=1 SV=1 Snx7 2,95 1,560714954 0,010769564 1,967801873 
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Q3UKC1 Tax1-binding protein 1 homolog OS=Mus musculus GN=Tax1bp1 PE=1 SV=2 Tax1bp1 2,987 1,578697238 0,011174681 1,95176488 

Q9QZ85 Interferon-inducible GTPase 1 OS=Mus musculus GN=Iigp1 PE=1 SV=2 Iigp1; Iigp1b 2,948 1,559736524 0,011581481 1,936235907 

Q91ZJ5 UTP--glucose-1-phosphate uridylyltransferase OS=Mus musculus GN=Ugp2 PE=1 SV=3 Ugp2 2,695 1,430285273 0,011581481 1,936235907 

Q60961 Lysosomal-associated transmembrane protein 4A OS=Mus musculus GN=Laptm4a PE=1 SV=1 Laptm4a 2,654 1,408168371 0,01426252 1,845803732 

P47934 Carnitine O-acetyltransferase OS=Mus musculus GN=Crat PE=1 SV=3 Crat 2,822 1,496717988 0,014725654 1,831925415 

Q99KR8 Plasma alpha-L-fucosidase OS=Mus musculus GN=Fuca2 PE=1 SV=1 Fuca2 2,897 1,534559685 0,015053746 1,822355407 

Q9D379 Epoxide hydrolase 1 OS=Mus musculus GN=Ephx1 PE=1 SV=2 Ephx1 2,514 1,32998465 0,015962259 1,796905635 

P15626 Glutathione S-transferase Mu 2 OS=Mus musculus GN=Gstm2 PE=1 SV=2 Gstm2 3,515 1,813524689 0,0182355 1,739082313 

P97449 Aminopeptidase N OS=Mus musculus GN=Anpep PE=1 SV=4 Anpep 2,621 1,390117354 0,019624248 1,707206972 

Q8BS03 Peptidase inhibitor 15 OS=Mus musculus GN=Pi15 PE=2 SV=2 Pi15 3,149 1,654893757 0,020360767 1,691205872 

P97821 Dipeptidyl peptidase 1 OS=Mus musculus GN=Ctsc PE=1 SV=1 Ctsc 2,475 1,307428525 0,021948652 1,658592152 

P53690 Matrix metalloproteinase-14 OS=Mus musculus GN=Mmp14 PE=2 SV=3 Mmp14 2,407 1,267236142 0,024878193 1,604181175 

O70433 Four and a half LIM domains protein 2 OS=Mus musculus GN=Fhl2 PE=1 SV=1 Fhl2 2,773 1,471447616 0,026422993 1,578017997 

Q7TT15 Polypeptide N-acetylgalactosaminyltransferase 17 OS=Mus musculus GN=Galnt17 PE=1 SV=1 Wbscr17 2,88 1,526068812 0,028166956 1,55026008 

Q9Z2M6 Ubiquitin-like protein 3 OS=Mus musculus GN=Ubl3 PE=1 SV=1 Ubl3 2,618 1,388465097 0,028905318 1,539022243 

Q61001 Laminin subunit alpha-5 OS=Mus musculus GN=Lama5 PE=1 SV=4 Lama5 2,977 1,573859222 0,029282521 1,533391534 

P07214 SPARC OS=Mus musculus GN=Sparc PE=1 SV=1 Sparc 2,362 1,240008965 0,02970107 1,527227907 

Q01721 Growth arrest-specific protein 1 OS=Mus musculus GN=Gas1 PE=2 SV=2 Gas1 2,72 1,443606651 0,030222612 1,519668009 

Q9D4V7 Rab-like protein 3 OS=Mus musculus GN=Rabl3 PE=1 SV=1 Rabl3 2,997 1,583519084 0,031555752 1,500921468 

P26618 Platelet-derived growth factor receptor alpha OS=Mus musculus GN=Pdgfra PE=1 SV=3 Pdgfra 2,684 1,424384672 0,032425111 1,489118525 

P55264 Adenosine kinase OS=Mus musculus GN=Adk PE=1 SV=2 Adk 2,608 1,38294387 0,035728272 1,446987993 

P51655 Glypican-4 OS=Mus musculus GN=Gpc4 PE=1 SV=2 Gpc4 2,345 1,229587923 0,036696383 1,43537674 

Q9D0A3 Arpin OS=Mus musculus GN=Arpin PE=1 SV=1 2610034B18Rik; 
Arp 

2,775 1,472487771 0,037435372 1,426717848 

Q8BH95 Enoyl-CoA hydratase, mitochondrial OS=Mus musculus GN=Echs1 PE=1 SV=1 Echs1 2,302 1,202887833 0,037653967 1,424189265 

Q9DC11 Plexin domain-containing protein 2 OS=Mus musculus GN=Plxdc2 PE=1 SV=1 Plxdc2 2,394 1,259423152 0,039666139 1,401580071 

Q99L13 3-hydroxyisobutyrate dehydrogenase, mitochondrial OS=Mus musculus GN=Hibadh PE=1 SV=1 Hibadh 2,386 1,254594043 0,042424363 1,372384675 

O35375 Neuropilin-2 OS=Mus musculus GN=Nrp2 PE=1 SV=2 Nrp2 2,335 1,22342255 0,044104836 1,355513793 

Q640N1 Adipocyte enhancer-binding protein 1 OS=Mus musculus GN=Aebp1 PE=1 SV=1 Aebp1 2,416 1,272620455 0,044236968 1,354214643 

Q60648 Ganglioside GM2 activator OS=Mus musculus GN=Gm2a PE=1 SV=2 Gm2a 2,261 1,176960992 0,044855574 1,34818358 

P14430 H-2 class I histocompatibility antigen, Q8 alpha chain OS=Mus musculus GN=H2-Q8 PE=3 
SV=1 

H2-Q8 2,536 1,342554745 0,045524814 1,34175182 

Q8R2G6 Coiled-coil domain-containing protein 80 OS=Mus musculus GN=Ccdc80 PE=1 SV=2 Ccdc80 2,662 1,412510571 0,045760574 1,339508536 

P97432 Next to BRCA1 gene 1 protein OS=Mus musculus GN=Nbr1 PE=1 SV=1 Nbr1 2,706 1,436161839 0,04634995 1,333950731 

O08807 Peroxiredoxin-4 OS=Mus musculus GN=Prdx4 PE=1 SV=1 Prdx4 2,235 1,160274831 0,04967365 1,303873927 
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Supplementary table 2. List of downregulated proteins identified in lysosomal fractions from WT and KO by SILAC-based mass spectrometric 

analysis (Red: AP5 beta). 

Uniprot 
ID 

Description Gene name Abundance ratio: KO / 
WT 

Log 2 fold change Abundance ratio adj. P-value: KO / WT Neg log10 p values 

P62965 Cellular retinoic acid-binding protein 1 OS=Mus musculus GN=Crabp1 PE=1 SV=2 Crabp1 0,034 -4,878321443 2,8E-16 15,55284197 

Q9WUF3 CASP8-associated protein 2 OS=Mus musculus GN=Casp8ap2 PE=1 SV=2 Casp8ap2 0,048 -4,380821784 6,13149E-15 14,21243371 

O70326 Gremlin-1 OS=Mus musculus GN=Grem1 PE=2 SV=1 Grem1 0,069 -3,857259828 1,7304E-13 12,76185398 

P15306 Thrombomodulin OS=Mus musculus GN=Thbd PE=1 SV=1 Thbd 0,077 -3,698997744 9,30556E-13 12,03125731 

Q09163 Protein delta homolog 1 OS=Mus musculus GN=Dlk1 PE=1 SV=1 Dlk1 0,09 -3,473931188 2,25077E-11 10,64766841 

O35474 
EGF-like repeat and discoidin I-like domain-containing protein 3 OS=Mus musculus 

GN=Edil3 PE=1 SV=2 
Edil3 0,124 -3,011587974 1,43854E-10 9,842076996 

O70126 Aurora kinase B OS=Mus musculus GN=Aurkb PE=1 SV=2 Aurkb 0,043 -4,53951953 3,77991E-10 9,422518129 

O08842 GDNF family receptor alpha-2 OS=Mus musculus GN=Gfra2 PE=1 SV=2 Gfra2 0,108 -3,210896782 1,63237E-09 8,78718149 

Q8R5M8 Cell adhesion molecule 1 OS=Mus musculus GN=Cadm1 PE=1 SV=2 Cadm1 0,112 -3,158429363 4,78461E-09 8,320153421 

Q9CPY1 39S ribosomal protein L51, mitochondrial OS=Mus musculus GN=Mrpl51 PE=1 SV=1 Mrpl51 0,06 -4,058893689 1,04571E-08 7,980587168 

Q6P5H2 Nestin OS=Mus musculus GN=Nes PE=1 SV=1 Nes 0,133 -2,910501849 1,77539E-07 6,750705188 

P48193 Protein 4.1 OS=Mus musculus GN=Epb41 PE=1 SV=2 
Epb4.1; 
Epb41 0,124 -3,011587974 3,09867E-06 5,508824111 

Q9D8W7 OCIA domain-containing protein 2 OS=Mus musculus GN=Ociad2 PE=1 SV=1 Ociad2 0,131 -2,932361283 4,27259E-06 5,369308507 

P15331 Peripherin OS=Mus musculus GN=Prph PE=1 SV=2 Prph 0,155 -2,689659879 5,53959E-06 5,256522212 

P21995 Embigin OS=Mus musculus GN=Emb PE=1 SV=2 Emb 0,195 -2,358453971 8,1285E-06 5,089989405 

Q8R1S9 
Sodium-coupled neutral amino acid transporter 4 OS=Mus musculus GN=Slc38a4 PE=1 

SV=1 
Slc38a4 0,126 -2,988504361 9,62094E-06 5,016782459 

Q61555 Fibrillin-2 OS=Mus musculus GN=Fbn2 PE=1 SV=2 Fbn2 0,176 -2,506352666 1,03947E-05 4,983186506 

P11609 Antigen-presenting glycoprotein CD1d1 OS=Mus musculus GN=Cd1d1 PE=1 SV=3 Cd1d1 0,172 -2,53951953 1,10116E-05 4,958147842 

P13595 Neural cell adhesion molecule 1 OS=Mus musculus GN=Ncam1 PE=1 SV=3 Ncam1 0,231 -2,114035243 3,26231E-05 4,486474487 

Q9CSN1 SNW domain-containing protein 1 OS=Mus musculus GN=Snw1 PE=1 SV=3 Snw1 0,191 -2,388355457 4,40081E-05 4,356467376 

B1AXP6 
Mitochondrial import receptor subunit TOM5 homolog OS=Mus musculus GN=Tomm5 

PE=3 SV=1 
Tomm5 0,114 -3,13289427 9,16624E-05 4,037808774 

Q9Z1M8 Protein Red OS=Mus musculus GN=Ik PE=1 SV=2 Ik 0,164 -2,60823228 0,000129405 3,888050293 

P11610 Antigen-presenting glycoprotein CD1d2 OS=Mus musculus GN=Cd1d2 PE=2 SV=2 Cd1d2 0,213 -2,231074664 0,000134245 3,872103059 

Q8K298 Anillin OS=Mus musculus GN=Anln PE=1 SV=2 Anln 0,186 -2,426625474 0,000139397 3,855745328 

Q8JZS0 Protein lin-7 homolog A OS=Mus musculus GN=Lin7a PE=1 SV=2 Lin7a 0,129 -2,954557029 0,000172583 3,763001714 

Q9D8M4 60S ribosomal protein L7-like 1 OS=Mus musculus GN=Rpl7l1 PE=1 SV=1 Rpl7l1 0,175 -2,514573173 0,00022339 3,650936548 

Q8BHX3 Borealin OS=Mus musculus GN=Cdca8 PE=1 SV=2 Cdca8 0,175 -2,514573173 0,000227492 3,643033045 

Q6YGZ1 Heparanase OS=Mus musculus GN=Hpse PE=1 SV=3 Hpse 0,191 -2,388355457 0,000232353 3,633851187 

Q9JJ80 Ribosome production factor 2 homolog OS=Mus musculus GN=Rpf2 PE=2 SV=2 Rpf2 0,162 -2,625934282 0,000320551 3,494102256 

P28481 Collagen alpha-1(II) chain OS=Mus musculus GN=Col2a1 PE=1 SV=2 Col2a1 0,233 -2,10159814 0,001013131 2,994334434 
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P09803 Cadherin-1 OS=Mus musculus GN=Cdh1 PE=1 SV=1 Cdh1 0,221 -2,177881725 0,002707232 2,567474601 

Q8BMJ3 
Eukaryotic translation initiation factor 1A, X-chromosomal OS=Mus musculus 

GN=Eif1ax PE=2 SV=3 
Eif1ax 0,242 -2,046921047 0,002898008 2,537900412 

Q61033 
Lamina-associated polypeptide 2, isoforms alpha/zeta OS=Mus musculus GN=Tmpo 

PE=1 SV=4 
Tmpo 0,231 -2,114035243 0,005434566 2,264835108 

Q3TAP4 AP-5 complex subunit beta-1 OS=Mus musculus GN=Ap5b1 PE=1 SV=1 Ap5b1 0,264 -1,921390165 0,005770395 2,238794464 

P70297 Signal transducing adapter molecule 1 OS=Mus musculus GN=Stam PE=1 SV=3 Stam 0,256 -1,965784285 0,005770395 2,238794464 

Q9CWY8 Ribonuclease H2 subunit A OS=Mus musculus GN=Rnaseh2a PE=1 SV=2 Rnaseh2a 0,226 -2,145605322 0,00669864 2,174013387 

Q3UW53 Protein Niban OS=Mus musculus GN=Fam129a PE=1 SV=2 Fam129a 0,292 -1,775959726 0,007066432 2,150799843 

Q9D0I8 mRNA turnover protein 4 homolog OS=Mus musculus GN=Mrto4 PE=1 SV=1 Mrto4 0,306 -1,708396442 0,007518502 2,123868691 

Q8R0F6 
Integrin-linked kinase-associated serine/threonine phosphatase 2C OS=Mus musculus 

GN=Ilkap PE=1 SV=1 
Ilkap 0,223 -2,164884385 0,007753009 2,110529686 

Q9WVP1 AP-1 complex subunit mu-2 OS=Mus musculus GN=Ap1m2 PE=1 SV=3 Ap1m2 0,303 -1,722610301 0,008347709 2,078432684 

Q9EQG7 
Ectonucleotide pyrophosphatase/phosphodiesterase family member 5 OS=Mus 

musculus GN=Enpp5 PE=1 SV=3 
Enpp5 0,351 -1,510457064 0,009408154 2,026495568 

P14873 Microtubule-associated protein 1B OS=Mus musculus GN=Map1b PE=1 SV=2 
Map1b; 

Mtap1b 
0,303 -1,722610301 0,009726153 2,012058917 

Q9JM62 Receptor expression-enhancing protein 6 OS=Mus musculus GN=Reep6 PE=1 SV=1 Reep6 0,304 -1,717856771 0,010588891 1,975149513 

Q61009 Scavenger receptor class B member 1 OS=Mus musculus GN=Scarb1 PE=1 SV=1 Scarb1 0,357 -1,486004021 0,011266211 1,948222104 

A6X935 Inter alpha-trypsin inhibitor, heavy chain 4 OS=Mus musculus GN=Itih4 PE=1 SV=2 Itih4 0,211 -2,244685096 0,012982567 1,886639428 

Q8VCH6 Delta(24)-sterol reductase OS=Mus musculus GN=Dhcr24 PE=1 SV=1 Dhcr24 0,321 -1,639354798 0,015978553 1,796462564 

P15379 CD44 antigen OS=Mus musculus GN=Cd44 PE=1 SV=3 Cd44 0,373 -1,422752464 0,018059265 1,743299927 

P02469 Laminin subunit beta-1 OS=Mus musculus GN=Lamb1 PE=1 SV=3 Lamb1 0,374 -1,418889825 0,018470682 1,733517065 

Q9DAR7 m7GpppX diphosphatase OS=Mus musculus GN=Dcps PE=1 SV=1 Dcps 0,22 -2,184424571 0,018674521 1,728750519 

O55125 Protein NipSnap homolog 1 OS=Mus musculus GN=Nipsnap1 PE=1 SV=1 Nipsnap1 0,329 -1,603840511 0,018863113 1,72438664 

Q641P0 Actin-related protein 3B OS=Mus musculus GN=Actr3b PE=1 SV=1 Actr3b 0,316 -1,662003536 0,020229111 1,694023201 

P63089 Pleiotrophin OS=Mus musculus GN=Ptn PE=1 SV=1 Ptn 0,279 -1,841662973 0,022464068 1,648511599 

Q8CFI5 Probable proline--tRNA ligase, mitochondrial OS=Mus musculus GN=Pars2 PE=1 

SV=2 

Pars2 0,31 -1,689659879 0,024150378 1,617076063 

Q9WVJ3 Carboxypeptidase Q OS=Mus musculus GN=Cpq PE=1 SV=1 Cpq; Pgcp 0,339 -1,560642822 0,024382507 1,612921644 

Q61490 CD166 antigen OS=Mus musculus GN=Alcam PE=1 SV=3 Alcam 0,38 -1,395928676 0,025246618 1,597796788 

P22777 Plasminogen activator inhibitor 1 OS=Mus musculus GN=Serpine1 PE=1 SV=1 Serpine1 0,378 -1,40354186 0,025799192 1,588393902 

Q5FWI3 Cell surface hyaluronidase OS=Mus musculus GN=Tmem2 PE=1 SV=1 Tmem2 0,289 -1,790858602 0,027357849 1,562918057 

 
Q9DB10 

 
Essential MCU regulator, mitochondrial OS=Mus musculus GN=Smdt1 PE=1 SV=1 

1500032L24 

Rik; Smdt1 

 
0,277 

 
-1,852042119 

 
0,029282521 

 
1,533391534 

Q9R118 Serine protease HTRA1 OS=Mus musculus GN=Htra1 PE=1 SV=2 Htra1 0,39 -1,358453971 0,031919156 1,495948596 

Q9JHU9 Inositol-3-phosphate synthase 1 OS=Mus musculus GN=Isyna1 PE=1 SV=1 Isyna1 0,296 -1,756330919 0,037435372 1,426717848 

Q9D8T2 Gasdermin-D OS=Mus musculus GN=Gsdmdc1 PE=1 SV=1 Gsdmd 0,32 -1,64385619 0,037435372 1,426717848 
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3.2.1 Supplementary Material 

 

Figure S1. Autofluorescence and SQSTM1 abundance is likewise increased in Purkinje cells 

of 16-months-old Spg11 KO, Zfyve26 KO and Spg11 Zfyve26 double-KO mice (dKO). (A-C) 

Compared to WT (A) Purkinje cell autofluorescence (green, excitation at 488 nm) is not 

increased in 2-months-old mice heterozygous for the Spg11 and Zfyve26 (dHET) allele (B) 

(more than 30 cells per genotype; n=3 mice per genotype; one-way ANOVA followed by 

Tukey's Multiple Comparison Test; ns: not significant). Scale bars: 5 μm. (D-Gii) 

Autofluorescent material in Purkinje cells of 16-months-old WT mice (D-Dii) rarely co-

localizes with SQSTM1, while the large autofluorescent deposits in Spg11 KO (E-Eii), Zfyve26 

KO (F-Fii) and double (G-Gii) KO mice regularly stain for SQSTM1. Purkinje cell somata are 

marked by a dashed line. Scale bars: 5 µm. (H and I) Quantification of autofluorescence and of 

SQSTM1 signal intensities. More than 30 cells from 3 mice per genotype were analyzed (one-

way ANOVA followed by Tukey's Multiple Comparison Test; *** p<0.001; ns: not 

significant). Error bars represent SEM. 
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Figure S2. Less lysosomes in Purkinje cells of spg11 KO, zfyve26 KO and spg11 zfyve26 

double KO mice. (A-F) Lysosome numbers are likewise reduced in Purkinje cells of 2-months-

old spg11 KO, zfyve26 KO and double KO mice. Representative Purkinje cells in brain sections 

of WT (A-Aii), spg11 KO (B-Bii), zfyve26 KO (C-Cii) and double KO (D-Dii) mice stained for 

LAMP1 (green) and SQSTM1 (red). Purkinje cell somata are marked by a dashed line. (E and 

F) Quantification of lysosomes (E) defined as LAMP1-positive and-negative puncta and 

autolysosomes (F) defined as LAMP1-positive and SQSTM1-positive puncta. More than 

30cells from 3 mice per genotype were analyzed (one-way ANOVA followed by Tukey's 

Multiple Comparison Test; * p<0.05; ns: not significant). Scale bars: 5 µm. Error bars represent 

SEM. 
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Figure S3. The fusion of lysosomes with autophagosomes occurs in spg11 KO, zfyve26 KO 

and spg11 zfyve26 double KO (dKO) MEFs. (A-I) Cells were transfected with the mRFP-eGFP-

LC3 reporter and the ratio between total mRFP and eGFP fluorescence calculated per cell at 

steady-state (A-D) and 6 h after induction of EBSS starvation (E-H). Scale bars: 10 µm. (I) 

Because eGFP signals are quenched in acidic compartments, an increased mRFP:eGFP ratio 

upon starvation indicates fusion of autophagosomes with lysosomes (quantification of at least 

30 cells per group from n=3 experiments; one-way ANOVA; ** p<0.01). Error bars represent 

SEM. 
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Figure S4. Delayed turnover of PI4K2A-GFP upon disruption of either Spg11 or Zfyve26. (A) 

Quantitative real-time PCR suggests that Pi4k2a transcript abundance normalized to Actb is not 

changed in spg11 KO and zfyve26 KO MEFs (quantification from 3 replicates each and n=3 

independent experiments; one-way ANOVA; ns: not significant). (B) FACS analysis of mean 

GFP fluorescence intensity in MEFs transfected with a GFP construct before and 4 h after 

addition of Cycloheximide normalized to baseline (n=3 independent experiments; one-way 

ANOVA; *** p<0.001). (C) FACS analysis of mean GFP fluorescence intensity in MEFs 

transfected with a PI4K2A-GFP construct before and 4 h after addition of Cycloheximide (n=3 

independent experiments; one-way ANOVA; *** p<0.001; ns: not significant). Error bars 

represent SEM. 
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Figure S5. PtdIns4P signals are increased in spg11 KO and zfyve26 KO mouse embryonic 

fibroblasts. (A-D) Compared to WT (A) PtdIns4P signals are significantly increased in spg11 

KO (B) and zfyve26 KO (C) MEFs at steady state (more than 30 cells per genotype; n=3 

experiments; one-way ANOVA followed by Tukey's Multiple Comparison Test; * p<0.05). (E-

H) Upon induction of autophagy by 4 h of EBSS starvation, PtdIns4P signals decrease in WT 

(E) but remain elevated in spg11 KO (F) and zfyve26 KO (G) MEFs (more than 30 cells per 

genotype; n=3 experiments; one-way ANOVA followed by Tukey's Multiple Comparison Test; 

*** p<0.001). Scale bars: 5 µm. Error bars represent SEM. 



Manuscript II 

 

68 

 

 

Figure S6. PI4K2A-BFP overexpression in WT MEFs increases the recruitment of clathrin and 

DNM2 to LAMP1-positive structures. (A-C) Co-stainings for LAMP1 and clathrin in control 

MEFs (A-Aii) and after overexpression of PI4K2A (B-Bii). (C) Quantification of at least 30 

cells per genotype from n=3 independent experiments (Student’s t-test; *** p<0.001). (D-F) 

Co-stainings for LAMP1 and DNM2 in control MEFs (D-Dii) and after overexpression of 

PI4K2A (E-Eii). (F) Quantification of at least 30 cells per genotype from n=3 independent 

experiments (Student’s t-test; *** p<0.001). Scale bars: 10 µm. Error bars represent SEM. 
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Movie S1. LAMP1-GFP-positive tubules in WT MEF (attached in CD-ROM). 

 

Movie S2. LAMP1-GFP-positive tubules in spg11 KO MEF (attached in CD-ROM). 

 

Movie S3. LAMP1-GFP-positive tubules in zfyve26 KO MEF (attached in CD-ROM). 

 

Movie S4. LAMP1-GFP-positive tubules in dKO MEF (attached in CD-ROM). 

 

Movie S5. LAMP1-mCherry- and PtdIns4P-positive tubules in U2-OS cells (attached in CD-

ROM). 

Table S1. Full list of proteins identified in autofluorescent material isolated from 6-months-old 

WT, spg11 KO and zfyve26 KO mice (attached in CD-ROM). 

Table S2. List of proteins from spg11 KO and zfyve26 KO deposits, which have also been 

reported for human and rat lipofuscin (attached in CD-ROM). 

Table S3. List of significantly regulated proteins identified in autofluorescent deposits isolated 

from spg11 KO and zfyve26 KO brains (attached in CD-ROM). 
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Table S4. List of proteins identified only in autofluorescent deposits isolated from 6-months-old spg11 KO and zfyve26 KO brains. 

Nr Accession Protein name Sum of 

counts 

Subcellular location # Unique 

Peptides 

Sum of 

spg11KO 

abundances 

Counts 

Sum of 

zfyve26KO 

abundances 

counts 

1 Q2TBE6 Phosphatidylinositol 4-kinase type 2 alpha 12 plasma membrane, 

mitochondrion, 

cytoplasm, lysosome, 

endosome, Golgi 

2 6 6 

2 Q3TDD9 Protein phosphatase 1, regulatory subunit 21  9 membrane 2 6 3 

3 Q3UGY8 ARFGEF family member 3  8 nucleus 2 3 5 

4 A2A5R2 ADP-ribosylation factor guanine nucleotide-exchange factor 2 (brefeldin A-

inhibited)  

8 cytoskeleton, cytoplasm, 

Golgi, endosome 

2 4 4 

5 Q60673 Protein tyrosine phosphatase, receptor type, N  6 nucleus, plasma 

membrane 

2 3 3 

6 O70404 Vesicle-associated membrane protein 8  4 plasma membrane, 

extracellular, cytoplasm, 

lysosome, endosome 

2 2 2 

7 Q3UHU5 Microtubule crosslinking factor 1  4 cytoskeleton, cytoplasm, 

nucleus 

1 2 2 

8 P42209 Septin 1 4 cytoskeleton 1 2 2 

9 Q80XI4 Phosphatidylinositol-5-phosphate 4-kinase, type II, beta  4 nucleus, cytoplasm 1 2 2 

10 Q6NXH9 Keratin 73 3 cytoskeleton 1 1 2 

11 Q9QYR7 Acyl-CoA thioesterase 3  3 peroxisome 1 2 1 

12 Q32Q92 Acyl-CoA thioesterase 6  3 peroxisome, cytoplasm 1 2 1 

13 Q6Q2Z6 Acyl-CoA thioesterase 5 3 peroxisome 1 2 1 

14 Q8BWN8 Acyl-CoA thioesterase 4  3 peroxisome 1 2 1 

15 Q9ERI2 RAB27A, member RAS oncogene family  2 extracellular, cytoplasm, 

lysosome, endosome 

1 1 1 
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5. Discussion 

In our study we focused on SPG11, SPG15 and SPG48, three HSP forms which are highly 

related. In order to analyze the pathogenesis and get insights into the functions of the related 

proteins, we used Spg11, Zfyve26 dKO mice and Ap5z1 KO mice. Previous reports showed that 

mouse models for SPG11 and SPG15 develop identical phenotypes, which are in agreement 

with reports on patients suffering from SPG11 or SPG15 (Khundadze et al. 2013; Varga et al. 

2015). Comparable with SPG48 patients, SPG48 mice showed a milder phenotype, which was 

only detected at the age of 20 months. We also found a degeneration of lumbar corticospinal 

tract fibers and a reduction of large diameter axons. Consistent with neurodegeneration, we 

found an activation of astrocytes in Ap5z1 KO mice. In contrast, Spg11 KO and Zfyve26 KO as 

well as dKO mice displayed motor impairment already at the age of 12 months. In contrast to 

previous findings in Spg11 KO and Zfyve26 KO mice (Khundadze et al. 2013; Varga et al. 

2015) and the dKO mice, we found no loss of Purkinje cells in Ap5z1 KO mice. This might 

contribute to the milder motor phenotype in SPG48. In all analyses performed in this study, we 

did not observe differences between single and dKO mice. Previous findings in zebrafish 

reported that the partial depletion of both SPG11 and ZFYVE26 orthologues resulted in severe 

locomotor impairment, abnormal branching of the spinal cord and developmental defects, while 

a partial knockdown (KD) of each alone was ineffective (Martin et al. 2012). Our results, 

however, are in contrast with this observation since the single KO for either SPG11 or ZFYVE26 

resulted in a motor phenotype while the simultaneous loss of SPG11 and ZFYVE26 did not 

worsen the phenotype. This suggests a common role of these proteins in the pathogenesis of 

HSP. 

Adaptor protein complexes are heterotetrametric protein complexes that facilitate the transport 

of cargos from one membrane compartment to another within cells (Sanger et al. 2019). Based 

on this definition, we decided to investigate the role of AP-5 in protein sorting. Since a role in 

the endolysosomal system has been suggested previously (Hirst et al. 2012), we focused on the 

delivery of lysosomal proteins to lysosomes. Mass spectrometry of isolated lysosomes did not 

reveal any significant difference in the number of lysosomal proteins upon disruption of AP-5. 

Surprisingly, we observed a redistribution of some Golgi proteins in lysosomes, i.e. GLG1. This 

is supported by previous findings which showed a role of AP-5 as a backup system for the 

retrieval of proteins from late endosomes to the TGN (Hirst et al. 2018). The authors found an 

increased amount of the Mannose 6-Phosphate Receptor (M6PR) and other Golgi proteins 

outside the TGN upon disruption of AP-5. A similar approach was carried out on our Ap5z1 
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KO mouse embryonic fibroblasts (MEFs) where we confirmed an increase of M6PR outside of 

the TGN region. However, we noticed that the absence of AP-5 resulted in structural alterations 

of the transGolgi. In detail, our immunofluorescence and EM studies revealed that the TGN 

was reduced in size and more vesiculated, while the cisGolgi was unaffected. We found similar 

Golgi alterations in 20-month-old KO mice. At earlier time points, we could not detect any 

structural change suggesting that these alterations might not be a primary event in the 

pathogenesis of the disease, but probably a secondary effect. transGolgi alterations have been 

already observed in Parkinson´s disease, amyotrophic lateral sclerosis (ALS) and Alzheimer 

disease (Nakagomi et al. 2008; Mizuno et al. 2001; Gonatas et al. 1992; Stieber et al. 1996). 

Thus, the alterations observed in our KO mice might contribute to the pathogenesis. 

SPG11 and ZFYVE26 have been previously described to interact and colocalize with 

endosomes and lysosomes (Murmu et al. 2011; Khundadze et al. 2013; Hirst et al. 2013). Also 

different roles in autophagy have been suggested (Vantaggiato et al. 2019). An accumulation 

of undigested material was already found in cortical neurons and Purkinje cells of 2-month-old 

Spg11 KO and Zfyve26 KO mice (Khundadze et al. 2013; Varga et al. 2015). Similar findings 

were observed in dKO mice starting from the age of 2 months and in older Ap5z1 KO mice (8-

month-old). Immunofluorescence analyses of this undigested material revealed a colocalization 

with autophagic markers (LAMP1, LC3 and p62). In accordance to our observations, also 

SPG11, SPG15 and SPG48 patient fibroblasts displayed enlarged LAMP1 positive structures 

with accumulation of undigested material (Renvoisé et al. 2014; Hirst et al. 2015). Furthermore, 

corticospinal tracts of our Ap5z1 KO mice showed an accumulation of densely packed 

organelles like mitochondria, lysosomes and autolysosomes leading to axonal swelling. This 

accumulation might result in an impairment of the intracellular transport leading to axonal 

degeneration, which has already been observed for other types of HSP (Ferreirinha et al. 2004; 

Edgar et al. 2004; Pace et al. 2018).   

Similarly to SPG11 and ZFYVE26, also AP-5 has been suggested to localize to the 

endolysosomal system and to play a role in autophagy (Hirst et al. 2013). Additionally, we 

found in vitro that in the absence of AP-5 zeta the numbers of autophagosomes were increased 

under challenged conditions, i.e. starvation, while autolysosomes were decreased. In 

agreement, levels of LC3-II were increased after induction of autophagy in western blot. This 

difference was abolished after induction of autophagy while blocking the autophagosome-

lysosome fusion by Bafilomycin A1 treatment. No difference in LAMP1 levels as well as in 

the number of lysosomes were observed in KO MEFs. These observations might suggest an 
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impairment of the autophagosome-lysosome fusion. Instead, we observed a reduction in 

lysosomes and an increased number of autophagosomes and autolysosomes in single KOs and 

dKO samples for SPG11 and ZFYVE26. The results were corroborated by western blots of brain 

lysates which showed increased levels of SQSTM1 and LC3-II in KO mice. Again, no 

difference was observed between single KOs and dKO. These results suggest a block in 

autophagy. Our results, however, are in contrast with Vantaggiato et al. who showed that SPG11 

and ZFYVE26 play different roles in autophagy. The authors describe that both proteins interact 

with RAB5 and RAB11, proteins which are important for endosome maturation and trafficking 

(Vantaggiato et al. 2019). Moreover, the authors suggest that only the absence of ZFYVE26 

affects the fusion of endosomes and autophagosomes with a more severe effect on autophagy 

compared to SPG11 (Vantaggiato et al. 2019). The different results observed by Vantaggiato et 

al. and our study may be explained by the use of disease-associated variants, which may not 

represent complete loss-of-function mutations. Our in vitro autophagy flux analysis in Spg11 

KO and Spg15 KO MEFs using a mRFP-eGFP-LC3 reporter also does not support the 

hypothesis of a defect of autophagosome-lysosome fusion. With the use of this reporter, we 

were able to evaluate the fusion between autophagosomes and lysosomes. The data showed that 

the fusion of autophagosomes and lysosomes still occurs in the absence of Spatacsin and 

Spastizin. This was corroborated by counting vesicles after autophagy induction, where an 

accumulation of autolysosomes was observed in KOs. Interestingly, the number of lysosomes 

was diminished already under basal conditions and was even more reduced under challenged 

conditions, which is in accordance with the in vivo analysis. Also in Ap5z1 KO mice the number 

of autolysosomes was increased in Purkinje neurons already before onset of the disease (2-

month-old). Thus, these results suggest an impairment at later stage of autophagy. 

Reduction of lysosomes and an increased amount of autolysosomes are typical signs of ALR 

impairment, as already observed in other diseases (Magalhaes et al. 2016; McGrath et al. 2021). 

ALR is the final step of autophagy, which occurs after prolonged starvation and is essential for 

the homeostasis of lysosomes. It has been shown that the absence of Spatacsin and Spastizin 

impairs this process under prolonged starvation (Chang et al. 2014; Varga et al. 2015). Since 

these proteins were shown to interact with AP-5, we evaluated whether this impairment could 

be also detected in our KO MEFs. Here, we showed for the first time that the absence of AP-5 

drastically reduces the reformation of lysosomes from autolysosomes. Moreover, we confirmed 

by live cell imaging that the process of ALR is impaired upon disruption of either Spatacsin or 

Spastizin.   
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ALR is a process tightly regulated by mTORC1. Indeed, ALR can take place only after 

reactivation of mTORC1 due to the release of nutrients from autolysosomes (Chen and Yu 

2018). The evaluation of the abundance of phosphorylated p70S6 Kinase (p-S6K) was used to 

evaluate mTORC1 activity. Decreased amount of p-S6K was observed in Ap5z1 KO MEFs 

under prolonged starvation, suggesting a defect in mTORC1 reactivation. This can be due to a 

defect of lysosome function. Indeed, both MEFs and primary neurons lacking AP-5 showed a 

defect in the degradative capacity for protein aggregates, i.e. Huntingtin. These data suggest 

that the absence of AP-5 impairs the capacity of neurons to degrade material via autophagy. 

Unfortunately, we were unable to determine whether this autophagy block is a direct 

consequence of ALR impairment which affects the degradation of autophagic material or vice 

versa. In the study of McGrath et. al 2021 it has been shown that administration of FBS after 

prolonged starvation stimulates ALR. It provides nutrients necessary for the reactivation of 

mTORC1 which then triggers ALR initiation. A similar experiment with our KO MEFs might 

help to understand whether the impairment in the degradative capacity is the primary cause of 

impaired autophagy. 

For a better understanding of the pathophysiology of SPG11 and SPG15, an unbiased mass 

spectrometry analysis of autofluorescent material isolated from WT, Spg11 KO and Zfyve26 

KO brains was carried out. Notably, PI4K2A, one of the four kinases involved in the generation 

of PtdIns(4)P from PtdIns, was found in deposits isolated from SPG11 and SPG15 KO mice 

but not in WT controls. It has been described that PI4K2A mainly localizes to the TGN under 

basal conditions and is recruited to autophagosomes under challenged conditions, where it plays 

an important role in the fusion of autophagosomes with lysosomes (Wang et al. 2015). The 

increased amount of PI4K2A in Spg11 KO and Zfyve26 KO was also confirmed by 

immunostaining in Purkinje cells. For the first time, we showed that PI4K2A localizes to 

autolysosomes in neurons and that its abundance is increased upon disruption of either SPG11 

or ZFYVE26. High levels of this kinase were also found in KO MEFs. However, qRT-PCR 

results for Pi4k2a mRNA did not show any difference between WT and KOs at the transcript 

level. These results indicate that the loss of SPG11 and ZFYVE26 does not affect the 

transcription of PI4K2A. Interestingly, we noticed that the turnover of this kinase was impaired 

in KO samples. In the literature it is described that PI4K2A is ubiquitinated at different sites, 

which regulates its activity and possibly also its turnover (Mössinger et al. 2012). Thus, we 

speculate that the impairment of its turnover might be due to an alteration of PI4K2A 

ubiquitination and a reduced degradative capacity of lysosomes in the absence of SPG11 or 
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ZFYVE26. This, together with the autophagy impairment described before, might explain the 

accumulation in autolysosomes upon loss of Spatacsin and Spastizin. Furthermore, we 

speculate that the retrieval of PI4K2A from autolysosomes could be impaired upon disruption 

of SPG11 or ZFYVE26. As already observed for SPG48, also the loss of SPG11 and ZFYVE26 

leads to an altered structure of the TGN (data not shown), which can impair the retrieval of 

Golgi proteins from late endosomes to the TGN. 

Based on our in vivo and in vitro results and the assumption that Spatacsin and Spastizin are 

involved in ALR, we decided to overexpress PI4K2A in U2-OS cells to mimic the accumulation 

observed in MEFs. In cells with PI4K2A overexpression we observed a reduction of 

reformation tubules similar to our data for KO MEFs. The KD of PI4K2A on the other hand 

resulted in longer tubules, suggesting a role of this kinase at a late stage of ALR. To evaluate 

its role, we simultaneously knocked down PI4K2A and treated the cells with Dynasore. This 

compound is an inhibitor of Dynamin2, a protein involved in the scission of reformation 

tubules. Surprisingly, no difference in the percentage of lysosomal tubules longer than 5 µm 

was observed, suggesting a possible role of PI4K2A in the scission of tubules. Similar results 

were observed after overexpression of PI4K3B, another kinase responsible for the production 

of PtdIns(4)P (Sridhar et al. 2013). Therefore, we also investigated the role of PtdIns(4)P in 

ALR. PtdIns(4)P, the product of PI4K2A, was already described to be essential in different 

processes like exocytosis, membrane trafficking, protein sorting and autolysosome generation 

(Minogue 2018; Ebner et al. 2019; Wang et al. 2015; Sridhar et al. 2013). Moreover, it has been 

suggested to play an important role in the maintenance of lysosomal homeostasis. 

Immunostainings in our Spg11 KO and Zfyve26 KO MEFs revealed increased levels of 

PtdIns(4)P already under basal conditions and even more under starved conditions. 

Furthermore, after prolonged starvation, levels of PtdIns(4)P were increased on LAMP1-

positive vesicles upon disruption of SPG11 and ZFYVE26. These results suggest that increased 

levels of PI4K2A lead to an increase of its product, supporting the hypothesis that both play a 

role during ALR. Of note, we were able to show by live cell imaging that PtdIns(4)P is recruited 

to tubules during ALR. Based on these results, we speculate that the modulation of PI4K2A 

levels in our KO mice might rescue the process of ALR. In the literature, different inhibitors 

for this kinase have been described (Sengupta et al. 2019; Pataer et al. 2020). They represent a 

good strategy to modulate the activity of PI4K2A in our KO mice and to evaluate a possible 

rescue of the phenotype. Additionally, the use of siRNA against PI4K2A in vitro can be used 

to evaluate the effect on ALR in SPG11 and SPG15.   
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PtdIns(4)P plays an important role in ALR because it is a precursor of PtdIns(4,5)P2, which is 

generated upon phosphorylation by PIP5K1A and B (Rong et al. 2012). PtdIns(4,5)P2 is 

essential for the recruitment of key players of ALR like Clathrin, KIF5B and Dynamin2 (Rong 

et al. 2012). Thus, we evaluated the recruitment of some of these key players in our KO MEFs. 

Notably, the recruitment of Clathrin and Dynamin2 on LAMP1-positive structures was 

increased in KO MEFs. These results could be mimicked by overexpression of PI4K2A in WT 

MEFs. The data suggest that changes in PI4K2A levels and especially of its product affect the 

recruitment of important proteins involved in ALR. Recent findings show that mutations in 

INPP5K, a phosphatase that generates PtdIns(4)P from PtdIns(4,5)P2, cause an abnormal 

accumulation of PtdIns(4,5)P2 on reformation tubules leading to ALR impairment and muscle 

skeletal disease (McGrath et al. 2021). These studies support our hypothesis that a finely tuned 

balance between different phosphoinositides is essential for ALR. For further confirmation, a 

sensor specific for PtdIns(4,5)P2 could be used in our KO models. This construct would help to 

confirm that increased levels of PtdIns(4)P result in increased concentrations of PtdIns(4,5)P2, 

thereby affecting the recruitment of Clathrin, Dynamin2 and KIF5B. Therefore, it could 

corroborate the finding of this study and give insight into ALR and the pathogenesis of HSP.  

Taken together, we confirmed in this study the close relation between SPG48, SPG11 and 

SPG15. Our mouse models show similar phenotypes and impairments confirming a common 

role of their respective proteins during autophagy and especially in ALR. We discovered that 

the loss of these proteins affects not only autophagy but also other compartments like the TGN. 

We speculate that structural alterations of the TGN together with the retrieval impairment of 

proteins from late endosomes to the TGN might contribute to the accumulation of PI4K2A in 

autolysosomes. High levels of PI4K2A promote an increase of PtdIns(4)P and possibly of 

PtdIns(4,5)P2, thus affecting the recruitment of ALR effectors. This results in an increased 

recruitment or retention of Clathrin and Dynamin2 on reformation tubules leading to an 

impairment of ALR. Moreover, it has been shown that mutations of this kinase result in 

accumulations of undigested material in neurons (Alkhater et al. 2018; Simons et al. 2009). 

This suggests a close relation between PI4K2A and SPG11, ZFYVE26 and AP-5.  
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6. Conclusion and future perspectives 

This study examined the role of SPG11, ZFYVE26 and AP-5 in the process of autophagy and 

identified a role of PI4K2A in ALR (Figure 6).   

We observed that the absence of these proteins results in an autophagy impairment in our KO 

mice. In detail, we show that the loss of either SPG11, ZFYVE26 or AP-5 causes autophagic 

block leading to an increased number of autophagosomes and autolysosomes. This results in 

the accumulation of undigested material. Analysis of this material revealed increased levels of 

PI4K2A in Spg11 KO and Zfyve26 KO mice. Unfortunately, we could not determine the 

mechanism behind the increased levels of PI4K2A. Possibly, this kinase is recycled from late 

endosomes to the TGN in a complex with AP-5, SPG11 and ZFYVE26. Indeed, our data 

suggest that AP-5 acts as a back-up system of retromer, thus facilitating the transport of proteins 

from late endosomes back to the TGN. Furthermore, the loss of SPG11, ZFYVE26 and AP-5 

leads to structural alterations of the TGN (data not shown for SPG11 and ZFYVE26). We 

speculate that these alterations together with the retrieval process impairment and a defective 

turnover might result in an increased amount of PI4K2A in autolysosomes   

Further, our analyses demonstrated that increased levels of PI4K2A as well as the absence of 

SPG11 or ZFYVE26 did not alter the autolysosome formation but resulted in ALR impairment. 

During ALR, LAMP1-positive tubules elongate from autolysosomes. Interestingly, in our KO 

models, high levels of PI4K2A and PtdIns(4)P result in ALR impairment due to an excessive 

recruitment or retention of Clathrin and Dynamin2 on tubules. We propose that PtdIns(4)P 

generated from PI4K2A on tubules is converted to PtdIns(4,5)P2 which is necessary for the 

recruitment of Clathrin, KIF5B and Dynamin2.  

Taken together, these data suggest that SPG11, ZFYVE26 and AP-5 are involved in the retrieval 

of proteins from the TGN back to the endosomes as well as in autophagy and ALR. Further, we 

propose that PI4K2A and therefore PtdIns(4)P regulate the recruitment of ALR effectors. 

As future perspectives, further experiments should be performed to better understand whether 

a block of autolysosomal degradation impairs ALR or vice versa. In the study of McGrath et al. 

2021 it has been shown that the administration of FBS after prolonged starvation stimulates 

robust ALR. It provides nutrients necessary for the reactivation of mTORC1 which then triggers 

ALR initiation. Thus, a similar experiment with our KO MEFs might help to resolve the primary 

cause of impaired autophagy in SPG11, SPG15 or SPG48.  
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Moreover, one should assess whether PtdIns(4)P acts directly on ALR or after its transformation 

into PtdIns(4,5)P2. Sensors specific for these phosphoinositides together with antibodies against 

the main effectors of ALR could be used. Super resolution microscopy combined with a newly 

described protocol of cell fixation (McGrath et al. 2021), which allows to stabilize the tubules, 

might help to better characterize this process. 

For more mechanistic insights, the Proximity‐dependent biotin identification (BioID) may be 

helpful. It is a relative newly described method for the identification of protein-protein 

interactions (Varnaitė and MacNeill 2016; Roux et al. 2018). This approach applied to our HSP 

proteins would help to discover so far unknown AP-5-cargos and give insights into their 

function. Moreover, AP5-interactors could be analyzed using specific treatments (i.e. 8 h of 

starvation) which are inducing autophagy. 

Additionally, the generation of Knockin (KI) cells for AP-5 as well as SPG11 and ZFYVE26 

tagged proteins might help to visualize and evaluate their role by using live cell imaging. 

Moreover, these cell lines could support the BioID results for the identification of interactors. 

Possibly, PI4K2A may be a target for pharmacological intervention. Inhibitors or siRNAs 

against PI4K2A could be used to analyze whether the modulation of the PI4K2A levels in 

SPG11 and SPG15 might rescue the process of ALR with an improvement of the phenotype.  
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Figure 6. Implication of SPG11, ZFYVE26 and AP-5 role in autophagy. In WT (left panel) SPG11 and 

ZFYVE26 interact with AP-5, which is involved in the retrieval of proteins from late endosomes to the 

TGN. PI4K2A localizes under basal conditions mainly in the TGN but also in endosomes and 

lysosomes. During starvation, the kinase is recruited on autophagosomes where it plays an important 

role in autophagosome-lysosome fusion. In autolysosomes, the material is degraded and nutrients are 

released triggering ALR. During ALR, LAMP1-positive tubules elongate from autolysosomes. Proteins 

are retained in autolysosomes due to the presence of PI4K3B resulting in empty tubules. We propose 

that the generation of PtdIns(4)P from PI4K2A is converted to PtdIns(4,5)P2 which is necessary for the 

recruitment of Clathrin, KIF5B and Dynamin2. SPG11, ZFYVE26 and AP-5 are also important players 

during this process. However, the precise mechanism is still unclear. This current study showed that loss 

of SPG11 and ZFYVE26 leads to increased levels of PI4K2A (right panel). The loss of SPG11, 

ZFYVE26 and AP-5 leads to structural alterations of TGN. This, together with the retrieval process 

impairment would result in an increased amount of PI4K2A in autolysosomes. High levels of PI4K2A 

and therefore of PtdIns(4)P result in ALR impairment due to an excessive recruitment or retention of 

Clathrin and Dynamin2 on tubules. This impairment is also suggested by a decreased number of 

lysosomes and increased autophagosomes and autolysosomes. WT wild type, ALR autophagic lysosome 

reformation, AP-5 adaptor protein complex-5, TGN transGolgi network, PdtIns(4)P 

Phosphatidylinositol-4 phosphate, PtdIns(4,5)P2 Phosphatidylinositol-4,5 biphosphate, LAMP1 

Lysosome-associated membrane glycoprotein 1 (Created with BioRender.com).  

https://biorender.com/
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