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Summary 

The nervous system is formed by a complex network of neurons and glia cells and exerts 

distinct functions upon various cue stimuli. Cellular functionality highly depends on correct 

intracellular protein sorting and trafficking as this defines the subcellular 

compartmentalization of organelles. In neurons this compartmentalization is in particular 

challenging because these are polarized cells with stimuli receiving somatodendritic and 

stimuli transmitting axonal compartments. Thus, the protein composition of the different 

polarized regions in neurons is essential for accurate functionality. Their polarity and also their 

postmitotic state make neurons highly vulnerable to dysregulations underlying impaired 

protein trafficking and make them less adaptable to a resulting imbalanced energy 

metabolism. In several neurodegenerative and psychiatric diseases neuronal endosomal 

protein trafficking is impaired. This includes malfunction of the autophagy-endolysosome 

system in monogenetic lysosomal storage disorders such as Neuronal Ceroid Lipofuscinoses. 

In this dissertation, I describe the converging links of CLN3 protein, which is mutated in 

juvenile Neuronal Ceroid Lipofuscinosis, and the γ-secretase subunit Pen2 in the autophagy-

endolysosome system. CLN3 and Pen2 have earlier been described to interact and I 

demonstrate their co-localization in late endosomes and endolysosomes. I further show that 

a knockout of either CLN3 or Pen2 in HeLa cells leads to decreased lysosomal proteolytic 

processing, a decreased number of lysosomes, a partially impaired compartmentalization 

between late endosomes and lysosomes, and an increased autophagy induction with a 

functioning autophagic flux as shown by the elevated number of autophagosomes and 

autolysosomes before and after nutrient deprivation. As impairments of Pen2 functionality 

and other γ-secretase subunits are common risk factors for Alzheimer’s disease, I 

subsequently compare converging links between the different Neuronal Ceroid Lipofuscinoses 

subtypes and Alzheimer’s disease. I refer that amyloid β accumulation, a hallmark of 

Alzheimer’s disease, was also identified in some cases of Neuronal Ceroid Lipofuscinoses and 

that lysosomal inclusions which were previously thought specific for Neuronal Ceroid 

Lipofuscinoses have been observed in patients with canonical Alzheimer’s disease gene 

mutations. In accordance with previous investigations linking the Alzheimer’s disease 

hallmarks, neurofibrillary tangles and senile plaques, to impairments in the autophagy-

lysosome system, and my observations of Pen2 involvement in the autophagy-lysosome 

system, I propose that the primary cause of Alzheimer’s disease, like for Neuronal Ceroid 



Lipofuscinosis, are impairments of protein trafficking and function in the autophagy-

endolysosome system. My colleagues and I further investigate the novel interaction between 

another Alzheimer’s disease risk factor SorLA and the scaffold protein PICK1. We demonstrate 

that PICK1 interacts with the last three amino acids of the cytoplasmic C-terminus of SorLA, 

and I show their colocalization in neuronal vesicular structures, and that SorLA 

internalization is independent of its interaction with PICK1 in SH-SY5Y neuroblastoma cells. 

SorLA is a member of the Vps10p-D receptor family that seems to be involved in different 

distinct intracellular sorting mechanisms. The Vps10p-D receptor family consist in 

mammals of Sortilin, SorLA, SorCS1, SorCS2 and SorCS3. Dysfunction of the Vps10p-D 

receptors has been linked to several neurodegenerative and psychiatric diseases including 

Alzheimer’s disease. Decoding the dynamic intracellular itineraries of Vps10p-D receptors 

is crucial to understand their role in physiological and cytopathological processes. The 

direct observation of their interactions at spatial and temporal levels to examine local 

dynamics by live imaging has been challenging as terminal fluorophore tagging presumably 

impedes a large number of their protein interactions and functions. Therefore, I aimed to 

generate functional fluorophore tagged versions of either Vps10p-D receptor by accurate 

internal tag insertion. Internal tag positioning had to be chosen carefully to not interfere 

with any of the structures of the different domains of the receptors. Here, I present the 

functionality of the different domains in the designed internal fluorophore tagged Vps10p-D 

receptors. I demonstrate their correct folding by computational applications and accordingly 

their exit of the ER using immunocytochemistry. I identify the detailed subcellular 

localizations of all tagged Vps10p-D receptors which are in accordance with the so far known 

and published localizations. Successful dimerization experiments with fluorophore tagged 

SorCS2 show the functionality of the leucine rich domain in the tagged SorCS subfamily. I 

also demonstrate for the first time that all Vps10p-D receptors can internalize brain-derived 

neurotrophic factor independent of tropomyosin receptor kinase B. These results introduce  

the tagged Vps10p-D receptors as novel powerful tools for live analysis of protein 

trafficking and sorting mechanisms. 



Zusammenfassung 

Das Nervensystem besteht aus einem komplexen Netzwerk von Neuronen und Gliazellen und 

übt spezifische Funktionen bei verschiedenen Reizen aus. Zelluläre Funktionen hängen stark 

von korrekter intrazellulärer Sortierung und Transport von Proteinen ab, da dadurch die 

subzelluläre Kompartimentierung von Organellen definiert wird. In Neuronen stellt diese 

Kompartimentierung eine besondere Herausforderung dar, da sie polarisierte Zellen mit 

somatodendritischen Kompartimenten für den Empfang von Reizen und axonalen 

Kompartimenten für die Übertragung von Reizen sind. Deshalb ist die 

Proteinzusammensetzung der verschiedenen polarisierten Regionen in Neuronen für deren 

korrekte Funktionalität entscheidend. Ihre Polarität und auch ihr postmitotischer Zustand 

machen Neurone sehr anfällig für Dysregulationen aufgrund eines gestörten 

Proteintransports, und weniger anpassungsfähig an einen daraus resultierenden 

unausgeglichenen Energiestoffwechsel. Der neuronale und endosomale Transport von 

Proteinen ist bei verschiedenen neurodegenerativen und psychiatrischen Erkrankungen 

gestört. Dazu gehören Fehlfunktionen des Autophagie-Endolysosomen-Systems bei 

monogenetischen lysosomalen Speicherkrankheiten wie den Neuronalen Ceroid-

Lipofuszinosen. In dieser Dissertation beschreibe ich die konvergierenden Verbindungen 

zwischen dem Protein CLN3, das bei juveniler Neuronaler Ceroid-Lipofuszinose mutiert ist, 

und der γ-Sekretase-Untereinheit Pen2 im Autophagie-Endolysosomen-System. CLN3 und 

Pen2 interagieren miteinander, und ich zeige ihre gemeinsame Lokalisation in späten 

Endosomen und Endolysosomen. Außerdem zeige ich, dass ein Knockout von CLN3 oder Pen2 

in HeLa-Zellen zu einer verringerten lysosomalen proteolytischen Prozessierung, einer 

verringerten Anzahl von Lysosomen, einer teilweise gestörten Kompartimentierung zwischen 

späten Endosomen und Lysosomen und einer erhöhten Autophagie-Induktion mit 

funktionierendem autophagischen Flux führt, wie die erhöhte Anzahl von Autophagosomen 

und Autolysosomen vor und nach Nährstoffentzug der Zellen zeigt. Da Beeinträchtigungen der 

Pen2-Funktionalität und anderer γ-Sekretase-Untereinheiten häufige Risikofaktoren für 

Morbus Alzheimer sind, vergleiche ich anschließend übereinstimmende Verbindungen 

zwischen den verschiedenen Untertypen Neuronaler Ceroid-Lipofuszinose und Morbus 

Alzheimer. Ich verweise darauf, dass die Anhäufung von Amyloid β, ein typisches Merkmal von 

Morbus Alzheimer, auch in einigen Fällen von Neuronalen Ceroid-Lipofuszinosen festgestellt 

wurde und dass lysosomale Einschlüsse, von denen man bisher annahm, sie seien spezifisch 



für Neuronale Ceroid-Lipofuszinosen, auch bei Patienten mit kanonischen Alzheimer-

Genmutationen beobachtet wurden. Passend zu früheren Untersuchungen, die die typischen 

Merkmale von Morbus Alzheimer, Alzheimer-Fibrillen und senile Plaques, mit 

Beeinträchtigungen des Autophagie-Lysosomensystems in Verbindung bringen, und meinen 

Beobachtungen der Mitwirkung von Pen2 am Autophagie-Lysosomensystem, nehme ich an, 

dass die Hauptursache von sowohl Morbus Alzheimer, als auch der Neuronalen Ceroid-

Lipofuszinose Beeinträchtigungen des Proteintransports und der Funktion des Autophagie-

Lysosomensystems sind. Meine Kollegen und ich untersuchen außerdem die neu identifizierte 

Interaktion zwischen einem weiteren Alzheimer-Risikofaktor SorLA und dem Gerüstprotein 

PICK1. Wir zeigen, dass PICK1 mit den letzten drei Aminosäuren des zytoplasmatischen C-

Terminus von SorLA interagiert. Ich zeige außerdem ihre Colokalisierung in neuronalen 

vesikulären Strukturen, und dass die Internalisierung von SorLA in SH-SY5Y-

Neuroblastomzellen unabhängig von seiner Interaktion mit PICK1 ist. SorLA ist ein Mitglied der 

Vps10p-D-Rezeptorfamilie, die an unterschiedlichen intrazellulären Sortierungsmechanismen 

beteiligt zu sein scheint. Die Vps10p-D-Rezeptorfamilie besteht bei Säugetieren aus Sortilin, 

SorLA, SorCS1, SorCS2 und SorCS3. Funktionsstörungen der Vps10p-D-Rezeptoren werden mit 

verschiedenen neurodegenerativen und psychiatrischen Erkrankungen in Verbindung 

gebracht, darunter auch Morbus Alzheimer. Das Verstehen der dynamischen intrazellulären 

Wege der Vps10p-D-Rezeptoren ist daher entscheidend für das Verständnis ihrer Rolle bei 

physiologischen und zytopathologischen Prozessen. Die direkte Beobachtung ihrer 

Interaktionen auf räumlicher und zeitlicher Ebene zur Untersuchung ihrer lokalen Dynamik 

durch Lebendzellbeobachtungen stellte sich bisher als schwierig heraus, da die terminale 

Markierung mit Fluorophoren vermutlich eine große Anzahl ihrer Proteininteraktionen und -

funktionen verhindert. Um dies zu umgehen, habe ich funktionelle, intern mit Fluorophoren 

markierte Versionen aller Vps10p-D-Rezeptoren erzeugt. Die Position der internen 

Markierungen musste sorgfältig gewählt werden, um die Strukturen der verschiedenen 

Domänen der Rezeptoren nicht zu beeinträchtigen. Ich demonstriere hier die Funktionalität 

der unterschiedlichen Domänen in den entworfenen, mit internen Fluorophoren markierten 

Vps10p-D-Rezeptoren. Ich zeige ihre korrekte Faltung mit Hilfe von Computersimulationen 

und ihren Austritt aus dem ER mit Hilfe der Immunzytochemie. Ich beschreibe die detaillierten 

subzellulären Lokalisationen aller markierten Vps10p-D-Rezeptoren, die mit den bisher 

bekannten und veröffentlichten Lokalisationen übereinstimmen. Erfolgreiche 



Dimerisierungsexperimente mit Fluorophor-markiertem SorCS2 zeigen die Funktionalität der 

leucinreichen Domäne in der fluorophor markierten SorCS-Unterfamilie. Außerdem konnte 

ich zum ersten Mal zeigen, dass alle Vps10p-D-Rezeptoren den Wachstumsfaktor BDNF 

unabhängig von Tropomysoinkinase-Rezeptoren internalisieren können. Diese Ergebnisse 

zeigen, dass die markierten Vps10p-D-Rezeptoren neuartige, leistungsstarke Werkzeuge für 

die Live-Analyse von Protein-Transport und Sortierungsmechanismen sind. 
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1. Introduction  
 

The general role of the nervous system is to detect intrinsic and extrinsic cue stimuli and to 

transmit them between the brain and the rest of the organism. For this transmission neurons 

play a key role as they generate electric action potentials from said stimuli and pass them on 

from one to another to finally activate consequential actions. Neurons are polarized cells that 

stereotypically consist of a stellate cell body or soma that branches out several long dendritic 

processes at one pole and a single long axon with strong distal arborization at the other pole 

(Deiters, 1865; von Waldeyer, 1891). Despite this universal appearance, neurons have been 

recognized to have a huge morphological heterogeneity with different specified functionalities 

underlying discrete molecular mechanisms and therefore form a highly complex network (Ramón 

y Cajal, 1906; Zeng et al., 2018).  

Different types of glia cells that mainly execute supportive functions to maintain the nervous 

system accompany neurons. Microglia have immunological functions and are usually sitting in a 

resting state during which they scan their local territorial domain in the brain. Upon disease or 

injury, they proliferate and transform into active brain macrophages to phagocyte cells or cellular 

compartments (del Río-Hortega, 1919; Kettenmann et al., 2011). The axon of a neuron is isolated 

by myelin sheaths produced by oligodendrocytes in the central nervous system (CNS) or 

myelinating Schwann cells in the peripheral nervous system (PNS) to enable its rapid saltatory 

conduction (del Río-Hortega, 1921; del Río-Hortega, 1922; Stadelmann et al., 2019). Astrocytes, 

the most abundant glia cell type in the CNS, interact with endothelia cells which tightly enclose 

blood vessels in the brain. Together these cells form the blood brain barrier to avoid entering of 

toxins, pathogens or other substances circulating in the blood into the brain. Through specific 

transporters, however, astrocytes can surpass this barrier to provide neurons with nutrients from 

the blood. Astrocytes also have homeostatic properties like the buffering of K+ and 

neurotransmitter recycling by interacting at synaptic sites (Lee et al., 2022). In the PNS 

homeostasis is controlled predominantly by satellite glia cells (Hanani and Verkhratsky, 2021).  

Signal transduction between neurons occurs at synapses, which consist of presynaptic nerve 

endings, postsynaptic dendritic spines, and a synaptic cleft between these sites. Neurons receive 

chemical signals at the postsynaptic site which can de- or hyperpolarize the cell. This polarization 

is processed in the soma and can generate electric action potentials at the axon hillock which are 
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sent through the axon to the presynaptic sites. In the presynapse this signal is transformed into 

a chemical signal i.e., neurotransmitter release into the synaptic cleft which is then detected by 

neurotransmitter receptors on the postsynaptic dendritic spines of the next neuron (Dale, 1935; 

Eccles, 1976). To maintain this complex signal transmission the transcription and translation of 

the involved proteins as well as their correct targeting to the appropriate subcellular localizations 

is of crucial importance as malfunction of this machinery easily leads to a dysregulated system 

and subsequent neurological or neuropsychological diseases. During neurogenesis neurons 

emigrate from the (sub-)ventricular zone and afterwards no longer undergo mitosis. They 

become differentiated postmitotic cells. They achieve this state by constantly controlling their 

cell cycle and failure of this vigilance reinitiates the cell cycle and puts them into an altered state 

often leading to neuronal death (Herrup and Yang, 2007). Together, the postmitotic state and 

the complex molecular structure of neurons make them especially vulnerable as their 

functionality requires precise orchestration and organization of the involved cellular and 

molecular processes.  

1.1. Endosomal protein trafficking in neurons 

 

New proteins are synthesized at cytosolic ribosomes through the translation of messenger 

ribonucleic acid (mRNA) into an amino acid sequence (Palade, 1958; Pardee, 1954). Proteins that 

traffic through the endosomal pathway and transmembrane proteins contain a terminal signal 

peptide, which is recognized by a signal peptide recognition particle that conveys translocation 

of the emerging protein and ribosomes to the endoplasmic reticulum (ER) membrane (Fig. 1). 

Then, the emerging protein is co-translationally transported into the ER lumen through the signal 

peptide binding translocon complex. In the ER proteins undergo several co- and post-

translational modifications including cleavage of their amino terminal signal peptide sequence 

by the signal sequence peptidase complex (SPC) (Braakman and Hebert, 2013; Rapoport, 2007). 

Moreover, proteins fold into their tertiary structure. Protein folding is realized through different 

chaperones, proteins arresting the unfolded protein in the ER to facilitate structural 

modifications like disulfide bonds through their interactions with protein disulfide isomerases or 

proline isomerization through interaction with prolyl peptidyl cis-trans isomerases. Cytosolic 

domains of transmembrane proteins as well as cytosolic proteins undergo folding through 

specific cytosolic chaperone complexes. Most proteins receive Asn(N)-linked glycosylation in the 

ER through the oligosaccharyltransferase (OST). The OST transfers a preassembled carbohydrate 
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consisting of two N-acetyl glucosamines, nine mannoses, and three glucoses to the Asn (Nilsson 

and von Heijne, 1993). The glucoses are identified by different carbohydrate-binding chaperones 

and only after cleaving all three glucose residues by glucosidases and one mannose residue by 

ER α-mannosidase I the protein can exit the ER (Braakman and Hebert, 2013).  

 
Fig. 1 Co- and post-translational protein modifications in the ER. The messenger RNA (mRNA) is transported from the nucleus 

(Nuc.) to the cytosol and is translated into a protein at the ribosome. A developing protein containing a signal peptide (red) 

interacts co-translationally with the translocon complex in the endoplasmic reticulum (ER) membrane. The translocon complex 

translocates the developing protein into the ER lumen. The signal peptide is cleaved off by the sequence peptidase complex (SPC) 

and the developing protein is glycosylated by the oligosaccharyltransferase (OST). Chaperones mediate protein folding of the 

developing protein co-and post-translationally until it is folded correctly and released into its respective pathway. After the 

protein translation ribosome and mRNA dissociate from the ER membrane. 

The proteins that are processed in the ER and non-ER resident then actively traffic to the cis-Golgi 

network (CGN) and are subsequently sorted between the Golgi complex, the plasma membrane, 

and endosomes. Between the different compartments, proteins get transported through tubular 

or vesicular intermediates that bud from one compartment to another. This vesicle budding 

forms through the interaction of transmembrane cargo proteins with specific adaptor and 

scaffold proteins that recruit accessory proteins and vesicular coating complexes, which induce 

membrane curvature and scission (Fig. 2). After vesicle formation the outer coating of the vesicles 
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disassembles, and the vesicle can be transported to its target membrane through cytoskeletal 

motor proteins (Bonifacino and Glick, 2004; Wang et al., 2020). The intermediate vesicles then 

fuse to the target membrane by the interaction of the residing soluble N-ethylmaleimide 

sensitive factor attachment receptors (SNAREs) at both membranes and therefore form the 

SNARE-complex. Additionally, endosomal identity and intermediate compartments are defined 

by specific Ras-related G-proteins (Rab proteins), which bind guanosine triphosphate (GTP) upon 

activation and therefore anchor into the vesicle membrane. Endosomal target membranes carry 

Rab effector proteins which bind to the active Rab proteins and enable SNARE-complex 

formation. After vesicle fusion Rab proteins get deactivated by GTP hydrolysis to GDP to detach 

them from the membrane into the cytoplasm (Barr and Lambright, 2010; Martinez and Goud, 

1998). Anterograde transport from the ER to the CGN along the tubular ER-Golgi-intermediate 

compartment (ERGIC) is facilitated by Rab1 and the coat protein complex (COP) II. ER resident 

proteins that are mistarget to the ERGIC and Golgi complex or involved in ER to Golgi sorting 

contain a C-terminal KDEL (KKXX) sequence and are retrogradely transported to the ER, which is 

facilitated by Rab2 and vesicle coating through COPI (Wang et al., 2020).  

In the Golgi complex, the proteins are further modified and prepared for their distinct sorting. 

One key regulation in the Golgi complex is the processing of the carbohydrate portions of 

glycosylated proteins. The N-linked glycosylation, that proteins receive in the ER, follows a 

specific sequence of reactions depending on their sorting destination. Proteins following the 

secretory pathway i.e., proteins destined for secretion or the plasma membrane, acquire a 

specific set of different oligosaccharides while migrating from the CGN to the trans-Golgi network 

(TGN) (Fleischer, 1983; Stanley, 2011). Secretion and targeting to the plasma membrane is then 

mediated by the formation of Rab8 positive secretory vesicles (SV) from the TGN that finally fuse 

to the plasma membrane (Martinez and Goud, 1998). Here we differentiate between the default 

constitutive secretory pathway and the regulated secretory pathway, in which exocytosis must 

be activated by external factors binding to specific receptors in the plasma membrane (Chavez 

et al., 1996).  

To maintain neuronal functions the correct distribution of proteins to either somatodendritic 

compartments or the axon of neurons is essential. This compartmentalization of proteins also 

determines the identity of these polarized regions of neurons. Specific adaptor proteins can 

support distinct protein transport pathways. Thus, proteins targeted towards axons and synaptic 
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vesicles rely on neuronal adaptor protein complex 3-b2 mediated vesicle formation from 

endosomal compartments and the TGN (Newell-Liwa et al., 2007). Additionally, neurons partially 

rely on local protein secretion from the ER at distal regions. Therefore, ER, ERGIC and ER exit-site 

are distributed also in distal dendrites and axons. Golgi and Golgi-like structures, however, have 

only been observed in the soma. Instead, small Golgi outposts, also called Golgi satellites, have 

been observed in dendrites, which facilitate local processing of proteins following the secretory 

pathway. Yet, their exact mechanisms are still poorly understood (Mikhaylova et al., 2016; Pierce 

et al., 2001; Wang et al., 2020).  

 
Fig. 2 Vesicle budding between cellular compartments. Transmembrane cargo proteins (black) interact with soluble ligands 

(grey) with their extracellular moiety and bind cytosolic adaptor proteins (blue) with their cytoplasmic tail. Adaptor proteins 

recruit coat proteins (grey) which induce curvature of the membrane. v-SNARE proteins (pink) localize to the forming vesicle. 

Dynamin facilitates scission of the vesicle from the compartment. The vesicle gets uncoated by dissociation of the bound coat 

and adaptor protein and travels toward its destined compartment. Compartment specific Rab proteins (red) in the vesicle 

membrane interact with Rab effectors in the target membrane. v-SNARE proteins in the vesicle membrane interact with t-SNARE 

proteins (green) in the target membrane and pull the vesicle closer to the vesicle until it fuses with the target membrane. The 

soluble ligand dissociates from the transmembrane cargo protein.  

After their targeting to the plasma membrane, transmembrane proteins can be again 

endocytosed constitutively or upon ligand interaction in a clathrin-dependent or -independent 

manner (Fig. 3,①). For a clathrin-dependent internalization of free or ligand bound 
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transmembrane proteins their cytoplasmic domains feature internalization motifs that convey 

interactions with adaptor protein complex 2 (AP-2) (Pearse et al., 2000). All adaptor protein 

complexes interact with cytoplasmic domains of transmembrane proteins and recruit clathrin 

coatings to facilitates vesicle formation. The newly derived early endosomes (EE) carry activated 

Rab5 and segregate into different trafficking pathways. In EEs the internalized transmembrane 

proteins can dissociate from their ligands and subsequentially get recycled to the plasma 

membrane through Rab4 mediated fast or Rab11 mediated slow recycling endosomes (RE). From 

EEs proteins can also be sorted to late endosomes (LE) which are the pre-stage to endolysosomes 

where enzymatic degradation occurs. Rab7 mediates transport from EEs to LEs and Rab9 from 

LEs to the TGN and towards endo-lysosomal compartments (Kucera et al., 2016; Martinez and 

Goud, 1998). Some proteins however traffic from EEs and LEs towards the TGN through 

interaction with the five-subunit retromer complex (Seaman, 2012). Adaptor protein complex 1 

(AP-1) facilitates the formation of most intermediates between the TGN and LEs but also of 

recycling endosomes (Bonifacino and Rojas, 2006; Tan and Gleeson, 2019). Other intermediates 

between the TGN and LEs but also between LEs and endolysosomes are formed by cargo 

interaction with the ubiquitous adaptor protein complex 3 (AP-3). Additional clathrin adaptors 

that play an important role in vesicle formation to transport proteins from the TGN to LEs or 

endolysosomes are the monomeric Golgi-localized γ ear-containing Arf-binding proteins 1-3 

(GGA1-3) (Tan and Gleeson, 2019). 

For most soluble glycosylated proteins that are destined for lysosomes their glycosylation gets 

phosphorylated in the CGN to produce a mannose-6-phosphate residue, which in the TGN can 

be recognized by mannose-6-phosphate receptors (MPR) (Fig. 3,②) (Campbell et al., 1983). 

These MPRs directly interact with AP-1 to transport the lysosomal proteins into LEs (Klumperman 

et al., 1998). Due to the lower pH in the LEs (pH ~5.5 – ~6.0) the lysosomal proteins dissociate 

from the MPRs to finally be transported to the even more acidic lysosomes (pH ~4.5 – ~5.5) (Hu 

et al., 2015). Lysosomal proteins without a mannose-6-phosphate residue are transported 

towards LEs in an MPR-independent manner. They specifically bind to sorting receptors like the 

lysosomal integral membrane protein 2 (LIMP2) or Sortilin which again bind with their 

cytoplasmic domains AP-1 or AP-3 (Braulke and Bonifacino, 2009; Fujita et al., 1999; Honing, 

1998; Malik and Willnow, 2020).  
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Fig. 3 Endosomal sorting and the lysosome-autophagosome system. After protein translation and folding in the endoplasmic 

reticulum (ER), transmembrane, secretory and lysosomal proteins are sorted to the cis-Golgi network (CGN) through COPII coated 

vesicles by traversing the ER-Golgi intermediate compartment (ERGIC). From the CGN they are sorted to the trans-Golgi network 

(TGN). Proteins involved in this sorting process and ER resident proteins that are missorted to the Golgi are retrogradely 

transported from the Golgi apparatus to the ER through COPI coated vesicles. (1) Transmembrane and secretory proteins are 

sorted towards the plasma membrane through secretory vesicles (SV). Secretory vesicles are secreted into the extracellular space 

and transmembrane proteins can interact with extracellular ligands and be internalized into early endosomes (EE) by interacting 

with adaptor protein 2 (AP-2). In endosomes the ligands dissociate from the transmembrane proteins. From EEs transmembrane 

proteins are either recycled back to the plasma membrane through recycling endosomes (RE) or retrogradely transported to late 

endosomes (LE) or the TGN. (2) Lysosomal proteins with a mannose-6-phosphate (M6P) modification (pink coil) are sorted by the 

M6P receptor (MPR) and other lysosomal proteins (green coil) can be sorted by Sortilin e.g.. MPR and Sortilin both interact with 

adaptor protein 1 (AP-1) but some lysosomal proteins are sorted to LEs via transmembrane proteins interacting with adaptor 

protein 3 (AP-3). At LEs the lysosomal proteins dissociate from their sorting receptors and are transported towards lysosomes. 

MPR and Sortilin are retrogradely transported from LEs to the TGN. (3) Microautophagy. Bulk of proteins can be taken up by 

invaginations and are then degraded in endolysosomal compartments. (4) Chaperone-mediated autophagy. Substrate proteins 

with a KFERQ-like amino acid motif bind to the chaperone heat-shock cognate protein of 70 kDa (HSC70), which guides them to 

the lysosomal protein lysosome-associated membrane protein type 2A (LAMP2A). The substrate protein unfolds its structure and 

is translocated by LAMP2 tetramers to the lysosomal lumen for degradation. (5) Macroautophagy. Proteins, protein aggregates, 

pathogens and defective organelles are enclosed by phagophores and form autophagosomes. Autophagosomes then fuse with 

lysosomes to form autolysosomes for degradation of the autophagy substrate. The different compartments harbor specific Rab 

proteins (Rab1/2/4/5/7/8/9/11) in their membranes for distinct compartmentalization. 

In lysosomes intracellular and exogenous substrates are degraded through enzymatic activity. 

Degradation of pathogens, defective organelles, cytosolic proteins, or protein aggregates is 

primarily rendered by autophagy. The three main types of autophagy known are microautophagy 

(Fig. 3,③), chaperone mediated autophagy (Fig. 3,④) and macroautophagy (Fig. 3,⑤) (Fleming 

et al., 2022). During chaperone mediated autophagy the cytosolic chaperone heat-shock cognate 

protein 70 kDa (HSC70) interacts with KFERQ-like motifs of substrate proteins and directs them 
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together with several co-chaperones to the lysosome-associated membrane protein type 2A 

(LAMP2A). The substrate protein unfolds through its chaperone interaction and LAMP2A forms 

a homotetramer to translocate it into the lysosomal lumen for subsequential degradation 

(Kaushik and Cuervo, 2018). For macroautophagy (Fig. 4) a phagophore is generated, that 

encloses degradation substrates like pathogens, defective organelles, proteins, or protein 

aggregates to form an autophagosome (Andres-Alonso et al., 2021). The microtubule-associated 

protein 1A/1B light chain 3-II (LC3-II) translocates to the evolving phagophore membrane and 

plays an important role in autophagosome formation. LC3-II is the lipidated form of its cytosolic 

precursor LC3-I (Heckmann and Green, 2019). Protein aggregates destined for degradation are 

ubiquitinated and recruited to phagophores by the ubiquitin receptor p62 through its interaction 

with LC3 (Chen et al., 2020). The generation of phagophores is stress-induced and initiated by 

AMP-activated protein kinase (AMPK) activation and inhibition of the mammalian target of 

Fig. 4 Macroautophagy. Macroautophagy is initiated by ULK1 phosphorylation by AMPK. AMPK also inhibits the mTOR complex 

1 (mTORC1), which is an inhibitor for ULK1 phosphorylation and transcription factor EB (TFEB) translocation to the nucleus (Nuc.). 

mTORC1 is activated by phosphorylation through Akt kinase. TFEB translocation to the Nuc. facilitates transcription of autophagy 

related genes. Upon autophagy initiation LC3-I is lipidated to LC3-II and binds to a developing phagophore with a double 

membrane. Poly-ubiquitinated protein aggregates that are targeted for macroautophagy by the interaction of ubiquitin with p62. 

p62 recruits the aggregates to phagophores by interacting with LC3-II. Upon the growth of the phagophore it eventually forms 

an isolated autophagosome that finally fuses with a lysosome for substrate degradation.
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rapamycin (mTOR) or the serine/threonine-protein kinase named Akt kinase. AMPK 

phosphorylates and thereby activates the core autophagy machinery which includes the 

serine/threonine protein kinase UNC-51 like kinase 1 (ULK1) complex (Kim et al., 2011). ULK1 

activation gets inhibited by the mTORC1 pathway, which is activated through the Akt kinase. The 

mTOR pathway also modulates the activity of transcription factor EB (TFEB), which 

predominantly regulates autophagy and lysosomal biogenesis (di Malta et al., 2019). 

Autophagosomes fuse with lysosomes to form degradative autolysosomes. This autophagic flux 

is highly regulated by the endosomal sorting complexes required for transport (ESCRT) proteins 

(Habib et al., 2021). Microautophagy is characterized by invaginations of cytoplasmic 

components into the endo-lysosomal system. This fast process seems to be independent from 

the core autophagy machinery but requires involvement of ESCTR-III and VPS4 (Schuck, 2020).  

The misregulation of the lysosome-autophagy system and the resulting impairments of 

intracellular degradation processes are often causative for different neuronal diseases like the 

lysosomal storage disorder Neuronal Ceroid Lipofuscinosis.    

1.2. Neuronal Ceroid Lipofuscinoses 

Neuronal Ceroid Lipofuscinoses (NCL) are a group of 12 autosomal recessive and one autosomal 

dominant monogenetic rare neurodegenerative lysosomal storage disorders that are commonly 

known as Batten disease. They mainly affect children and are considered the most common early 

life onset neurodegenerative diseases. The exact manifestation of the disease differs among the 

NCL subtypes and ranges from neonatal to early adulthood (Butz et al., 2020). All NCL subtypes 

are characterized by the intracellular accumulation of autofluorescent lysosomal storage 

material, so called lipofuscin. Depending on the subtype, the storage material is either 

predominantly composed of ATP synthase membrane subunit c (ATP5MC) or the sphingolipid 

activator proteins A and D (Cotman and Staropoli, 2012; Kim et al., 2022). These accumulations 

are believed to underly misregulations in the autophagy-endolysosome system. The resulting 

gradual neurodegeneration in patients suffering from NCL is manifested by progressive loss of 

vision and subsequential or simultaneous motor disabilities, epileptic seizures, loss of cognitive 

functions and premature death (Schulz et al., 2013). Among the most active phagocytic cells in 

the human body are retinal pigment epithelium cells (Mazzoni et al., 2014). This likely explains 

the observed initial onset symptoms of NCLs in the retina leading to vision loss and probably 

relates their origin to dysregulated autophagic functions rather than to a consequence of storage 
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material accumulation. The following rapid neurodegeneration observed in other parts of the 

brain is maybe due to the high vulnerability of neurons as previously described. The NCL subtypes 

are named ceroid-lipofuscinosis neuronal (CLN) 1-8 and 10-14 and are differentiated by 

mutations in specific genes which all function in the transport of components or in degradative 

pathways of the autophagy-endolysosome system (Butz et al., 2020). These genes can be divided 

into genes encoding soluble proteins and genes encoding transmembrane proteins (Fig. 5). The 

following two sections summarize the known functions of these proteins based on investigations 

of the respective human or murine proteins as well as of homologous proteins in other model 

organisms.  

Fig. 5 Subcellular localization of the CLN proteins. The CLN1 protein PPT1, the CLN2 protein TPP1, the CLN10 protein CTSD, the 
CLN11 protein PGRN and the CLN13 protein CTSF are soluble proteins that are localized in lysosomes. PGRN is processed to GRN 
in lysosomes. The CLN14 protein KCTD7 and the CLN4 protein DNAJC5 are soluble proteins in the cytosol. DNAJC5 associates to 
endosomal membranes. CLN3 and the CLN7 protein MFSD8 are transmembrane proteins that are localized in lysosome 
membranes. The CLN12 protein ATP13A2 is a transmembrane protein that is localized in lysosome and endosome membranes. 
CLN5, CLN6 and CLN8 are endoplasmic reticulum (ER) resident transmembrane proteins. CLN5 can be processed in the ER 
to soluble CLN5 (sCLN5) that can be sorted into lysosomes. Nuc. Nucleus
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1.2.1. Soluble CLN proteins 

The NCL subtypes with mutations in genes encoding soluble proteins include CLN1, CLN2, CLN4, 

CLN10, CLN11, CLN13 and CLN14. In CLN1 disease the PPT1 gene encoding the palmitoyl protein 

thioesterase 1 (PPT1) is mutated. CLN1 onset usually occurs between 6 and 24 months of age. 

PPT1 cleaves S-acetylated palmitate from substrates in lysosomes but localizes also to 

synaptosomes, synaptic vesicles, axons, and the extracellular space (Camp and Hofmann, 1993; 

Vesa et al., 1995). It has been involved in the metabolism of lipids like cholesterol, exocytosis, 

endocytosis, apoptosis, and synaptic recycling in neurons (Ahtiainen et al., 2003, 2006; Cho and 

Dawson, 2000; Kim et al., 2008; Lyly et al., 2008). PPT1 is also important in autophagic cargo 

degradation by altering the mTOR pathway. PPT1-deficiency has been shown to decrease mTOR 

complex 1 (mTORC1) and thereby increases TFEB activity (Yun et al., 2020). Loss of PPT1 leads 

to an increased number of autophagosomes and impairs the autophagic flux (Bagh et al., 2017; 

Rebecca et al., 2019; Sarkar et al., 2020; Yun et al., 2020). PPT1 also seems to play an important 

role for Rab7 localization (Sarkar et al., 2020).  

CLN2 disease onset usually occurs during the late infantile stage between two and four years and 

derives from mutations in the TPP1 gene encoding tripeptidyl peptidase 1 (TPP1), which is a 

serine protease that cleaves N-terminal tripeptides from proteins (Lin et al., 2001). TPP1 localizes 

to lysosomes and the extracellular space and is a regulator of apoptosis, endocytosis, and 

autophagy (Junaid et al., 2000; Smith et al., 2019; Vines and Warburton, 1998). Deficiency of 

TPP1 has been shown to modulate expression of different autophagy related proteins like Rab7b 

(Domowicz et al., 2019). TPP1 seems to have modulating functions in the Akt-mTOR pathway as 

TPP1-deficiency showed elevated levels of phosphorylated Akt and other Akt-mTOR pathway 

modulators (Smith et al., 2019; Vidal-Donet et al., 2013). These effects lead to the activation of 

mTORC1 and consequentially to the inhibition of autophagy as shown in CLN2 patients (Vidal-

Donet et al., 2013).  

CLN4 disease, also known as adult Kufs disease or Parry disease, is the only autosomal dominant 

NCL. It is an adult-onset disease in which the DNAJC5 gene expressing the cytosolic vesicle-

associated co-chaperone DnaJ heat shock protein family Hsp40 member C5 (DNAJC5) is mutated 

(Mole and Cotman, 2015; Schulz et al., 2013). DNAJC5 associates to several membranes within 

endosomal and endo-lysosomal trafficking pathways where it regulates vesicle fusion and 
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separation by interacting with synaptosomal-associated protein 25 (SNAP25) of the SNARE 

complex and Dynamin-1 and thereby assisting with their folding (Chandra et al., 2005; Rozas et 

al., 2012; Sharma et al., 2012; Zhang et al., 2012). The loss of DNAJC5 leads to automatic 

degradation of unfolded SNAP25 by the proteasome and consequently impairs SNARE complex 

formation leading to neurodegeneration (Cadieux-Dion et al., 2013; Chandra et al., 2005; 

Tobaben et al., 2001; Tobaben et al., 2003). DNAJC5 also regulates trafficking and final secretion 

of misfolded proteins through non-lysosomal association, as well as lysosomal enzyme activity 

and Rab7 levels (Benitez and Sands, 2017; Lee et al., 2022). When associated to endolysosomes 

it acts as a co-chaperone of HSP70 (Fontaine et al., 2016). As this process is dependent on the 

ESCRT-VPS4 complex DNAJC5 is consequently believed to promote microautophagy (Lee et al., 

2022; Sahu et al., 2011).  

CLN10 disease is caused by different mutations in the CTSD gene encoding cathepsin (CTS) D 

(CTSD). CLN10 disease is mostly congenital but can also onset up to an adult age. CTSD is an 

aspartyl endopeptidase with enzymatic functions in lysosomes and has been linked to autophagic 

and apoptotic processes (Kim et al., 2022). It undergoes proteolytic processing from pro-CTSD to 

mature CTSD and this maturation is often affected through CTSD mutations (Bunk et al., 2021). 

Such mutations can also cause poor localization of CTSD and other enzymes to lysosomes as well 

as increased levels of the autophagosome cargo binding protein p62 and other polyubiquitinated 

proteins resulting in increased lysosomal substrate accumulation (Bae et al., 2015). Moreover, 

loss of CTSD increases autophagosome but decreases autolysosome formation, as shown by the 

accumulation of autophagosome proteins in non-autolysosomal compartments (Bae et al., 2015; 

Hah et al., 2012; Marques et al., 2020; Zheng et al., 2020). 

CLN11 disease onset occurs during early adulthood and is caused by mutations in the GRN gene 

encoding progranulin (PGRN). PGRN is proteolytically processed to granulin (GRN) by cathepsins 

within endolysosomes (Kim et al., 2022). Apart from CLN11, heterozygous GRN mutations can 

also cause frontotemporal lobar dementia (Smith et al., 2012). GRN has been linked to cell 

migration, inflammation, cancer progression, and autophagy but its distinct function remains still 

unclear. PGRN is known to associate with Rab2A, which facilitates autolysosome fusion and 

seems to regulate the AMPK-mTOR pathway (Zhao et al., 2021). Upon PGRN deficiency 

phosphorylation of AMPKα and Ca2+/calmodulin-dependent protein kinase I (CAMKI) are reduced 

resulting in decreased autophagy and autophagosome accumulation (Zhao et al., 2021; Zhou et 
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al., 2019). Additionally, several proteins involved in trafficking, fusion and maturation of vesicles 

related to the autophagy-lysosome pathway are differentially expressed through the loss of GRN. 

This includes the sorting receptor Sortilin, which sorts CTSD and CTSH and other lysosomal 

proteins towards lysosomes (Braulke and Bonifacino, 2009b; Canuel, et al., 2008; Elia et al., 2019), 

and TPP1, CTSD, CTSZ and TFEB (Huang et al., 2020; Tanaka et al., 2014). GRN also regulates the 

phosphorylation of Akt kinase and ULK1 (Liu et al., 2015; Zhou et al., 2019). Overall, these findings 

demonstrate that GRN initiates autophagosome formation, influences protein production and 

consequentially participates in autophagic degradation.  

CLN13 disease or Kufs disease type B is an early adult-onset NCL characterized by mutations in 

the CTSF gene encoding the cysteine protease CTSF (Wang et al., 1998). CTSF localizes to 

lysosomes but truncated mutant versions form perinuclear aggregates enclosed in p62 positive 

aggresomes which are degraded by autophagy via interactions with LC3 (Jerič et al., 2013). CTSF 

has enzymatic functions within lysosomes and autophagic involvement has been suggested (Kim 

et al., 2022). 

CLN14 disease has an infantile to late infantile onset between eight and nine months of age and 

carries mutations in the KCTD7 gene encoding the potassium channel tetramerization domain-

containing protein 7 (KCTD7). CLN14 patients have earlier been diagnosed with progressive 

myoclonic epilepsy type 3 (Kousi et al., 2012; Krabichler et al., 2012; van Bogaert et al., 2007). In 

2012, Staropoli et al. linked KCTD7 mutations to NCLs by identifying ceroid/lipofuscin in 

peripheral blood and skin biopsy of patients (Staropoli et al., 2012). KCTD7 is a cytosolic adaptor 

protein which is part of the Cullin-RING ligase (CRL) 3 (CRL3) complex. CRL complexes ubiquitinate 

substrates, which in CRL3 are recruited by KCTD7, for subsequential degradation (Fouad et al., 

2019). CRL3-KCTD7 substrates have long been elusive but most recently, lysosomal and 

autophagic functions have been reported by identifying its interaction and recruitment of the 

transmembrane CLN protein CLN5. Thus, deficiency of KCTD7 causes CLN5 accumulation 

resulting in impaired trafficking of lysosomal enzymes and therefore lysosomal dysfunction 

(Wang et al., 2022).  

1.2.2. Transmembrane CLN proteins 

 

The NCL subtypes with mutations in genes encoding transmembrane proteins include CLN3, CLN5, 

CLN6, CLN7, CLN8 and CLN12. CLN3 disease has a juvenile onset between four and ten years and 
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is the most common form of NCL. It underlies mutations in the CLN3 gene encoding the CLN3 

protein, of which the function remains yet elusive (Cotman and Lefrancois, 2021). CLN3 is a 

multispanning transmembrane protein. It harbors a lysosomal target motif, through which it 

predominantly localizes to late endosomes and lysosomes (Oetjen et al., 2016; Storch et al., 

2004). Because CLN3 interacts with Rab7A (Uusi-Rauva et al., 2012; Yasa et al., 2020) and CLN3 

deficiency revealed several defects in endocytosis, autophagy, and lysosomal functions it is 

thought play a role in the endosomal and the autophagy-lysosome system but also in protein 

secretion and mitophagy (Kim et al., 2022). This assumption is based on altered lysosomal 

transport, lysosomal acidification, defects in MPR targeting as well as altered expression, activity, 

and secretion of various lysosomal enzymes after CLN3 depletion (Fossale et al., 2004; Lojewski 

et al., 2014; Ramirez-Montealegre and Pearce, 2005; Schmidtke et al., 2019). The most common 

mutation in CLN3 patients is a deletion of exon 7 and 8, CLN3Δexon7/8. It encodes a truncated 

version of CLN3 which is retained in the ER (Oetjen et al., 2016). In a knock-in model of 

CLN3Δexon7/8 accumulation of autophagosomal and autolysosomal proteins was observed (Cao et 

al., 2006).  

CLN5 disease is a late-infantile onset NCL. It is caused by mutations in the CLN5 gene encoding a 

cysteine-based S-depalmitoylase (Luebben et al., 2022). The CLN5 protein is expressed as a type-

II transmembrane protein which is proteolytically processed and converted to a soluble form by 

signal peptidase and homologous signal peptidase-like proteases (Jules et al., 2017). Glycosylated 

soluble CLN5 can traffic towards the lysosome in an MPR- and Sortilin-independent manner. It is, 

however, believed to modulate Rab7 and retromer functions and thereby regulates endosome-

to-TGN retrieval of the retromer interactor Sortilin (Mamo et al., 2012; Schmiedt et al., 2010). 

It’s exact role in the autophagic flux is still a matter of debate as there have been contradictory 

findings in different disease models. Most models suggest decreased autophagy by a lack of 

autophagosome-lysosome fusion when CLN5 is ablated (Basak et al., 2021; Best et al., 2017; 

Leinonen et al., 2017; Nakamura and Yoshimori, 2017; Yasa et al., 2021). In other models knock-

down of CLN5, however, demonstrates decreased levels of phosphorylated Akt and mTOR, 

efficient autophagic flux and even increased autophagic degradation (Adams et al., 2019; J. Xing 

et al., 2021). Nonetheless, decreased autophagy fits to the findings of decreased lysosomal 

enzyme effects, movement, and acidity as well as increased levels of autophagosomal proteins 

and substrates upon CLN5-deficiency (Kim et al., 2022).  
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CLN6 disease has a late infantile onset and underlies mutations in the CLN6 gene which encodes 

an uncharacterized ER-residing transmembrane protein also called CLN6. It is believed to 

facilitate trafficking of lysosomal enzymes from the ER to the Golgi complex. CLN6-deficiency 

leads to reduced levels of TPP1, PPT1 and CTSD (Bajaj et al., 2020). Number and size of autophagic 

compartments, as well as autophagic markers and substrate proteins are increased upon CLN6 

disease or deficiency. Accordingly, CLN6 regulates lysosome pH and autophagic degradation 

(Best et al., 2017; Cannelli et al., 2009; Thelen et al., 2012; von Eisenhart-Rothe et al., 2018).  

In the late infantile onset CLN7 disease the MFSD8 gene encoding the endo-lysosomal chloride 

channel major facilitator superfamily domain containing 8 (MFSD8) is mutated (Wang et al., 

2021). Several studies observed autophagic dysregulations upon MFSD8 deficiency, like 

impairments in the mTOR pathway, the accumulation of ubiquitin-positive proteins and p62 

levels, and altered lysosomal activities (Brandenstein et al., 2016; Connolly et al., 2019; 

Danyukova et al., 2018). Patient derived tissue showed an increase in autophagosome and 

lysosome number and a decrease in lysosomal size (Geier et al., 2019) which has been explained 

recently by the modulation of chloride currents in endolysosomes through MFSD8 in a 

Ca2+/calmodulin dependent way (Wang et al., 2021). 

The late infantile onset of CLN8 disease is caused by mutations in the CLN8 gene which encodes 

an ER to Golgi cargo receptor. This CLN8 protein facilitates the anterograde transport from the 

ER to the CGN of various proteins by interacting with COPII (Bajaj et al., 2020; di Ronza et al., 

2018; Lonka et al., 2000). Among these, it interacts with several lysosomal proteins like the CLN 

proteins PPT1, TPP1 and CTSD, but also proteins involved in membrane trafficking, mitophagy 

and lipid synthesis and transport (di Ronza et al., 2018; Lonka et al., 2000; Passantino et al., 2013; 

Vance et al., 1997). CLN8-deficency leads to defective phospholipid synthesis and therefore 

altered lipid compositions of mitochondria-associated membranes (Vance et al., 1997), as well 

as a reduction in lysosomal activity and biogenesis (di Ronza et al., 2018) and thus affects 

autophagy.  

Mutated forms of the ATP13A2 gene encoding the polyamine-transporting ATPase 13A2 

(ATP13A2) can cause the juvenile onset CLN12 disease but also a juvenile onset form of 

Parkinson’s disease called Kufor Rakeb Syndrome (Mole and Cotman, 2015; Schulz et al., 2013). 

Interestingly, increased expression of ATP13A2 is also identified as a prognostic biomarker for 

colon cancer (Chen et al., 2020). ATP13A2 seems to regulate the active transport of inorganic 
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cations like irons in endosomes, lysosomes and multivesicular bodies and its mutations therefore 

results in iron toxicity-induced neurodegeneration (Rajagopalan et al., 2016; Ramonet et al., 

2012; Tsunemi et al., 2014). ATP13A2 deficiency has been linked to accumulation of ceroid 

lipofuscin and ubiquitin-positive proteins (Gusdon et al., 2012; Kett et al., 2015), to alterations in 

intracellular trafficking, decreased lysosomal acidification and enzyme maturation. This 

ultimately reduces the clearance of autolysosomes (Dehay, Martinez-Vicente, et al., 2012; Dehay 

et al., 2012; Matsui et al., 2013; Nyuzuki et al., 2020; Usenovic et al., 2012).  

Several studies demonstrate an etiologic and genetic overlap between NCLs and Alzheimer’s 

disease (AD). This includes a genetic linkage of several CLN genes to AD as their mutations or 

ablations can cause typical AD phenotypes (Bagh et al., 2017; Cataldo et al., 1991; Cheng et al., 

2018; Ehling et al., 2013; Fenoglio et al., 2009; Lee et al., 2011; Qureshi et al., 2018; 

Riemenschneider et al., 2006; Sheng et al., 2014; Sleat et al., 2022; Solé-Domènech et al., 2018; 

Viswanathan et al., 2009; Xu et al., 2017).    

1.3. Endolysosomal trafficking defects underlying Alzheimer’s disease  

 

Alzheimer’s disease (AD) is the most prevalent progressive adult-onset neurodegenerative 

disease. Late onset AD (LOAD) which comprises around 95% of all AD cases occurs after the age 

of 65. In around 5% of AD patients, the disease manifests earlier than at the age of 65 which is 

considered as early onset AD (EOAD). 1-2% of AD progressions are dominantly inherited as 

familial AD (fAD), whereas sporadic AD is multifactorial and associated with several risk factors. 

These risk factors include aging, additional inherited genetic dispositions, environmental factors, 

and epigenetic factors (Breijyeh and Karaman, 2020; DeTure and Dickson, 2019). AD manifests 

itself through profound cognitive decline, progressive memory loss, and retrograde and 

anterograde amnesia (Bai et al., 2021). AD pathology is characterized by severe histopathological 

changes, such as degeneration of the hippocampus and subsequent loss of cortical matter. These 

changes are accompanied by senile plaques composed out of extracellular amyloid β (Aβ) 

accumulations, neurofibrillary tangles (NFT) from intra- and extra-cellular accumulations of 

hyperphosphorylated tau protein, and synaptic loss, which can already be observed in early AD 

stages (Alzheimer, 1907; Brion et al., 1985; Glenner and Wong, 1984; Grundke-Iqbal, Iqbal, 

Quinlan, et al., 1986; Grundke-Iqbal, Iqbal, Tung, et al., 1986; Nukina and Ihara, 1986). Aβ 

monomers derive from proteolytic processing of the amyloid precursor protein (APP), 

oligomerize and finally form neurotoxic amyloid plaques that can stimulate immune responses 
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through astrocytes and microglia and damage neuronal axons and dendrites. According to the 

amyloid hypothesis, senile plaques resulting from Aβ secretion are considered the primary cause 

of AD (Breijyeh and Karaman, 2020). This hypothesis, however, does not take the 

cytopathological misregulations into account that might underly plaque formation. Moreover, it 

is still unclear whether extracellular Aβ aggregates are the result of neuronal secretion or the 

remains after neuronal death, caused by intracellular misregulation. Tau protein is a major 

microtubule-associated protein that impacts the assembly and stabilization of microtubules. 

Abnormal hyperphosphorylation of tau causes its dissociation from microtubules which disrupts 

the microtubule structure (Yuksel and Tacal, 2019). NFTs accumulate first in somatodendritic 

compartments, then displace the nucleus to the somatic periphery and finally form partially 

proteolysis resistant extracellular tangles after neural loss. Senile plaque deposition and NFT 

formation, however, is also caused by aging alone, which can be challenging for AD identification 

(Bai et al., 2021). Interestingly, Aβ formation induces pathways that trigger tau 

hyperphosphorylation and tau also pathologically regulates Aβ formation (Bloom, 2014). 

However, APP processing deficits seem to have an even higher impact on intracellular tau 

aggregation than Aβ itself (Kametani and Hasegawa, 2018).  

Major genetic dispositions have been identified to cause AD initiation. These underly mutations 

in the APP gene or in genes encoding proteins that are involved in APP proteolytic processing or 

trafficking (Bai et al., 2021; Goate et al., 1991; Szabo et al., 2022). APP is a transmembrane protein 

that can be processed in an amyloidogenic and a non-amyloidogenic pathway (Fig. 6). This is 

highly dependent on its post-translational modifications which alter its protein interactions and 

intracellular trafficking (Yuksel and Tacal, 2019). Through interaction with AP-4, APP is sorted 

from the TGN to the cellular surface (Burgos et al., 2010) where it can undergo non-

amyloidogenic processing facilitated by α-secretase, which cleaves APP into the soluble APP 

fragment α (sAPPα) and a carboxyl terminal fragment containing 83 amino acids (CTFα/C83). α-

secretase processing prevents Aβ formation (Sisodia, 1992) and is promoted by specific post-

translational glycosylations of APP (Jacobsen and Iverfeldt, 2011). Contrary to Aβ, 

neuroprotective abilities that promote neurite outgrowth, cell adhesion and synaptogenesis 

have been reported for sAPPα (Chasseigneaux and Allinquant, 2012). CTFα can be internalized 

and is further processed by the γ-secretase complex to the 3 kDa peptide p3 and the APP 

intracellular domain (AICD). Unprocessed APP can be internalized via interactions with AP-2 

(Poulsen et al., 2015), which can be modulated by low-density receptor-related protein 1 (LRP1), 



18 
 

Sortilin or calsyntenin-1 (Yuksel and Tacal, 2019), and transported along the endo-lysosomal 

system through its interaction with AP-3 (Tam et al., 2016). AP-2 and AP-3 binding motifs can be 

inhibited by specific phosphorylations. APP can also traffic retrogradely from endosomes to the 

TGN through interaction with the retromer interacting protein SorLA (Andersen et al., 2005; 

Andersen et al., 2006; Vieira et al., 2010). By this, SorLA targets APP to a non-amyloidogenic 

pathway. Notably, the SorLA encoding gene SORL1 is associated with fAD (Nicolas et al., 2015; 

Rogaeva et al., 2007). Internalized APP can be recycled either back to the plasma membrane or 

undergo amyloidogenic processing in endosomal compartments by its proteolytic cleavage 

through β-secretase (BACE1) (Caporaso et al., 1994; Nordstedt et al., 1993). BACE1 processing 

results in the soluble APP fragment β (sAPPβ) and the membrane-anchored β-carboxyl terminal 

fragment (CTFβ/C99) and can be decreased through specific APP glycosylations 

 

Fig. 6 Trafficking and processing of APP. Secretory vesicles (SV) transport the amyloid precursor protein (APP) from the trans-

Golgi network (TGN) to the plasma membrane through its cytoplasmic interaction with AP-4. At the plasma membrane APP can 

be processed by α-secretase to CTAα and sAPPα. sAPPα is released into the extracellular space and CTAα can further be processed 

by γ-secretase to p3 and APP intracellular domain (AICD). Unprocessed APP and CTAα can alternatively be internalized into early 

endosomes (EEs) through their cytoplasmic interaction with AP-2. In endosomes APP can be processed by β-secretase to CTAβ 

and sAPPβ. CTAβ is further processed by γ-secretase to AICD and Aβ. Alternatively, APP in EEs can be sorted either back to the 

plasma membrane through recycling endosomes (RE), retrogradely to the TGN in a retromer-dependent way through its 

interaction with SorLA or to late endosomes (LE). In the TGN APP is again sorted into secretory vesicles. All endosomal APP 

products and unprocessed endosomal APP in LEs are finally transported to lysosomes for β- and γ-secretase processing and 

degradation.  
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(Nakamura and Kurosaka, 2019). In endosomes or lysosomes, the γ-secretase complex further 

processes CTFβ to AICD and Aβ (Takami et al., 2009). Whether Aβ is subsequently secreted or 

released to the extracellular space through apoptotic demise of neurons is currently a matter of 

debate. The γ-secretase complex is composed of presenilin enhancer 2 (Pen2/PSENEN2), anterior 

pharynx-defective 1 (APH-1), nicastrin and their catalytic core of either presenilin-1 (PSEN1) or 

presenilin-2 (PSEN2) (de Strooper, 2003; Takasugi et al., 2003). PSEN1-containing complexes are 

broadly distributed in endosomes whereas PSEN2-containing complexes are mainly targeted to 

late endosomes and lysosomes (Meckler and Checler, 2016; Sannerud et al., 2016). All members 

of the γ-secretase complex are well-known AD risk factors and mutations in PSEN1 or PSEN2 are 

especially frequent (Kim, 2019; Levy-Lahad et al., 1995; Sherrington et al., 1995). AD related 

mutations cause an increased formation of Aβ and its accumulation in senile plaques (Gandy, 

2005; Xia, 2000).  

Various additional risk factors for AD functionally involved in intracellular trafficking or the 

endosome-autophagy system in neurons and glia cells have been identified (Szabo et al., 2022). 

In accordance, different studies report pathological enlargement of EEs, lysosomes and 

autophagic vesicles as well as an accumulation of lysosomal hydrolases like CTSD, gradual loss of 

chaperone mediated autophagy, and disrupted lysosomal proteolysis (Bourdenx et al., 2021; 

Cataldo et al., 1991; Lee et al., 2022c; Nixon, 2017; Whyte et al., 2017). One of the strongest 

genetic risk factors for AD is the apolipoprotein E (APOE) isoform APOE4 (Corder et al., 1993; 

Strittmatter et al., 1993), a glycoprotein which is a receptor-mediated endocytic ligand for 

lipoprotein particles like cholesterol in astrocytes and microglia. This uptake is also an essential 

key feature for myelin production in the CNS (Breijyeh and Karaman, 2020). In astrocytes APOE 

interacts with the phosphatidylinositol binding clathrin assembly protein (PICALM), another AD 

risk factor, to control internalization of cell surface ligands (Narayan et al., 2020). PICALM is a 

clathrin binding protein mediating endocytosis and trafficking between TGN and endosomes 

(Tebar et al., 1999). The second most prevalent risk factor after APOE4 in LOAD is the adaptor 

protein bridging interactor 1 (BIN1) which induces membrane curvature during endocytosis 

through its falcate Bin-Amphiphysin-Rvs (BAR) domain, recruits clathrin and interacts with 

dynamin, that facilitates vesicle scission during endosome budding events (Sottejeau et al., 2015; 

Sweitzer and Hinshaw, 1998). BIN1 has also been proposed to modulate Aβ production and NFT 

pathology (Andrew et al., 2019; Holler et al., 2014). Another AD risk factor, the CD2-associated 

protein (CD2AP) modulates endosome morphology and recycling and acts as an adaptor protein 
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for protein trafficking towards lysosomes (Cormont et al., 2003; Furusawa et al., 2019). 

Overexpression of CD2AP stimulates APP degradation and its deficiency causes APP accumulation 

in early endosomes (Furusawa et al., 2019; Ubelmann et al., 2017). 

The earlier mentioned transmembrane protein SorLA that interacts with APP belongs to the 

Vps10p-D sorting receptor family, of which two other members, named Sortilin and Sortilin 

related VPS10 domain containing receptor 1 (SorCS1), also regulate APP sorting and are 

genetically linked as risk factors to AD (Gustafsen et al., 2013; Hermey et al., 2015; Reitz et al., 

2011). SorLA facilitates the retrograde transport of APP to the TGN and its redirection to the 

plasma membrane, Sortilin promotes non-amyloidogenic processing of APP and its sorting to 

lysosomes as well as its degradation, and SorCS1 reduces the anterograde transport of APP and 

increases the number of stationary APP vesicles (Coulson and Andersen, 2015; Gustafsen et al., 

2013; Hermey et al., 2015). In conclusion, a number of AD risk factors have been identified. Of 

these several are involved in molecular sorting mechanisms and likely play a major role in APP 

processing, Aβ formation and AD progression. 

1.4. The Vps10p-Domain receptor family 

In mammals the vacuolar protein sorting defective 10 protein domain (Vps10p-D) receptor family 

comprises the five type-I transmembrane proteins Sortilin, SorLA, SorCS1, SorCS2 and SorCS3 

that all regulate intracellular trafficking of several ligands (Hermey, 2009; Malik and Willnow, 

2020). All family members are predominantly expressed in the developing and adult nervous 

system with specific spatiotemporal expression patterns (Hermans-Borgmeyer et al., 1999; 

Hermey et al., 2001a; Oetjen et al., 2014; Rezgaoui et al., 2001; Sarret et al., 2003) and all but 

SorCS3 are also expressed in varying peripheral tissue (Boggild et al., 2016; Hermans-Borgmeyer 

et al., 1998; Hermey et al., 1999; Jacobsen et al., 1996; Petersen et al., 1997). They are all 

genetically linked risk factors for LOAD as well as for several other neurological, 

neuropsychological, but also metabolic diseases (Andersen et al., 2005; Baum et al., 2008; 

Beecham et al., 2009; Bellenguez et al., 2022; Chaves et al., 2019; Christoforou et al., 2011; Clee 

et al., 2006; Dodson et al., 2008; Goodarzi et al., 2007; Hermey et al., 2015, 2019; Hu et al., 

2010; Kathiresan et al., 2007; Lane et al., 2010; Lionel et al., 2011; Ma et al., 2017; Mitok et al., 

2022; Offe et al., 2006; Olsen et al., 2019; Parks et al., 2013; Paterson et al., 2010; Philtjens et 

al., 2018; Reitz et al., 2011; Rogaeva et al., 2007; Shade et al., 2022; Smith et al., 2018; Wang et 

al., 2012; Wu et al., 2020; Xu et al., 2013).
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In the extracellular/luminal moiety of all Vps10p-D receptors, their structural hallmark is a 

Vps10p-D forming a 10 bladed β-propeller that resembles a conical funnel with binding sites for 

diverse ligands (Kitago et al., 2015; Quistgaard et al., 2009). This Vps10p-D has first been 

described in the yeast sorting protein Vps10p (Marcusson et al., 1994). Additionally, Vps10p-D 

receptors also share a Vps10p-D preceding N-terminal propeptide. The propeptides of all family 

members are cleaved by the proprotein convertase furin within the TGN. This proteolytical step 

activates Sortilin and SorLA for ligand binding (Petersen et al., 1999; Westergaard et al., 2005). 

Further domains in their luminal moiety differ among the Vps10p-D receptors. The 

transmembrane domains are followed by a short cytoplasmic tail, containing interaction sites for 

various adaptor and scaffold proteins, that direct the proteins to their destined compartments 

to exert their functions. These domains and interaction sites, however, also differ among the 

receptors (Hermey, 2009; Malik and Willnow, 2020). They are all sorted to the plasma membrane 

through the secretory pathway and can be internalized by canonical endocytic signals (Nielsen et 

al., 2001; Nielsen et al., 2007; Nielsen et al., 2008; Oetjen et al., 2014).  

1.4.1. Sortilin 

In contrast to other Vps10p-D receptors the Sortilin luminal/extracellular moiety comprises only 

the Vps10p-D. From the ER Sortilin is most likely released to the CGN by dissociation from the ER 

residing chaperone receptor associated protein (RAP) (Petersen et al., 1997; Petersen et al., 

1999). Sortilin facilitates trafficking of various internalized ligands to lysosomes and transport of 

cargo from the Golgi complex to endosomes through its cytosolic interactions with AP-1, AP-2, 

GGAs and the retromer subunit VPS35 (Canuel et al., 2008a; Hermey, 2009; Kim et al., 2010; 

Nielsen et al., 2001). Specific phosphorylation of the Sortilin cytoplasmic tail negatively regulate 

the interactions with AP-1 and GGAs (Pallesen et al., 2020).  

Besides its earlier described interactions with APP, Sortilin has been identified to interact with 

and to modulate trafficking of the neuropeptide neurotensin (Mazella et al., 1998; Petersen et 

al., 1999), the lipoprotein lipase (Nielsen et al., 1999), different apolipoproteins (Carlo, 2013), 

and the lysosomal cofactors sphingolipid activator proteins (SAPs) for degradation (Chen et al., 

2005). Sortilin further interacts with the unprocessed forms of neurotrophins (proNTs), 

specifically nerve growth factor (proNGF), brain-derived neurotrophic factor (proBDNF) and 

neurotrophin 3 (proNT3) (Chen et al., 2005; Nykjaer et al., 2004; Tauris et al., 2011; Teng et al., 
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2005) but also with the mature form of NGF (mNGF) with low affinity (Leloup et al., 2017; Nykjaer 

et al., 2004). Sortilin builds a complex by interacting with proNTs and the p75 neurotrophin 

receptor (p75NTR) which regulates synaptic plasticity and trigger apoptotic signalling (Jansen et 

al., 2007; Nykjaer and Willnow, 2012; Nykjaer et al., 2004). Sortilin also interacts with the 

receptors of mature neurotrophic factors (mNTs), the tropomyosin receptor kinase A-C (TrkA-C), 

and promotes their cell and synaptic surface expression (Vaegter et al., 2011). Additionally, 

complex formation of proBDNF, Sortilin and huntingtin associated protein 1 (HAP1) sorts 

proBDNF to secretory granules for activity dependent release (Nykjaer and Willnow, 2012). The 

Sortilin Vps10p-D also interacts with the glucose transporter type 4 (Glut4) and facilitates its 

retromer regulated retrograde transport to the TGN (Pan et al., 2017). Homodimerization of 

Sortilin through its β-propeller can trigger the pH dependent release of several Vps10p-D ligands, 

like in the acidic milieu of late endosomes and lysosomes (Januliene et al., 2017a; Leloup et al., 

2017). In disease Sortilin is considered a risk factor for LOAD (Gustafsen et al., 2013), 

frontotemporal dementia (Hu et al., 2010; Philtjens et al., 2018), Huntington’s disease (Chaves et 

al., 2019), and also cardiovascular and other metabolic diseases(Mitok et al., 2022). 

1.4.2. SorLA 

In SorLA the luminal/extracellular moiety is followed by an YWTD repeat shaped as a β-propeller, 

an EGF precursor type repeat, LDLR class A repeats and fibronectin-type III repeats (Gent and 

Braakman, 2004; Hermey, 2009; Kitago et al., 2015; Yamazaki et al., 1996). Similar to Sortilin, 

SorLA release from the ER to the CGN is most likely initiated through its dissociation from RAP 

(Petersen et al., 1999) and it conveys sorting of various ligands including APP (see 1.4 Trafficking 

in Alzheimer’s Disease) between endosomes and Golgi compartments through its cytosolic 

interaction with GGAs, the retromer subunit VPS26, AP-1 but also AP-2 and the cytosolic 

phosphofurin acidic cluster sorting protein 1 (PACS-1) (Andersen et al., 2005; Burgert et al., 2013; 

Coulson and Andersen, 2015; Dumanis et al., 2015; Jacobsen et al., 2002; Knight et al., 2016; 

Nielsen et al., 2007; Offe et al., 2006; Rogaeva et al., 2007; Schmidt et al., 2007). Expression of 

SorLA can be induced as a neuronal response to mature BDNF (mBDNF) (Rohe et al., 2009).  

Like Sortilin, SorLA has been reported to interact with neurotensin and lipoprotein lipase 

(Jacobsen et al., 2001). Through its interaction with TrkB it enhances TrkB surface expression and 

therefore the response to mBDNF (Rohe et al., 2013). SorLA also interacts with the platelet 
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derived growth factor BB (PDGF-BB) (Gliemann et al., 2004). Apart from regulating APP 

trafficking, SorLA also interacts with Aβ itself (Kitago et al., 2015) and enables binding and 

release of the AD risk factor APOE (Jacobsen et al., 2001; Kitago et al., 2015; Yamazaki et al., 

1996). Recently, SorLA-deficiency has also been shown to cause elevated Aβ and tau CSF levels 

(Andersen et al., 2022), APP-dependent defects in the endolysosome-autophagy network (Hung 

et al., 2021), EE enlargement in neurons independently from APP processing (Knupp et al., 2020) 

and impaired trafficking of TrkB and the AMPAR subunit GluA1 (Mishra et al., 2022). As a risk 

factor SorLA has been genetically linked to EOAD and LOAD (Andersen et al., 2005; Dodson et 

al., 2008; Offe et al., 2006; Rogaeva et al., 2007), but also to hypercholesterolemia (Kathiresan 

et al., 2007), and obesity (Parks et al., 2013). 

1.4.3. The SorCS subfamily 

The SorCS subfamily of the Vps10p-D receptor family was identified in 1999 by Hermey et al. and 

includes the receptors SorCS1, SorCS2 and SorCS3 (Hermey et al., 1999). Their hallmark 

characteristic is a so-called leucine rich domain which is located between the Vps10p-D and the 

transmembrane domain. It contains imperfect leucine-rich repeats, but also regions with 

homology to polycystic kidney disease (PKD) domains and is thought to allow receptor 

dimerization (Hermey et al., 1999; Januliene et al., 2017b; Leloup et al., 2018). In contrast to 

Sortilin and SorLA, the respective propeptides of the SorCS subfamily are not interacting with 

their own Vps10p-Ds and thus not inhibiting Vps10-D ligand binding. The SorCS subgroup 

receptors are all suggested to convey internalization of extracellular ligands through their AP-2 

interaction motif in their respective cytoplasmic tail and seem less engaged in Golgi-late 

endosome trafficking (Hermey, 2009; Malik and Willnow, 2020; Nielsen et al., 2008). Expression 

of the SorCS subfamily is most abundant during the developing brain and in the adult brain, they 

display an almost complementary expression pattern (Hermey et al., 2004).  

1.4.3.1. SorCS1 

SorCS1 is expressed as seven different splice variants with alternative cytoplasmic domains 

(Hermey et al., 2003). The most conserved splice variants between mice and men are SorCS1b, 

SorCS1c-α, SorCS1c-β, SorCS1c-δ and SorCS1e (Hermey, 2009). Notably, SorCS1b and SorCS1e 

lack functional internalization motifs in their cytoplasmic domains and SorCS1b is localized 

predominantly to the cell surface (Hermey et al., 2003). In contrast, all other SorCS1 splice 
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variants are targeted to the Golgi complex and to somatodendritic endosomal compartments like 

EEs and REs (Hermey et al., 2003; Savas et al., 2015). SorCS1 expression is found in excitatory and 

inhibitory neurons (Savas et al., 2015) and can be induced by chemically provoked seizures 

(Hermey et al., 2004). 

SorCS1 controls trafficking of the neuronal adhesion protein neurexin from EEs to REs and their 

transport to the axon. This has been demonstrated through its interactions with the Rab11 family 

interacting protein 5 (RAB11FIP5) that regulates intracellular neurexin 1α transport (Ribeiro et 

al., 2019; Savas et al., 2015). Knockout of SorCS1 downregulates the surface expression of 

another neuronal adhesion protein neuroligin, the neuron-glia cell adhesion molecule 

(L1/NgCAM), APP, and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPAR) and therefore suggest SorCS1 involvement in their internalization (Ribeiro et al., 2019; 

Savas et al., 2015). Earlier studies already described the interactions of SorCS1 with APP (Hermey 

et al., 2015; Lane et al., 2010) and overexpression experiments showed reduced γ-secretase 

activity and Aβ levels (Reitz et al., 2011). SorCS1 also interacts with TrkB and inhibits its surface 

activity (Subkhangulova et al., 2018). Like SorLA, SorCS1 also interacts with PDGF-BB (Hermey et 

al., 2006). SorCS1 has been identified as a genetic risk factor for LOAD (Hermey et al., 2015; Lane 

et al., 2010; Reitz et al., 2011; Wang et al., 2012; Xu et al., 2013), attention deficit hyperactivity 

disorder (ADHD) (Lionel et al., 2011), type 1 (Paterson et al., 2010) and type 2 diabetes (Clee et 

al., 2006; Goodarzi et al., 2007), and brain arteriolosclerosis (Shade et al., 2022). 

1.4.3.2. SorCS2 

SorCS2 expression is not affected by kainic acid induced seizures (Hermey et al., 2004). It is 

expressed in neuronal somatodendritic vesicles and Schwann cells of the CNS but not in the axon 

of neurons (Glerup et al., 2016). In the hippocampus it presents a predominant expression in the 

CA2 region, and besides other areas, it is also expressed in dopaminergic midbrain nuclei and the 

dorsal thalamus (Hermey et al., 2004; Rezgaoui et al., 2001).  

Knockout of SorCS2 in mice demonstrates the absence of hippocampal long-term potentiation 

(LTP), reduced dopamine levels and metabolism, decreased dopaminergic hyperinnervation of 

the frontal cortex, decreased alcohol preference, decreased levels of N-methyl-D-

aspartate receptor (NMDAR) subunits, and oxidative brain damage along with enhanced 

neuronal cell death and increased mortality during epilepsy (Glerup et al., 2014; Malik et al., 
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2019; Olsen et al., 2019; Yang et al., 2021). SorSC2 sustains LTP through its targeting of TrkB to 

the postsynaptic density which might also control memory processing in the amygdala (Glerup 

et al., 2016; Olsen et al., 2019). Like Sortilin, SorCS2 builds a complex with proNGF or proBDNF 

and p75NTR to regulate trophic and apoptotic signalling, but it also interacts with mNGF with low 

affinity (Glerup et al., 2014; Leloup et al., 2018). SorCS2 mediates axonal growth cone retraction 

(Deinhardt et al., 2011) but also induces NMDAR-dependent long-term depression (LTD) in the 

CA1 region of the hippocampus (Glerup et al., 2016; Yang et al., 2021). SorCS2 mediates 

trafficking of the NMDA receptor subunit NR2A in the dopaminergic system and is required for 

social memory (Ma et al., 2017; Yang et al., 2021). In Huntington’s disease patients SorCS2 also 

interacts with mutant huntingtin (mtHTT) which results in mislocalized SorCS2 expression (Ma et 

al., 2017). Accordingly, SorCS2 has been recognized as a genetic risk factor in Huntington’s 

disease (Ma et al., 2017), alcohol use disorder (Olsen et al., 2019; Smith et al., 2018), epilepsy 

(Malik et al., 2019), but also bipolar disorder (Baum et al., 2008; Christoforou et al., 2011), 

schizophrenia (Christoforou et al., 2011) and LOAD (Beecham et al., 2009). 

1.4.3.3. SorCS3 

 

The SorCS3 gene shares around 75% identity with SorCS1 (Hermey et al., 2004). In contrast to all 

other Vps10p-D receptor genes that are dispersed throughout the genome, the SorCS1 and 

SorCS3 genes locate in different species adjacent to each other on one chromosome. This 

indicates that one gene might originate from the other by gene duplication (Hermey, 2009).The 

expression of SorCS3 is highly activity regulated and induced by kainic acid provoked seizures 

(Hermey et al., 2004), LTP (Maag et al., 2015), fear conditioning (Rao-Ruiz et al., 2019), and visual 

stimulation (Cho et al., 2016). In embryonic and early postnatal stages, SorCS3 is mainly 

expressed in thalamic nuclei. During postnatal development and in the adult, forebrain structures 

like the hippocampus, especially its CA1 region, and the cerebral cortex are predominantly 

marked by SorCS3 expression (Hermey et al., 2004). On the cellular level, SorCS3 is localized to 

somatodendritic vesicles, the cell surface, and the Golgi complex (Oetjen et al., 2014).  

SorCS3 interacts with proNGF, mNGF and PDGF-BB (Hermey et al., 2006; Westergaard et al., 

2005). Like SorCS1 it inhibits TrkB surface activity through its interaction with TrkB 

(Subkhangulova et al., 2018). Knockout of SorCS3 in mice displays deficits in LTD, synaptic 

transmission, spatial learning and memory, and increased fear extinction (Breiderhoff et al., 

2013; Christiansen et al., 2017) suggesting a contribution of SorCS3 in the formation of synaptic 
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plasticity. The interaction of the SorCS3 cytoplasmic domain with the scaffold proteins protein 

interacting with C Kinase 1 (PICK1) and postsynaptic density protein 95 (PSD95) eventually 

promotes synaptic efficacy through retaining surface expression of AMPAR (Malik and Willnow, 

2020; Wu et al., 2020). The diseases, in which SorCS3 is considered a genetic risk factor include 

ADHD (Lionel et al., 2011; Wu et al., 2020), schizophrenia, bipolar disorder, autism spectrum 

disorder, depression (Wu et al., 2020), LOAD (Beecham et al., 2009) and brain arteriolosclerosis 

(Shade et al., 2022). 
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1.5. Objectives 

Functional intracellular trafficking in neurons is essential for the viability of the nervous system. 

Neurological degradation often underlies the intra- or extracellular accumulation of different 

aggregates from neural cells. Such histopathological hallmarks can be traced back to impaired 

trafficking of proteins or smaller peptides. Close literature research demonstrates conspicuous 

overlaps and shared deficits in different molecular sorting components between various 

neurological diseases. This includes misregulation in protein trafficking and the autophagy-

lysosome system in NCLs and AD. In this dissertation, I investigate intracellular sorting 

mechanisms in models for healthy and diseased cells. These give rise to alterations in intracellular 

trafficking and in the endolysosome-autophagy system as possible primary causes of NCLs and 

AD. In addition, I illuminate functions of different sorting receptors, by studying novel 

interactions and presenting novel tools to investigate these receptors in live cell analysis. The 

following sections demonstrate the converging roles of the NCL gene CLN3 and the AD risk factor 

PEN2 in the autophagy-lysosome system (section 2) and review further impacts of shared genetic 

predispositions affecting both NCL and AD progression (section 3). Moreover, the next sections 

demonstrate how the AD disease risk factor SorLA, a Vps10p-D receptor which facilitates 

trafficking between endo-lysosomal compartments, interacts with the scaffold protein PICK1, 

which is involved in protein sorting and endosome formation (section 4). Finally, I introduce novel 

functional internally tagged Vps10p-D receptors as powerful tools to investigate protein sorting 

and demonstrate their interaction and internalization capacities for the neurotrophic factor 

BDNF (section 5). 
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ABSTRACT
PSENEN/PEN2 is the smallest subunit of the γ-secretase complex, an intramembrane protease that 
cleaves proteins within their transmembrane domains. Mutations in components of the γ-secretase 
underlie familial Alzheimer disease. In addition to its proteolytic activity, supplementary, γ-secretase 
independent, functions in the macroautophagy/autophagy-lysosome system have been proposed. 
Here, we screened for PSENEN-interacting proteins and identified CLN3. Mutations in CLN3 are 
causative for juvenile neuronal ceroid lipofuscinosis, a rare lysosomal storage disorder considered 
the most common neurodegenerative disease in children. As mutations in the PSENEN and CLN3 
genes cause different neurodegenerative diseases, understanding shared cellular functions of both 
proteins might be pertinent for understanding general cellular mechanisms underlying neurodegen-
eration. We hypothesized that CLN3 modulates γ-secretase activity and that PSENEN and CLN3 play 
associated roles in the autophagy-lysosome system. We applied CRISPR gene-editing and obtained 
independent isogenic HeLa knockout cell lines for PSENEN and CLN3. Following previous studies, we 
demonstrate that PSENEN is essential for forming a functional γ-secretase complex and is indispen-
sable for γ-secretase activity. In contrast, CLN3 does not modulate γ-secretase activity to a significant 
degree. We observed in PSENEN- and CLN3-knockout cells corresponding alterations in the autopha-
gy-lysosome system. These include reduced activity of lysosomal enzymes and lysosome number, an 
increased number of autophagosomes, increased lysosome-autophagosome fusion, and elevated 
levels of TFEB (transcription factor EB). Our study strongly suggests converging roles of PSENEN and 
CLN3 in the autophagy-lysosome system in a γ-secretase activity-independent manner, supporting 
the idea of common cytopathological processes underlying different neurodegenerative diseases.
Abbreviations: Aβ, amyloid-beta; AD, Alzheimer disease; APP, amyloid precursor protein; ATP5MC, 
ATP synthase membrane subunit c; DQ-BSA, dye-quenched bovine serum albumin; ER, endoplasmic 
reticulum; GFP, green fluorescent protein; ICC, immunocytochemistry; ICD, intracellular domain; JNCL, 
juvenile neuronal ceroid lipofuscinosis; KO, knockout; LC3, microtubule associated protein 1 light 
chain 3; NCL, neuronal ceroid lipofuscinoses; PSEN, presenilin; PSENEN/PEN2: presenilin enhancer, 
gamma-secretase subunit; TAP, tandem affinity purification; TEV, tobacco etch virus; TF, transferrin; 
WB, Western blot; WT, wild type.
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Introduction
PSENEN/PEN2 (presenilin enhancer, gamma-secretase subu-
nit) is the smallest subunit of the γ-secretase complex, an 
intramembrane protease that cleaves type-I transmembrane 
proteins within their transmembrane domains. γ-secretase is 
composed of four subunits, PSENEN, NCSTN (nicastrin), 
a variant of APH1 (aph-1 homolog, gamma-secretase subunit) 
and PSEN1 (presenilin 1) or PSEN2 (presenilin 2), which 
harbor the catalytic site [1–3]. All subunits of the γ-secretase 
complex are transmembrane proteins translated at the endo-
plasmic reticulum (ER), where the complex assembles [1]. 
PSENEN is the last subunit that joins the γ-secretase complex. 

It binds PSEN and facilitates its endoproteolysis, thereby 
conferring γ-secretase activity [2,3].

A large number of type-I transmembrane proteins serve as 
γ-secretase substrates, such as NOTCH1 and APP (amyloid 
precursor protein). Following sequential cleavage of APP by 
α- or BACE/β-secretase and γ-secretase, the proteolytic pro-
ducts – including amyloid-beta (Aβ) and the APP intracellular 
domain – are released extracellularly and intracellularly, 
respectively [4–6]. Mutations in components of the γ- 
secretase complex cause familial Alzheimer disease (AD) [7]. 
Most of these mutations result in an increase in the produc-
tion of Aβ, which can accumulate in the brain and is thought 
as a primary cause of AD. Apart from the mutations 
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causing AD, other mutations in PSENEN, PSEN1 and NCSTN 
have been reported to cause acne inversa, a chronic inflam-
matory disease of hair follicles [8]. It has been suggested that 
the molecular pathogenesis implicates the γ-secretase- 
NOTCH pathway [8]. Upon cleavage by γ-secretase the 
NOTCH1 intracellular domain translocates to the nucleus, 
acts as a transcriptional activator and regulates cell fate [9]. 
Aside from APP and NOTCH1, γ-secretase cleaves a large 
number of other physiologically relevant substrates such as 
CDH1 (cadherin 1), the receptor tyrosine kinase ERBB4 and 
NGFR/p75NTR (nerve growth factor receptor), and signaling 
of these multiple proteolytic substrates are likely to be modu-
lated by γ-secretase [10].

In addition to its proteolytic function, supplementary, γ- 
secretase independent, functions of PSENs in the autophagy- 
lysosome system have been proposed [11–14]. Cells co- 
express differing γ-secretase complexes, including either 
PSEN1 or PSEN2. PSEN1-containing complexes are broadly 
distributed in the cell, and several partially controversial stu-
dies suggest that PSEN1 regulates lysosomal function [11,15– 
19]. In contrast, PSEN2 harbors a lysosomal targeting signal 
and is targeted to late endosomes and lysosomes, but its 
lysosomal function is poorly described [20,21]. Moreover, 
lysosomal dysfunction has been implicated as a driver of 
increased amyloidogenic processing or incomplete Aβ degra-
dation and may be one mechanism underlying sporadic AD 
[12,18]. Yet, PSENEN has not been studied in the context of 
macroautophagy (hereafter referred to as autophagy) and 
lysosomal function.

Here, we performed a tandem-affinity-purification (TAP)- 
tag screen to identify additional PSENEN interacting proteins. 
We found CLN3, a protein with six predicted transmembrane 
domains and the N and C termini facing the cytoplasm 
[22,23]. Mutations in CLN3 are causative for juvenile neuro-
nal ceroid lipofuscinosis (JNCL) or CLN3 disease [24]. The 
disease belongs to the neuronal ceroid lipofuscinoses (NCLs), 
a group of rare lysosomal storage disorders considered the 
most common neurodegenerative disease in children charac-
terized by gradual neurodegeneration. The age of disease 
onset differs between defined subtypes caused by mutations 
in different genes (CLN1 to CLN8; CLN10 to CLN14) [25,26]. 
The pathological hallmark is the intracellular accumulation of 
lysosomal autofluorescent storage material, so-called lipofus-
cin. These deposits are found in neurons and are as well 
abundant in non-neuronal cells outside the nervous system. 
Depending on the subtype, the storage material is either 
predominantly composed of ATP5MC (ATP synthase mem-
brane subunit c) or the sphingolipid activator proteins A and 
D [23]. Further, the storage material can comprise to 
a different degree additional components such as the lysoso-
mal proteins PPT1 (palmitoyl-protein thioesterase 1), TPP1 
(tripeptidyl peptidase 1), and CTSD (cathepsin D) [27], and 
strikingly, accumulation of Aβ has been reported in some 
cases [28–30]. More recently, the examination of 
unexplained AD cases identified a genomic region directly 
upstream of the CLN3 gene using genetic linkage analysis 
[31] and a missense variant in CLN5 by whole-exome sequen-
cing [32].

The classical juvenile form of NCL, JNCL or CLN3 disease, 
manifests mostly at the age of about six years in affected 
children with normal early development [25,26]. Clinical 
symptoms include progressive blindness, cognitive decline 
frequently accompanied by epileptic seizures, loss of motor 
function and a significantly reduced lifespan. JNCL is inher-
ited in an autosomal recessive manner and about 60 different 
mutations in CLN3 have been identified in affected indivi-
duals to date. The most frequent mutation, found in about 
80% of disease chromosomes, is a 1.02 kb genomic deletion 
comprising exons 7 and 8, resulting in a frameshift in the 
coding sequence and a premature stop codon [23,33]. In 
mammals, CLN3 is ubiquitously expressed at a low level 
[24,34]. The low expression level, its hydrophobic nature 
and the unavailability of highly specific antibodies restricted 
analysis of CLN3 and so far, its function remains elusive. 
However, the protein presents a canonical functional lysoso-
mal targeting motif, and prominent lysosomal localization 
seems most likely [34–39]. Studies from a CLN3 disease 
knock-in mouse model and from a resultant cell line suggest 
alterations in the endosomal and autophagy-lysosome system 
[40–42]. Other cellular studies support endosomal-lysosomal 
associated functions of CLN3 [43,44], altered lysosomal argi-
nine transport in patient-derived lymphoblasts [45], and 
defects in Mannose-6-Phosphate receptor targeting after 
CLN3 knockdown [46].

Here, we identified an interaction of PSENEN and CLN3 
and demonstrated a co-distribution of transcripts as well as 
colocalization and cotransport of the proteins. We hypothe-
sized that CLN3 modulates γ-secretase activity and that 
PSENEN and CLN3 play associated roles in the autophagy- 
lysosome system. To address these hypotheses, we generated 
isogenic PSENEN- and CLN3-deficient HeLa cell lines and 
confirmed impaired γ-secretase activity in the PSENEN 
knockout (KO) cells. In contrast, CLN3 ablation did not 
alter γ-secretase activity to a significant degree. Additional 
phenotypic characterization revealed shared alterations in 
the autophagy-lysosome system of both KO cell lines.

Results

To identify PSENEN interaction partners, we performed 
a directed proteomic survey employing the tandem affinity 
purification (TAP) – tandem mass spectrometry methodology 
[47]. PSENEN was expressed with a C-terminal TAP-Tag in 
SK-N-BE neuroblastoma cells and subjected to tandem affi-
nity purification, a procedure consisting of two specific bind-
ing and two specific elution steps under mild conditions, 
which preserve the integrity of protein-protein interactions. 
Affinity-purified complexes were resolved on SDS-PAGE, 
Coomassie-stained and co-purified proteins identified by pep-
tide sequencing using tandem mass spectrometry. We identi-
fied CLN3 as an interaction partner and validated the 
interaction by co-immunoprecipitation (Figure 1A). We 
transfected HeLa cells with GFP-PSENEN and HA-CLN3 or 
GFP and HA-CLN3 and precipitated proteins with anti-GFP 
nanobodies. GFP-PSENEN co-precipitated HA-CLN3 
whereas GFP alone was unproductive in this assay 
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Figure 1. Interaction, co-expression and colocalization of PSENEN and CLN3. (A, B) Co-immunoprecipitation of GFP-PSENEN and HA-CLN3. GFP-PSENEN (A) or GFP (B) 
were co-expressed with HA-CLN3 in HeLa cells and immunoprecipitated with an anti-GFP antibody. HA-CLN3 was co-precipitated with GFP-PSENEN (A), but not with 
GFP alone (B). (C, D) Autoradiograms of parasagittal sections through embryonic mice at E16 hybridized with specific radiolabeled probes for Psenen (C) and Cln3 (D) 
reveal similar expression patterns. (E, F) HeLa cells co-transfected with GFP-CLN3 (green) and tdTomato-PSENEN (red) (E) or with mCherry-CLN3 (red) and GFP- 
PSENEN (green) (F), were immunostained using respective antibodies and analyzed by confocal microscopy. Dotted boxes in the left panels indicate magnified areas 
shown in the right panels. Line plots (G, H) correspond to the white lines indicated in the merged zoom-ins in (E) and (F). (I) Tracking of GFP-CLN3- and tdTomato- 
PSENEN-positive endosomes in HeLa cells by time-lapse analysis using confocal spinning disk microscopy. The dotted box in the overview indicates the magnified 
area in which co-trafficking was analyzed. Single images below show initial position (0 s) and after tracking (32 s) of an endosome (arrows). (J, L) HeLa cells co- 
transfected with GFP-CLN3 and mCherry-PSENEN and immunostained using respective antibodies and an anti-LAMP1 antibody (J) or transfected with GFP-PSENEN 
and HA-CLN3 and immunostained using respective antibodies and an anti-RAB5 antibody (L). Dotted boxes in the left panels indicate magnified areas shown to the 
right. Line plots (K, M) correspond to the white lines indicated in the merged zoom-ins in (J) and (L). (N) Dissociated hippocampal neurons transfected with GFP-CLN3 
(green) and tdTomato-PSENEN (red) immunostained at DIV10. Magnifications of a somatic (dotted box 1) and of a neuritic area (dotted box 2) are shown. Arrows 
point at areas of colocalization. (O) Time-lapse video microscopy analysis of dissociated hippocampal neurons (DIV 6) transfected with GFP-CLN3 (green) and 
tdTomato-PSENEN (red) imaged over 180 s. Kymographs show predominant retrograde movement of GFP-CLN3- and tdTomato-PSENEN-positive endosomes. Scale 
bars in (C) and (D): 2 mm; in (E, F, I, J, L, N): 20 µm. C, cerebral cortex; D, duodenum; H, heart; K, kidney; L, lung; NC, nasal cavity; SC, spinal cord; SG submandibular 
gland; T, thymus; V, vibrissae.
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(Figure 1A, B). Next, we analyzed tissue expression of both 
genes and the subcellular localization and transport of the 
proteins to estimate the relevance of the observed interaction. 
An almost ubiquitous expression was detected in embryonic 
mice for Psenen and Cln3 mRNA by in situ hybridization 
(Figure 1C, D). Both genes share the highest transcript levels 
in the gastrointestinal tract, kidney, liver, heart, thymus, and 
the central nervous system with prominent signals in the 
cerebral cortex and thalamic area. We expressed fluorophore- 
tagged versions of PSENEN and CLN3 in HeLa cells and in 
dissociated primary murine hippocampal neurons. In HeLa 
cells, both CLN3 and PSENEN localized to endosomal struc-
tures (Figure 1E-H). Furthermore, PSENEN and CLN3 colo-
calized to identical vesicles, and time-lapse video microscopy 
analysis demonstrated vesicular cotransport (Figure 1I and 
S1A). PSENEN- and CLN3-positive endosomes were to 
a large extend also positive for the late endosome-lysosome 
marker proteins LAMP1 and RAB7A, but only to a minor 
extend for the early endosomal marker protein RAB5A 
(Figure 1J-M and S1B). In neurites, PSENEN and CLN3 also 
colocalized to identical vesicles and the majority of PSENEN- 
and CLN3-positive vesicles showed a retrograde movement 
(Figure 1N, O). The interaction, co-expression, colocalization, 
and cotransport suggested an association of PSENEN and 
CLN3. We hypothesized that CLN3 modulates the proteolytic 
function of γ-secretase, because PSENEN is a subunit of the γ- 
secretase complex. In addition, we considered an associated 
role of PSENEN and CLN3 in the autophagy-lysosome system 
in which CLN3 is thought to play a role and PSENEN has not 
been studied yet.

In order to test these hypotheses, we generated PSENEN- 
as well as CLN3-deficient isogenic HeLa cell lines. Toward this 
end, we applied the CRISPR gene-editing approach and 
obtained independent isogenic HeLa knockout (KO) cell 
lines for PSENEN and CLN3. The introduced indel mutations 
resulted in frameshifts shortly after the start codons, leading 
to premature stop codons and the encoded truncated 
PSENEN and CLN3 proteins are most likely nonfunctional 
(Figure S2). We observed an unaltered morphology of the KO 
cells as compared to wild type cells. Proliferation of CLN3 KO 
and PSENEN KO cells was moderately but significantly 
increased as compared to wild types (Figure S3).

It has been demonstrated before that PSENEN ablation 
impedes PSEN endoproteolytic activation, γ-secretase com-
plex formation, and trafficking from the ER to the Golgi 
[2,48–50]. We analyzed the effect of PSENEN and CLN3 
ablation on the intracellular localization of PSEN2 
(Figure 2A). For immunocytochemical localization, we used 
an antibody that specifically detects the PSEN2 C-terminal 
fragment of proteolytically activated PSEN2 (PSEN2-CTF). In 
HeLa wild type and CLN3 KO cells PSEN2-CTF is localized to 
endosomal structures, which are to a large extent positive for 
the late endosome-lysosome marker LAMP2. In contrast, 
employing the same PSEN2 antibody on PSENEN KO cells 
resulted in a weaker and diffuse staining (Figure 2A). We 
assessed the endoproteolytic processing of PSEN1 and 
PSEN2 by immunoblotting using C-terminal fragment speci-
fic antibodies. In wild type and CLN3 KO cell lysates, the 
respective endoproteolytically-derived C-terminal fragments 

were detected (Figure 2B). These were absent in cell lysates 
from PSENEN KO cells suggesting a strong reduction or the 
complete loss of PSEN endoproteolytic activation (Figure 2B). 
Next, we generated tagged γ-secretase substrates to test if 
CLN3 ablation impedes or alters γ-secretase activity. We 
transfected cells with a Notch-ΔE HA-tagged construct that 
serves as a substrate for γ-secretase without prior processing 
by α-secretase or BACE/β-secretase [51] (Figure 2C). In alter-
native experiments, we used a construct encoding full-length 
APP (APP-FL) with a C-terminal GFP-tag (Figure 2D). The 
APP-FL-GFP is first cleaved by α- or BACE/β-secretase. 
Subsequently, γ-secretase cleavage releases the C-terminal 
APP-intracellular domain (APP-ICD) into the cytosol 
(Figure 2D). Both constructs, NOTCH-ΔE-HA and APP-FL- 
GFP, were processed in wild type and CLN3 KO cells by γ- 
secretase, because we detected in immunoblots tagged frag-
ments corresponding in their size to the respective intracel-
lular domains (ICDs) (Figure 2E, G). In lysates of PSENEN 
KO cells, these fragments were absent (Figure 2E, G). In 
addition, immunoblot analysis of APP-FL-GFP transfected 
cells revealed increased levels of a larger fragment correspond-
ing to the expected size of the transmembrane stub in 
PSENEN KO cell lysates (Figure 2G). These results demon-
strate, as expected, impaired γ-secretase activity in PSENEN 
KO cells. In rescue experiments, γ-secretase activity was 
restored in PSENEN KO cells by expression of GFP- 
PSENEN (Figure 2F) or expression of HA-PSENEN 
(Figure 2H). In view of these results obtained by overexpres-
sing γ-secretase substrates, we next assessed the processing of 
endogenous APP. Endogenous sAPP-α levels were almost 
identical between the cell lines. We measured endogenous 
Aβ40 and Aβ42 levels in cell culture media of wild type and 
knockout cells. As expected, Aβ levels were markedly reduced 
in PSENEN KO cells, whereas in CLN3 KO cells, total Aβ 
levels were not significantly altered as compared to wild type 
cells (Figure 2I). Taken together, these experiments substanti-
ate highly reduced or absent PSEN endoproteolytic processing 
and γ-secretase activity in PSENEN KO cells and corroborate 
studies by others demonstrating that PSENEN is indispensa-
ble for γ-secretase activity. In addition, the rescue experiments 
confirm the specificity of the PSENEN KO. Conversely, PSEN 
endoproteolytic processing and γ-secretase activity were not 
altered in CLN3 KO cells strongly suggesting that CLN3 is 
dispensable for γ-secretase function and does not modulate its 
activity to a significant degree.

We reasoned that both proteins might play cooperative or 
converging roles in the autophagy-lysosome system. To assess 
lysosomal function, we compared the lysosomal-proteolytic 
activity of the KO cells and wild types. First, the activity of 
the lysosomal enzyme HEXA/β-hexosaminidase A was deter-
mined in whole cell lysates. Equal amounts of total protein 
from each lysate were incubated with the artificial HEXA 
substrate 4-nitrophenyl-N-acetyl-β-D-glucosaminide and the 
yield of substrate conversion to 4-nitrophenol was analyzed by 
spectrophotometry. As compared to wild types HEXA activity 
was significantly reduced in CLN3 KO and PSENEN KO cells 
(Figure 3A). Next, we loaded cells with fluorescently labeled 
self-quenched polymeric bovine serum albumin (dye- 
quenched BSA, DQ-BSA). Upon uptake by endocytosis DQ- 
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Figure 2. Impeded γ-secretase processing in PSENEN KO cells, but not in CLN3 KO cells. (A) Immunocytochemical localization of PSEN2 using an antibody specific for 
the processed C-terminal fragment (CTF) of PSEN2 (green) and an antibody against LAMP2 (magenta) in HeLa wild type (WT), PSENEN KO and CLN3 KO cells. Scale 
bars: 20 µm. (B) Detection of processed PSEN1 and PSEN2 in cell lysates using CTF specific antibodies. The CTFs are not detectable on immunoblots of PSENEN KO cell 
lysates indicating that PSENs are not processed. ACTB/β-actin immunoblotting was performed to control equal loading. (C) Illustration of the HA-tagged NOTCH-ΔE 
construct which serves as a substrate for γ-secretase without prior processing by other secretases. (D) Illustration of the GFP-tagged APP-full length (APP-FL) 
construct processed by α- or BACE/β-secretase before the remaining transmembrane stub is cleaved by γ-secretase and the intracellular domain (ICD) is released. (E) 
Analysis of cleavage products by immunoblotting. NOTCH-ICD-HA was transfected to estimate the size of the cleaved ICD. The NOTCH-ICD band is absent in PSENEN 
KO cell lysates expressing NOTCH-ΔE, but present in both WT and CLN3 KO cell lysates (red arrows). (F) Expression of GFP-PSENEN restores γ-secretase activity in 
PSENEN KO cells. Note the presence of the NOTCH-ICD band (red arrows) in GFP-PSENEN transfectants. (G) Immunoblot analysis of APP-FL-GFP transfected cells. The 
band corresponding to the APP-ICD-GFP fragment is present in WT and CLN3 KO cell lysates (red arrow). In contrast, this band is absent in PSENEN KO cell lysates, but 
levels of a larger fragment corresponding to the expected size of the transmembrane stub (blue arrows) are increased. (H) Expression of HA-PSENEN restores γ- 
secretase activity in PSENEN KO cells. Note, the presence of the APP-ICD-GFP band (red arrows) and the reduction of the band corresponding to the transmembrane 
stub (blue arrows) in HA-PSENEN transfectants. (I) Quantification of secreted total Aβ (Aβ40 and Aβ42) by ELISA. Aβ levels were normalized to sAPP-α levels. Data 
represent mean ± standard deviation (SD), one-way ANOVA p-values, **p < 0.001; ***p < 0.0001.

2072 M. KLEIN ET AL.

33



BSA accumulates in lysosomes. As DQ-BSA enters these 
acidic compartments, proteases cleave the polypeptide and 
generate fluorescent peptide fragments. The rate of the 
released fluorescence increases proportionally to the activity 
of the lysosomal proteases. A lower rate of DQ-BSA hydro-
lysis suggests a decrease in the activity of lysosomal proteases 
in situ. Fluorescence intensity was monitored and compared 
in the presence or absence of bafilomycin A1. Bafilomycin A1 
is inhibiting vacuolar-type H+-ATPase (V-ATPase)- 
dependent acidification of lysosomes. A significant reduction 
of fluorescence intensity was detected in CLN3 KO and 
PSENEN KO cells as compared to WT cells (Figure 3B and 
S4A). Pre-incubation with bafilomycin A1 resulted in 
a distinct decrease of fluorescence signals in all investigated 
cell lines. To exclude that the DQ-BSA results were obscured 
by differential endocytic uptake by the KO versus wild type 
cells, we performed a TF (transferrin)-uptake experiment. 
Cells were labeled on ice with TF conjugated to 
a fluorescent dye. After washing, cells were incubated at 
37°C for different time points and fluorescent vesicles were 
determined. TF uptake was comparable after 5 minutes and 
slightly increased after 10 min in the two KO cell lines as 
compared to wild types confirming that endocytic uptake 
rates were not a limiting factor (Figure 3C and S4B). In 
addition, we engaged the Magic Red Cathepsin B assay. This 

fluorescence based live cell assay employs a cell membrane 
permeant substrate and, therefore, cannot be affected by pos-
sible differential endocytosis rates. The substrate is cleaved 
upon cathepsin enzyme activity in lysosomes and results in 
a fluorescent signal. Fluorescence intensity was monitored 
and compared at three time points, after 30 min, 180 min 
and 300 min substrate incubation. CLN3 KO and PSENEN 
KO cells showed significantly lower fluorescence intensities as 
compared to isogenic wild types for all three incubation times 
(Figure 3D and S4C). Taken together, three assays indepen-
dently confirmed a decreased lysosomal activity in both KO 
cell lines.

To further investigate the impact of PSENEN or CLN3 
ablation on the endosomal-lysosomal system, we assessed 
changes in the subcellular localization of endosomal markers 
in KO and wild type cells. To this end, we analyzed the 
relative overlap of the late endosomal/lysosomal proteins 
LAMP1 and LAMP2 with the early endosomal marker protein 
RAB5 and the retromer subunit VPS35 which is crucial for 
retrieval and recycling from early endosomes to the trans 
Golgi network or the plasma membrane. In all cell types, 
RAB5 or VPS35 displayed no enhanced localization to 
LAMP1- or LAMP2-positive structures under control condi-
tions or after starvation (Figure 4A and S5). RAB9 has been 
involved in retrograde transport from late endosomes to 

Figure 3. Ablation of PSENEN and CLN3 reduces lysosomal proteolytic activity. (A) Relative activity of HEXA/β-hexosaminidase A in extracts of HeLa WT, PSENEN KO, 
CLN3 KO cells. Data represent mean ± SD, one-way ANOVA p-values, *p < 0.05; **p < 0.001. (B) Decreased lysosomal capacity assessed through the DQ-BSA assay. 
Relative fluorescence intensity after 6 h incubation, with and without 100 nM bafilomycin A1 (Baf) is shown. Data represent mean ± SD; two-way ANOVA p-values, 
**p < 0.001; ***p < 0.0001. (C) Quantification of TF uptake. Plots represent TF-Alexa Fluor 555-positive vesicles per 100 µm2 after 5 and 10 min uptake. Data 
represent mean ± SD; two-way ANOVA p-values, *p < 0.05; ***p < 0.0001. (D) Lysosomal CTSB enzyme activity in HeLa WT, PSENEN KO, CLN3 KO cells. Plots represent 
fluorescence intensity after 30 min, 180 min and 300 min of Magic Red incubation. Data represent mean ± SD; two-way ANOVA p-values, ***p < 0.0001; 
****p < 0.00001.
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lysosomes, in the targeting of lysosomal enzymes and man-
nose-6-phosphate receptors and is suggested to play a role in 
autophagosome biogenesis [52]. In fed wild type cells we 
observed colocalization of RAB9 with LAMP1 and LAMP2. 
This was slightly increased in starved cells. In PSENEN KO 
cells and in CLN3 KO cells, localization of RAB9 to LAMP1- 
and LAMP2-positive vesicles was further increased after star-
vation, suggesting minor alterations in Golgi to late endo-
some-lysosome compartmentalization (Figure 4A, B). 
Quantification of LAMP1- and LAMP2-stained vesicles 
revealed a significantly reduced number in starved wild type 
cells as compared to fed cells (Figure 4C). We observed 
already in fed PSENEN KO and CLN3 KO cells a reduction 
of LAMP1- and LAMP2-positive vesicles to the same degree 
as shown in starved wild type cells (Figure 4C). After starva-
tion, the number of LAMP1- and LAMP2-stained endosomes 
was not further decreased in the KO cells (Figure 4C). Taken 
together, these experiments demonstrate reduced lysosomal 
proteolytic activity and a reduced number of late endosomes- 
lysosomes in both KO cell lines.

We assessed as well the localization of the autophagosome 
marker LC3 to LAMP1- and LAMP2-positive structures. In all 
3 cell lines we observed only minor localization of LC3 to 
LAMP1- and LAMP2-positive vesicles under control (fed) 

conditions (Figure 5A and S6). Starvation moderately 
expanded the localization of LC3 to these structures. This 
was even more evident after treatment with the lysosomotro-
pic chemical ammonium chloride (NH4Cl) that neutralizes 
lysosomal pH, prevents the fusion of autophagosomes with 
lysosomes and promotes aggregation of autophagosomes 
(Figure 5A and S6). However, these immunocytochemical 
analyses did not reveal obvious differences between the cell 
lines. Subsequently, we employed immunoblotting to monitor 
LC3 levels. LC3 is a microtubule-associated protein playing an 
important role in autophagosome formation. After initial 
synthesis, LC3 is proteolytically processed, named LC3-I, 
and finally lipidated, named LC3-II. The latter is associated 
with autophagosomal membranes and detectable by immuno-
blotting [53]. To assess alterations of LC3-II levels in the 
isogenic cell lines, we quantified these in immunoblots of 
cell lysates. Control cells were compared with cells treated 
with NH4Cl alone or together with lysosomal inhibitors. We 
already observed a small increase of the LC3-II:ACTB/β-actin 
ratio in PSENEN KO and CLN3 KO cells as compared to wild 
types under control conditions (Figure 5B,C). This difference 
was more pronounced after the addition of NH4Cl alone or in 
combination with the lysosomal protease inhibitors E64d and 
pepstatin A (Figure 5B,C). In independent experiments, we 

Figure 4. Ablation of PSENEN and CLN3 reduces the number of lysosomes. (A) Plots show the Manders’ coefficient of LAMP1 or LAMP2 immunocytochemical co- 
localization with RAB5, VPS35 and RAB9 in fed HeLa WT, CLN3 KO, PSENEN KO cells and after 6 h starvation (S). Values are means ± SD of n = 50 cells pooled from 
three different experiments. (B) Representative confocal images of LAMP1 (green) and RAB9 (magenta) immunocytochemical localization in fed HeLa WT, CLN3 KO, 
PSENEN KO cells and after 6 h starvation (starv). Scale bars: 10 µm. (C) Plots represent LAMP1- and LAMP2-positive vesicles per 100 µm2. Values are means ± SD of 
n = 50 cells pooled from three different experiments; one-way ANOVA p-values, ***p < 0.0001.
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Figure 5. Altered LC3-II levels and autophagy induction in PSENEN KO and CLN3 KO cells. (A) Representative confocal images of LAMP1 (green) and LC3 (magenta) 
immunocytochemical localization in fed HeLa WT, CLN3 KO, PSENEN KO cells, 6 h after starvation or 6 h after NH4Cl treatment. Scale bars: 10 µm. Plots on the right 
show respective Manders’ coefficient of LAMP1 and LC3 co-localization. Values are means ± SD of n = 50 cells pooled from three different experiments. (B) 
Representative immunoblot analysis of endogenous LC3 (LC3-I and -II) and ACTB under control conditions or after NH4Cl alone or together with lysosomal inhibitor 
treatment for 6 h. (C) Densiometric analysis of LC3-II band intensity normalized to ACTB. Values are means ± SD of n = 10 independent experiments; one-way ANOVA 
with Dunnett’s post hoc test. (D) Representative immunoblot analysis of endogenous LC3 (LC3-I and -II) and ACTB under control conditions or 24 h after trehalose 
treatment. (E) Densiometric analysis of LC3-II band intensity normalized to ACTB. Values are means ± SD of n = 7 independent experiments; one-way ANOVA with 
a Dunnett’s post hoc test. (F) HeLa WT, CLN3 KO or PSENEN KO cells were transfected with a mCherry-GFP-LC3 construct, cultured under control conditions (fed) or 
starved for 6 h in EBSS (starv) and analyzed by live confocal microscopy. The plots show the quantification of total LC3-positive puncta (black), the number of 
autophagosomes (spots positive for GFP and positive for mCherry) (yellow) and number of autolysosomes (spots negative for GFP and positive for mCherry) (red). 
Values are means ± SD of n = 3 independent experiments. Total numbers of LC3 puncta per cell, autophagosomes per cell and autolysosomes per cell in starved WT 
cells and in fed or starved KO cells were compared to the respective numbers in fed WT cells. p-Values were calculated using one-way ANOVA with a post hoc Tukey 
test, *p < 0.05; **p < 0.001; ***p < 0.0001.
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applied trehalose, which is regarded as a mTORC1- 
independent autophagy enhancer [53]. Consistently, we also 
observed under control conditions a small increase of the 
LC3-II:ACTB ratio in PSENEN KO and CLN3 KO cells. 
Trehalose treatment further increased the LC3-II:ACTB ratio 
(Figure 5D,E). Collectively these data suggested increased 
autophagosome levels in the KO cells. These could be caused 
by a block of the autophagic flux due to hampered lysosome- 
autophagosome fusion or by enhanced autophagosome 
biogenesis.

To assess the autophagosome-lysosome fusion, cells were 
transfected with a tandem fluorophore-tagged LC3 expression 
construct and analyzed by confocal live microscopy. LC3-II 
fused to both GFP and mCherry is detectable as green and red 
puncta at the autophagosome membrane. Upon fusion of 
autophagosomes with acidic lysosomes, the acid sensitive 
fluorescent GFP signal is quenched by low pH, whereas the 
acid insensitive mCherry signal is still detectable until final 
degradation in autolysosomes. This change in fluorescence 
allows visualization of the autophagic flux. The total number 
of LC3-II-positive puncta significantly increased in wild types 
after starvation (Figure 5F). In both knockout cells, the total 
number of LC3-II-positive puncta was already increased to 
a similar degree under fed conditions and further raised by 
starvation (Figure 5F). The increased total LC3-II puncta, 
which corresponds to increased LC3-II levels, observed after 
expression of the tandem fluorophore-tagged LC3 construct 
in the KO cells compared to wild types is in accordance with 
the elevated endogenous LC3-II levels detected in immuno-
blots (Figure 5B-E). As compared to fed cells, wild type cells 
exhibited increased levels of autophagosomes (yellow, overlay 
of red, mCherry, and green, GFP, puncta) and autolysosomes 
(red puncta) after 6 h starvation (Figure 5F and S7). Already 
in fed KO cells, the number of autophagosomes and autolyso-
somes was elevated compared to wild type cells and further 
increased by starvation (Figure 5F). In all three cell types, the 
number of autolysosomes was higher than the number of 
autophagosomes and both increased after starvation. This 
strongly suggests a functional fusion of autophagosomes and 
lysosomes in all cell types.

In summary, these observations demonstrate an increased 
number of autophagosomes and an increased fusion of auto-
phagosomes and lysosomes in the KO cells. This prompted us 
to investigate altered lysosome and autophagosome biogenesis 
on the transcriptional level. The expression of lysosomal and 
autophagic genes in response to pathways sensing lysosomal 
stress and nutritional conditions is coordinated to a large 
extent by TFEB (transcription factor EB) [54]. To assess the 
altered transcription of lysosomal/autophagy genes by TFEB, 
we monitored the expression of a number of TFEB target 
genes and genes encoding lysosomal proteins under control 
conditions and 2 h, 4 h, 6 h, or 8 h after starvation by 
quantitative real-time PCR (RT-qPCR) (Figure 6). In this 
expression analysis, we included the knocked-out genes 
CLN3 and PSENEN. In the knockout cells, the non-coding 
transcripts of the respective knocked-out genes (Figure S2) 
were detected, but their expression was markedly reduced 
(Figure 6). In CLN3 KO cells, PSENEN transcript levels were 
almost unchanged, but slightly induced 2 and 4 h after 

starvation. In PSENEN-KO cells, CLN3 expression was mod-
erately but constantly upregulated at all analyzed time points. 
PSEN2 expression was increased in PSENEN KO cells with 
strongest induction after 4 h starvation. TFEB expression was 
upregulated in fed and starved CLN3 KO cells with maximal 
expression 4 h after starvation. This expression peak was 
shared by PSENEN KO cells. Transcript levels of other lyso-
somal proteins such as CTSB (cathepsin B) and CTSD (cathe-
psin B), GLB1/β-galactosidase (galactosidase beta 1), PSAP 
(prosaposin), and TPP1, as well as SESN2 (sestrin 2) were 
upregulated in fed and starved PSENEN KO cells. In CLN3 
KO cells these transcript levels were not always altered, but in 
most cases upregulated after 4 h starvation. These results 
demonstrate an overall increased expression of TFEB targets 
(CTSB, CTSD, GLB1, PSAP, TPP1) and of TFEB itself in fed 
and starved PSENEN KO. Notably, expression of SESN2, 
which is not regarded as a TFEB target [55], was induced 
similarly and suggested the involvement of additional factors. 
In fed and starved CLN3 KO cells, however, TFEB expression 
was upregulated and transcript levels of some lysosomal genes 
were increased after 4 h starvation. Since both knockouts 
affected expression of TFEB or TFEB regulated target genes, 
we investigated TFEB in more detail. TFEB localizes to the 
cytosol. Upon activation, it translocates to the nucleus and 
initiates gene expression. Next, we assessed altered nuclear 
versus cytosolic localization of TFEB by immunocytochemis-
try. Nuclear localization was slightly increased in fed KO cells 
as compared to wild types and this difference was more 
pronounced after 2 h and 4 h starvation (Figure 7). 
However, after 6 h starvation a comparable nuclear localiza-
tion of TFEB was observed in wild type and KO cells (Figure 7 
and S8). Finally, we analyzed TFEB protein levels by immu-
noblotting and observed increased TFEB levels in both KO 
cell lines (Figure 8A). Starvation induces dephosphorylation 
of TFEB, which corresponds to a reduced molecular weight 
observed in immunoblots (Figure 8A). Stable expression of 
GFP-PSENEN in PSENEN KO cells and of CLN3 in CLN3 KO 
cells, respectively, reversed the increased TFEB levels 
(Figure 8B,C). Taken together, these analyses demonstrate 
increased TFEB levels following PSENEN as well as CLN3 
ablation and strongly suggest altered activity of TFEB in the 
analyzed PSENEN KO and CLN3 KO HeLa cell lines.

Discussion

We identified an interaction of PSENEN and CLN3 and 
demonstrated co-expression, colocalization, and endosomal 
cotransport of both proteins. Mutations in the respective 
genes are causative for different neurodegenerative 
diseases, AD and CLN3 disease. Therefore, understanding 
the shared cellular function of both proteins might be perti-
nent for understanding general cellular mechanisms under-
lying neurodegenerative diseases. To investigate the relation 
of PSENEN and CLN3 on a cellular level, we generated iso-
genic knockout HeLa cell lines.

PSENEN is a subunit of the γ-secretase complex. 
Accordingly, we hypothesized that CLN3 might alter γ- 
secretase function and studied γ-secretase mediated pro-
cessing in the KO cells. In accordance with previous 
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studies, we demonstrate that PSENEN is essential for 
forming a functional γ-secretase complex and is indispen-
sable for γ-secretase activity. Whereas the knockout of 
Psenen in mice results in an embryonic lethal phenotype 
[50], its ablation appears not per se mortal on a cellular 

level. This corroborates the notion that inhibition or 
knockout of γ-secretase does not generally lead to toxicity 
in cell culture, suggesting that general removal of protein 
stubs is not essential or that other means of removal 
exist [7].
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Figure 6. Gene expression analysis of PSENEN KO and CLN3 KO cells. APRT-normalized mRNA changes under control conditions (fed) and 2 h, 4 h, 6 h and 8 h after 
starvation analyzed by real-time qPCR. Changes were normalized to wild type cells. The experiment was repeated with HPRT-normalization and similar results 
obtained. RQ, mean expression level; mean ± SD. p-Values were calculated using REST©-software, *p < 0.05; **p < 0.001; ***p < 0.0001.
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We provide strong evidence that, in contrast to PSENEN, 
CLN3 is dispensable for γ-secretase function and does not 
modulate its activity to a significant degree. This implies that 
some of the previously described similarities in AD and CLN3 
disease pathology, such as the accumulation of Aβ, are not 
a direct consequence of CLN3 ablation. We cannot exclude 
a dominant negative role of CLN3 mutants in altering γ- 
secretase function. This seems, however, unlikely as the 
most prevalent mutation found in CLN3 disease is regarded 

as a functional ablation of the CLN3 protein that, if expressed 
at all, is retained in the ER [34,56–58].

In agreement with its role in a lysosomal storage disease 
and its assumed subcellular localization, previous studies 
demonstrated alterations in the autophagy-lysosome system 
upon CLN3 ablation. A recent study employed siRNA- 
mediated knock down of CLN3 and observed enhanced auto-
phagosome biogenesis and autophagic flux [59]. In accor-
dance with our results, this study suggests functional 

Figure 7. Accelerated TFEB nuclear translocation in PSENEN KO and CLN3 KO cells. (A) Images of TFEB (green) immunolocalization in HeLa WT, CLN3 KO and PSENEN 
KO cells under control conditions (fed) and 6 h after starvation (6 h starv). DAPI (blue) was used to label nuclei. Scale bars: 10 µm. (B) Plots show the TFEB nuclear to 
cytosolic ratio under control conditions and 2 h, 4 h and 6 h after starvation. Values are means ± SD of n = 20 cells pooled from three independent experiments, one- 
way ANOVA with a post hoc Tukey test *p < 0.05; ***p < 0.0001.

Figure 8. Increased TFEB levels in PSENEN KO and CLN3 KO cells. (A) Immunoblot analysis of TFEB in HeLa wild type (WT), CLN3 KO and PSENEN KO cells under control 
conditions (fed) and after 3 h starvation (starv). ACTB levels are shown as loading controls. (B) Elevated TFEB levels under control conditions in PSENEN KO cells were 
reduced to wild type levels when stably transfected with GFP-PSENEN. Stable GFP-PSENEN expression was confirmed using anti-GFP antibody. Two independent cell 
clones were analyzed. (C) Elevated TFEB levels under control conditions in CLN3 KO cells were reduced to wild type levels when stably transfected with CLN3. Stable 
expression of the CLN3-IRES-GFP construct was confirmed by anti-GFP antibody and by sequencing of RT-PCR-amplified CLN3 transcripts. Two independent cell 
clones were analyzed.
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lysosome and autophagosome fusion in CLN3 ablated cells 
and not its impairment as described for a number of lysoso-
mal storage diseases. Moreover, the authors proposed an 
enhancement of the autophagy-lysosome system as 
a compensatory stress response to impaired energy metabo-
lism upon CLN3 deficiency [59]. The upregulation of TFEB 
transcripts and an increase of CTSB, CTSD, PSAP, TPP1 
expression observed here after starvation in CLN3 KO HeLa 
cells also suggests a compensatory mechanism to cope with 
a metabolic deficit caused by the absence of CLN3 in 
lysosomes.

To investigate CLN3 function, three different knockout 
and knock-in mouse models have been generated [60–62]. 
All three models resemble a number of phenotypic and his-
topathological abnormalities of the human CLN3 disease, 
including the accumulation of storage material predominantly 
composed of ATP5MC/subunit c of the mitochondrial ATP 
synthase. Therefore, a CLN3 knockout is regarded as a disease 
model.

The so far most frequently used cellular model for CLN3 
disease is a cerebellar neuronal precursor cell line (CbCln3 
delta ex7/8 cells) derived from a CLN3 disease knock-in 
mouse [62]. These cells accumulate storage material, 
ATP5MC, in enlarged lysosomes [41,42]. This occurred in 
confluent cells, but not under sub-confluent conditions [42]. 
Moreover, under sub-confluent conditions the number of 
lysosomes was reduced [63], whereas the number of autopha-
gosomes was increased [64]. The observations in sub- 
confluent cells corroborate our results in HeLa CLN3 KO 
cells, reduced number of lysosomes and increased numbers 
of autophagosomes. Notably, we failed to observe the accu-
mulation of storage material in HeLa CLN3 KO cells when we 
analyzed ATP5MC levels at steady state and after cell cycle 
arrest. Thus, it is tempting to speculate that the here generated 
HeLa CLN3 KO cells correspond to cells that are still capable 
adapting to several of the gene ablation-initiated defects 
before developing disease-like cytopathology. The observed 
increased TFEB levels might counteract disease-like progres-
sion, such as the accumulation of storage material.

TFEB coordinates the expression of lysosomal and auto-
phagic genes in response to pathways sensing lysosomal stress 
and nutritional conditions. Thus, the identified increased 
autophagosome and autolysosome levels are in accordance 
with increased TFEB levels. In line with these assumptions, 
increased TFEB levels have been shown to induce lysosomal 
exocytosis and to rescue pathologic intracellular storage [65]. 
A pharmacological activation of TFEB reversed some of the 
phenotypes in CLN3 disease mouse models [66]. Notably, 
TFEB activation has been suggested as a possible strategy to 
counteract disease progression in a broader range of neuro-
degenerative diseases [54] and mice with neuronal-targeted 
TFEB are characterized by reduced levels of amyloid-β pep-
tides and amyloid plaques [67].

It is conceivable, that the here studied HeLa cells are less 
prone to accumulate storage material. Therefore, further stu-
dies employing more differentiated cells that possess a highly 
active lysosomal compartment or non-dividing cells which 
might more likely accumulate storage material should be 
used to substantiate to what extend increased TFEB levels 

and other factors ameliorate pathological phenotypes on 
a cellular level.

A structure-based prediction in combination with addi-
tional functional clues supports the here identified interaction 
of PSENEN and CLN3 [68] and was specified in the inte-
grated interactions database [69]. CLN3 has been shown to 
play a role in the lysosome-autophagy system before. 
Therefore, and irrespective of the nature of the PSENEN 
and CLN3 interaction, which may be transient or part of 
a larger complex, we speculated that PSENEN plays also 
a role in the lysosome-autophagy system and ablation of 
both proteins might result in concordant cellular phenotypes.

To the best of our knowledge, this is the first study con-
sidering PSENEN function in the endosomal-lysosomal- 
autophagy system, and the observed consequences of 
PSENEN ablation have not been described before. In contrast 
to the difference in γ-secretase function, PSENEN KO and 
CLN3 KO cells presented indeed to a large extend corre-
sponding alterations in our analyses. We observed in both 
KO cells a reduced activity of lysosomal enzymes, a reduced 
number of late endosomes and lysosomes, an increased num-
ber of autophagosomes and autolysosomes, and increased 
TFEB levels.

The autophagic flux includes autophagosome-lysosome 
fusion and (auto-) lysosomal degradation. Our data suggest 
functional and increased autophagosome-lysosome fusion in 
PSENEN KO and CLN3 KO cells, whereas the lysosomal 
degradation appears reduced. The observed increased auto-
phagosome-lysosome fusion might consume a large number 
of lysosomes. Along with a shortage of lysosomal degradation, 
lysosome recycling, or biogenesis, this might be causative for 
the reduced number of late endosomes and lysosomes in the 
KO cells.

CLN3 transcript levels were increased in PSENEN KO cells. 
This finding supports a possible compensatory upregulation 
of transcripts following the ablation of an interaction partner. 
However, PSENEN KO cells demonstrated increased expres-
sion of several lysosomal genes and CLN3 induction might 
also be part of a general induction of lysosomal genes in 
PSENEN KO cells.

Taken together, on the cellular level the PSENEN KO 
resembles to a large extend the cellular phenotype of 
a knockout of the lysosomal storage disease gene CLN3. 
Autophagy impairment is commonly implicated in the patho-
logical characteristics of AD [12]. PSENEN is a subunit of the 
γ-secretase complex. PSEN2 harbors a lysosomal targeting 
signal [21], and γ-secretase complexes including PSEN2 are 
targeted to lysosomes [20,21]. So far, functions in the auto-
phagy-lysosome system have been proposed particularly for 
PSEN1, but how PSEN1 regulates lysosomal function remains 
controversial [11,15–19]. However, pharmacological γ- 
secretase inhibition did not alter lysosome-autophagy func-
tions to a similar degree, suggesting that these alterations are 
independent of γ-secretase activity [11]. The here studied 
PSENEN knockout impairs the formation of all γ-secretase 
complexes, similar to a double knockout of PSEN1 and PSEN2 
(PSEN dKO). Therefore, a phenotypic overlap between 
PSENEN KO and PSEN dKO cells is expected. Phenotypic 
differences might point to γ-secretase complex independent 
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functions of PSENEN or of PSENs. Analyses of psen dKO 
embryonic stem cells and psen dKO mice derived embryonic 
fibroblasts demonstrated increased and decreased LC3-II 
levels [11,19,70]. Moreover, increased TFEB protein levels, 
reduced nuclear translocation of TFEB after starvation and 
a reduced expression of TFEB target genes have been 
described [70]. Although some of these observations are 
inconsistent, a partial phenotypic overlap, such as increased 
LC3-II and TFEB levels, in PSENEN KO and PSEN dKO cells 
seems likely. However, clarification of a putative function of 
γ-secretase in the autophagy-lysosome system, that is inde-
pendent of substrate cleavage, clearly requires additional stu-
dies on the individual γ-secretase components.

In summary, the identical alterations observed in the iso-
genic PSENEN KO and CLN3 KO cells support γ-secretase 
independent function of PSENEN in the autophagy-lysosome 
system and our results point to dysfunctions in the autopha-
gy-lysosome system that might in general be causative for 
different neurodegenerative diseases.

Materials and methods

Antibodies

The following primary antibodies were used: ACTB/β-actin 
(Sigma, A5441; Western blot [WB] 1:100.000); DS-red 
(Clontech, 632,496; immunocytochemistry [ICC], 1:500); 
GFP (Abcam, ab13970; ICC 1:5000, WB 1:10.000); HA- 
epitope-tag (Covance, MMS-101 R; WB 1:1000); LAMP1 
(BD Bioscience, 555,798; ICC, 1:3000); LAMP2 (BD 
Bioscience, 555,803; ICC 1:3000); LC3B (Novus, NB100- 
2220; WB 1:1000); LC3B (clone EPR18709, Abcam, 
ab192890; ICC 1:3000); PSEN1 (clone EP2000Y, Abcam, 
ab76083; WB 1:1000); PSEN2 (clone EP1515Y, Abcam, 
ab51249; WB 1:1000, ICC 1:3000); RAB5 (Abcam, ab18211; 
ICC 1:1000); RAB9 (Cell Signaling, 5118; ICC, 1:1000); TFEB 
(Cell Signaling, 37,785; ICC 1:1000); TFEB (Cell Signaling, 
4240; WB 1:1000); VPS35 (Abcam, ab10099; ICC 1:500). 
Fluorescent Alexa Fluor conjugated (Invitrogen, A11001, 
A11008, A11039, A21428 or A21422) or horseradish perox-
idase (HRP)-conjugated (Dianova, 49,988 or 49,533) second-
ary antibodies were used.

DNA constructs

PSENEN-TAP was generated by site-specific recombination 
of a PCR-amplified ORF of PSENEN into a modified TAP- 
tagged version of the Moloney murine leukemia virus-based 
vector pZome1 (Cellzome). The TAP-tag was built of 
a protein A and a CALM (calmodulin)-binding site separated 
by a tobacco etch virus (TEV) cleavage site. Human PSENEN 
cDNA was PCR-amplified, cloned into the pENTR/D-TOPO 
cDNA vector (Thermo Fisher Scientific, K240020), and trans-
ferred by LR recombination using Gateway LR Clonase 
(Thermo Fisher Scientific, 11,791,019) into the L21 vector. 
L21 is available in different versions encoding N-terminal 
protein tags (HA, GFP, tdTomato), added in frame to the 
insert cloned into the Gateway cassette [34]. A corresponding 
portfolio of tagged CLN3 constructs has been generated by us 

before [34]. In addition, human CLN3 was PCR-amplified and 
cloned into pIRES2-EGFP (BD Bioscience, PT3267-5), and 
the CLN3-IRES2-EGFP cassette was finally transferred into 
pcDNA3.1/Zeo (Invitrogen, V86020). pCS2 NOTCH1 
ΔEMV-6MT was a gift from Raphael Kopan and Jeffrey Nye 
(Addgene, 41,737) [51] and used as a template for PCR- 
amplification and cloning of the full-length insert or of 
a fragment encoding the intracellular domain respectively 
into pENTR/D-TOPO and subsequently into L21 to generate 
HA-tagged constructs. Full-length APP695 in pcDNA3.1 [71] 
was used as a template for PCR-amplified cloning of the full- 
length insert or of a fragment encoding the intracellular 
domain respectively into pENTR/D-TOPO and subsequently 
into L21 to generate GFP-tagged constructs. pBABE-puro 
mCherry-EGFP-LC3B was a gift from Jayanta Debnath 
(Addgene, 22,418) [72] and used for subcloning of mCherry- 
EGFP-LC3B into L21. tdTomato-RAB5A and tdTomato- 
RAB7A were cloned into L21 tdTomato from GFP-RAB5A 
and GFP-RAB7A [71] by LR recombination. pLAMP1- 
mCherry was a gift from Amy Palmer (Addgene, 45,147) [73].

Tandem affinity purification

Tandem affinity purification was performed as described 
before [47]. In brief, SK-N-BE (2) neuroblastoma cells expres-
sing PSENEN with a C-terminal TAP-Tag were generated by 
retroviral gene transfer. Cell lysates were incubated with 
200 µl of IgG-agarose beads (Sigma, A0919) for 2 h at 4°C. 
Beads were collected, washed and incubated with cleavage 
buffer (10 mM Tris, pH 7.5, 100 mM NaCl, 1 mM DTT, 
0.1% Igepal [Sigma, I-3021], 0.5 mM EDTA) and 100 units 
of TEV protease (Invitrogen, 12,575,023) for 1 h at 16°C. The 
eluate was transferred into a column containing 200 µl of 
calmodulin-agarose (Stratagene, 214,303) in 10 mM Tris, pH 
7.5, 100 mM NaCl, 1 mM DTT, 0.1% Igepal, 2 mM MgCl2, 
2 mM imidazole (Roth, 3899.2), 4 mM CaCl2 and after wash-
ing bound proteins were eluted with 10 mM Tris, pH 8.0, 
5 mM EGTA at 37°C. Eluates were separated by SDS PAGE 
and stained with colloidal Coomassie Brilliant Blue (Bio-Rad, 
1,610,436). Gels were sliced, cut bands reduced, alkylated, and 
digested as described previously [74] and peptides were 
sequenced by tandem mass spectrometry (Waters Cap LC 
and QTOF Ultima). Proteins were identified by using 
Mascot software (Matrix Science, UK).

Cultivation and transfection of cells

HeLa cells (DSMZ, ACC57) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, 11,971–025) sup-
plemented with 10% fetal calf serum (FCS, GIBCO, 
10,109,163). Cells were transiently transfected using 
Lipofectamine 2000 (Invitrogen, 11,668,019) according to 
the manufacturer’s instructions. Stable transfectants were 
selected and cultured in DMEM containing 150 µg/ml 
Zeocin (Invivogen, ant-zn) as described previously [75]. 
Positive cell clones with equal expression levels were identi-
fied by immunocytochemistry and immunoblot analysis. In 
addition, cells expressing the GFP-IRES-CLN3 construct were 
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analyzed for wild type CLN3 expression by RT-PCR and 
sequencing of respective PCR products.

For starvation, cells were cultured for indicated times in 
Earle’s Balanced Salt Solution (EBSS; Gibco, 24,010). To chal-
lenge the autophagy pathway, cells were cultured for 6 h in 
DMEM supplemented with 10 mM NH4Cl (Sigma, 213,330) 
alone or with the protease inhibitors E-64d (Sigma, E8640) or 
pepstatin A (Applichem, A2205) (each 10 μg/ml) or for 24 h 
in DMEM supplemented with 100 mM trehalose (Sigma, 
T9531).

Primary cultured hippocampal neurons were prepared as 
described before [76]. In brief, we used E17 embryos from 
timed-pregnant C57BL/6 J mice. Dissected hippocampi were 
collected in HANKS’ medium without calcium and magne-
sium (Sigma, H-2387) supplemented with 20% FCS, washed 
in HANKS’ medium, and treated with papain (Sigma, P4762) 
and DNAse (Invitrogen, 18,047–019) in digestion buffer 
(137 mM NaCl, 5 mM KCl, 7 mM Na2HPO4(2xH2O), 
25 mM HEPES, pH 7.4) for 30 min at 37°C. Tissue was 
subsequently washed two times with HANKS’ medium and 
resuspended in 2 ml dissociation buffer (HANKS’ medium, 
12 mM MgSO4(7xH2O)) supplemented with DNAse. Cells 
were dissociated by triturating and adding HANKS’ medium 
plus 20% FCS stopped the dissociation reaction. Cells were 
sedimented and seeded in PNGMTM-medium (Lonza, CC- 
4462) on poly-L-lysine (Sigma, P9155)-coated glass coverslips 
at a density of 40,000 cells/cm2. At 3 days in vitro (DIV) cells 
were transfected using Lipofectamine LTX (Invitrogen, 
15,338,100). Live cell imaging, fixation, staining and analysis 
followed at indicated DIV.

Immunocytochemistry, colocalization analysis, and 
live-cell imaging

For immunocytochemistry, cells were cultured on cover slips, 
washed in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2 
HPO2, 1.47 mM KH2PO4), fixed in PBS with 4% paraformal-
dehyde and 4% sucrose (or with 100% ice-cold methanol for 
LC3 staining), washed and permeabilized with PBS with 0.5% 
saponin (Sigma, S7900) or 0.05% Triton X-100 (Roth, 3051.2). 
Cells were incubated with antibodies in the presence of 10% 
serum (Gibco, 10,270–160) and 0.5% saponin and analyzed by 
confocal microscopy using a Leica TCS SP8 microscope. For 
colocalization analysis, laser power and gain were identical 
between images. Using the Fiji ImageJ plugin JaCoP (ImageJ 
software; US National Institutes of Health, Bethesda) the 
Mander’s coefficients for colocalization M1 and M2 were 
calculated. Bar graphs were produced using Graph Pad 
Prism 5 and statistically analyzed by a one-way analysis of 
variance (ANOVA) with a post hoc Tukey test (IBM SPSS 
Statistics 25).

For time-lapse video microscopy, cells were transfected 
with constructs encoding fluorophore tagged CLN3 and 
PSENEN fusion proteins in glass bottom dishes. During live- 
cell imaging, transfected cells were temperature- (37°C) and 
CO2-controlled (5%). Images were taken every 200–300 ms 
over indicated periods using a spinning disk confocal micro-
scope (Visitron Systems). Kymographs were created using the 
Multiple-Kymograph plugin of Fiji ImageJ.

For autophagic flux analysis, cells were seeded in glass 
bottom dishes and transfected with the tandem mCherry- 
GFP-LC3 construct. After 24–48 h, live imaging analysis was 
performed under control conditions or 6 h after starvation 
and the mCherry and GFP signals were recorded in parallel 
with a Leica TCS SP8 confocal microscope. The number of 
cellular vesicles per channel was counted by transforming the 
recorded confocal z-stacks into binary images applying an 
equal threshold between images and subsequently using the 
Fiji ImageJ function “analyze particles”. Spatially close vesicles 
were separated using the Fiji ImageJ function “watershed” and 
background signals were ruled out by excluding single pixel 
counts. Bar graphs were produced using Graph Pad Prism 5. 
After confirming normal distribution using a Kolmogorov- 
Smirnov test, statistical differences were confirmed by one- 
way ANOVA with a post hoc Tukey test in IBM SPSS 
Statistics 25.

Immunoprecipitation

HeLa cells were transfected with constructs encoding HA- 
CLN3 and GFP-PSENEN or with HA-CLN3 and GFP. 
Twenty-four h post transfection, cells were lysed in 100 mM 
NaCl, 50 mM Tris-HCl, 1 mM CaCl2, 1 mM MgCl2, 0.5% 
NP40 (Sigma, 21–3277), 1 mM PMSF (Roth, 6367.1), pH 7.5, 
cell debris sedimented for 10 min at 16,000 g and 10% of each 
supernatant were taken as an expression control (input) and 
immunoprecipitation was performed using anti-GFP nano-
body coupled to magnetic beads (ChromoTek, gtma-20) for 
30 min at 4°C. After washing with 100 mM NaCl, 50 mM 
Tris-HCl, 1 mM CaCl2, 1 mM MgCl2, 0.01% Triton X-100, 
1 mM PMSF, pH 7.5 protein complexes were subjected to 
SDS-PAGE and immunoblotting.

Immunoblotting

Protein concentration was determined using the bicinchoni-
nic acid (BCA) method (BCA Protein Assay; Pierce, 23,227). 
Equal amounts of protein samples were mixed with SDS 
sample buffer, boiled at 95°C for 5 min, subjected to reducing 
SDS-PAGE using 4–16% acrylamide gels and transferred to 
PVDF membranes. Subsequently the membranes were incu-
bated with primary antibodies, HRP-conjugated secondary 
antibodies, and ECL-solution (SuperSignalWest Pico; 
Thermo-scientific, 34,580). Chemiluminescence signals were 
detected with a LAS4000Mini system (Fuji). For quantifica-
tion and statistical analysis, 6–10 independent experiments 
were performed. Bands of immunoblots were quantified by 
using Multi Gauge V3.2 (Fuji), Fiji ImageJ and a one-way 
ANOVA with a post hoc Dunnett’s test for statistical analysis.

In situ hybridization

In situ hybridization was performed as described before [77]. 
In brief, antisense RNA probes labeled with α-35S-UTP were 
generated according to the manufacturer’s instructions 
(Ambion, 1344). Cryosections (20 µm) from C57BL/6 J mice 
(embryonic day 16) were fixed, acetylated, dehydrated, and 
subjected to in situ hybridization at 55°C for 18 h, followed by 
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RNaseA (AppliChem, A3832) treatment for 30 min at 37°C, 
and a high-stringency wash was performed in 0.1 x saline 
sodium citrate buffer (15 mM NaCl, 1.5 mM sodium citrate, 
pH 7) at 55°C. Slides were exposed to X-ray films (Kodak 
Biomax MR, Amersham Biosciences, Z363030) for 72 h. The 
probe used for detection of Cln3 transcripts comprised 
nucleotides 1–653 of the murine cDNA cloned in pBSK 
(Stratagene, 212,205), which was linearized with NotI for 
antisense transcription. A cDNA clone (IMAGp998J21802Q, 
Source Bioscience) comprising the entire open reading frame 
and 5ʹ- and 3ʹ-UTR sequence of murine Psenen served as 
a template to clone the probe used for detection of Psenen 
transcripts into pBSK and comprised 594 nucleotides. This 
was linearized with NotI for the antisense probe. Specificity of 
signals was verified by comparing antisense with sense 
controls.

Generation of knockout cells

In order to generate knockout cells, guide RNA (gRNA) 
corresponding to the first exon of CLN3 
(CACCGCGGCGCTTTTCGGATTCCGA) and to the first 
exon of PSENEN (CACCGCCTGGAGCGAGTGTCCAATG) 
was designed and cloned into pX330-U6 expressing 
a humanized Cas9 [78]. HeLa cells were co-transfected with 
pX330-U6-gRNA-CLN3 or pX330-U6-gRNA-PSENEN and 
pcDNA3.1/Zeo. Twenty-four h after transfection, cells were 
selected with zeocin (250 μg/ml) for 5 days to enrich trans-
fected cells. Subsequently, cells were cultured for 2 weeks in 
DMEM with 10% FCS, single clones were isolated, genomic 
DNA extracted and genomic sequences surrounding CLN3 
and PSENEN genes amplified by PCR and sequenced. DNA 
sequencing identified different knockout cell clones carrying 
specific indel mutations. Two differently targeted and inde-
pendent CLN3 KO clones and two independent PSENEN KO 
clones with identical mutations (Figure S2) were expanded 
and analyzed in parallel to exclude clonal effects. Results 
showed similar phenotypes. KO cells were continuously gen-
otyped by PCR using respective genomic DNA extracted from 
cells, the primer pairs (5ʹ-TTGTTCTAATAGGGGCGTGG 
and 5ʹ-CCTCCTCTGTGCTCTAGACT) for PSENEN KO 
cells and (5ʹ-CCAGCCCCTCCCTTTTTCACG and 5ʹ- 
TGGGGCAAACCAGTGGATTCAG) for CLN3 KO cells and 
sequencing of gel-extracted PCR products.

Cell growth analysis

Cells were seeded in 24-well plates at a density of 5,000 cells 
per well. Images were captured at identical areas in a 4 h 
interval for 8 days and confluence was measured using the 
IncuCyte S3 live cell imaging system (Sartorius). Data of each 
image was normalized individually and averaged over 4 wells. 
To compensate for variations within individually measured 
time points by the confluence mask, a rolling average using 
a window of 6 time points was applied. The time point of 
maximal growth (maximum slope) was used to set an interval 

of 12 h before and 12 h after this time point for statistical 
analysis using two-sided Mann-Whitney U-tests.

Quantification of Aβ levels

Cell culture media (DMEM without FCS) was collected fol-
lowing conditioning for 24 h and cell debris removed by 
centrifugation. Secreted Aβ40 and Aβ42 peptides and sAPP- 
α were quantified by sandwich enzyme-linked immunosor-
bent assay according to the manufacturer’s instructions (IBL, 
ELISA JP27729 human amyloid β and JP27734 human sAPP- 
α). All measurements were performed in triplicates. sAPP-α 
levels were almost identical between the cell lines. Aβ levels 
were normalized to sAPP-α levels. Statistical analysis was 
performed with GraphPad Prism using a one-way ANOVA 
with a post hoc Tukey test.

Lysosomal protease activity measurement

For the measurement of HEXA/β-hexosaminidase A activity, 
cells were lysed in 20 mM Tris-HCl, 150 mM NaCl, 10 mM 
EDTA, 1% Triton X-100, pH 8. Protein concentration was 
measured using the BCA method. From each cell lysate, 
100 μg total protein was incubated with HEXA substrate 
(10 mM 4-nitrophenyl-N-acetyl-β-D-glucosaminide [Sigma, 
N9376], 100 mM sodium citrate, 0.2% Triton X-100, pH 
4.6) for 30 min at 37°C. The reaction was stopped with 0.05 
M glycine-NaOH, pH 10.4 and enzymatic activity determined 
as released 4-nitrophenol by measuring absorbance at 405 nm 
using a spectrophotometer (Amersham Biosciences). 
Statistical analysis was performed with GraphPad Prism 
using a one-way ANOVA with a post hoc Bonferroni test.

Lysosomal protease activity in cells was determined using 
DQ-red-BSA (Thermo Fisher Scientific, D12051) and CTSB 
activity was determined using Magic Red Cathepsin 
B (ImmunoChemistry Technologies, ICT-937). Cells were 
seeded at a density of 15,000 cells per well in poly-L-lysine 
coated 96-well plates. After 24 h, cells were incubated with 
10 µg/µl DQ-red-BSA in DMEM with 1% FCS, 1% non- 
essential amino acids, 1% Glutamax (Invitrogen, 35,050–38), 
1% HEPES for 1 h or 6 h. In parallel experiments, 100 nM 
bafilomycin A1 (Biomol, cay11038-500) was added. To deter-
mine CTSB activity, cells were incubated with Magic Red 
staining solution diluted in DMEM with 1% FCS, 1% non- 
essential amino acids, 1% Glutamax, 1% HEPES to a 1-fold 
concentration at 37°C for 30 min, 180 min and 300 min 
respectively. After incubation, cells were washed once with 
PBS, stained with Hoechst (Thermo Fisher Scientific, H3570) 
for 5 min at 37°C and washed again three times with PBS. 
Fluorescence was measured using automated confocal micro-
scopy (OPERA Phenix high content system, PerkinElmer) 
with a 20-fold magnification. Image analysis was performed 
with the Columbus and Spotfire software (PerkinElmer). Only 
living cells, distinguishable from dead cells via Hoechst stain-
ing, were used for analysis. Background from untreated wells 
was subtracted and fluorescence intensity was normalized to 
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the cell number. Statistical analysis was performed with 
GraphPad Prism using a two-way ANOVA and multiple 
comparison with a post hoc Tukey test which is using 
a single pooled variance for calculations.

TF uptake assay

Twenty-four h after transfection with GFP, cells were starved 
1 h at 37°C in Opti-MEM (Gibco, 11,058,021) and labeled 1 
h at 4°C with 50 µg/ml fluorescent transferrin-Alexa Fluor 555 
(Thermo Fisher Scientific, T35352) in Opti-MEM. After 
washing, cells were incubated for different time intervals at 
37°C. Cells were fixed with 4% paraformaldehyde and stained 
with primary anti-GFP and secondary Alexa Fluor 488 anti-
bodies. The GFP signal (Alexa Fluor 488) was used to visua-
lize cells. Fluorescent vesicles (Alexa Fluor 555) per cell were 
determined by confocal microscopy using identical laser 
power and gain between images and the “analyze particles” 
function of the Fiji ImageJ software. Bar graphs were pro-
duced using Graph Pad Prism 5. After confirming normal 
distribution using a Kolmogorov-Smirnov test, statistical dif-
ferences were confirmed by one-way ANOVA with a post hoc 
Tukey test in IBM SPSS Statistics 25.

Gene expression analysis by quantitative real-time PCR

Cells were treated as indicated and total RNA extracted using 
Trizol (Thermo Fisher Scientific, 15,596,026). RNA integrity 
was assessed by inspection of RNA18S and RNA28S ribosomal 
RNA bands using agarose gel-electrophoresis and quantity 
was determined by optical density measurement using 
NanoDrop 2000 (Thermo Scientific).

We performed expression analysis as described before 
[79]. In brief, residual genomic DNA was removed and one 
µg total RNA per reaction was reverse transcribed to cDNA 
by using oligo dT primers as well as hexamer primers and 
SuperScript IV according to the manufacturer’s instructions 
(VILO Mastermix with ezDNase, Thermo Fisher Scientific, 
11,766,050). Gene expression levels were determined by 
quantitative real-time PCR performed in a QuantStudio 6 
Flex Real-Time PCR System (Applied Biosystems). We used 
the following Fam labeled TaqMan Gene Expression Assays 
(Thermo Fisher Scientific) to detect expression of genes of 
interest: CLN3: Hs00164002_m1; CTSB: Hs00157194_m1; 
CTSD: Hs00157201_m1; GLB1: Hs01035168_m1; PSENEN: 
Hs01033961_g1; PSAP: Hs01551096_m1; PSEN2: 
Hs00240982_m1; SESN2: Hs00230241_m1; TFEB: 
Hs00292981_m1 and TPP1: Hs00166099_m1. All assays 
were exon-spanning with similar amplicon length. Prior to 
the determination of the relative differences in expression 
levels of the genes of interest, the three different Vic labeled 
TaqMan Gene Expression Assays APRT: Hs00356991_m1; 
HPRT: Hs02800695_m1 and TBP: Hs00427620_m1 were 
evaluated for their suitability as reference genes by analyzing 
their expression stability under the different conditions ana-
lyzed in this study. To this end, we used the RefFinder 
software, which combines the results of four different soft-
ware packages for the stability of expression analysis [80]. 
Best performance was observed for APRT and HPRT and we 

chose APRT as reference for duplex assays, because its 
expression level was similar to that of our genes of interest. 
In control experiments, the complete RT-qPCR analysis of 
all cell lines was also performed with HPRT as a reference 
gene with a congruent outcome. We established duplex 
assays for the comparative analysis of expression of the 
genes of interest by determining the respective concentration 
of the transcript of interest and of the reference transcript by 
simultaneous detection in the same reaction. RT-qPCR was 
performed using TaqMan Gene Expression master mix 
(Thermo Fisher Scientific, 4,369,542) in a 384-well format, 
reaction volumes were 10 μl and the number of replicates per 
sample was three. We applied the following thermal cycling 
conditions: activation of hot-start Taq DNA Polymerase at 
95°C for 10 min and two-step cycling with denaturation at 
95°C for 15 s, annealing and extension at 60°C for 60 s and 
fluorescence data collection run in 40 cycles. Differential 
gene expression was calculated with the Relative 
Quantification app (Version 3.8, Thermo Fisher), using the 
individually determined efficiencies of the respective targets 
for the ∆∆-Ct determinations. The REST software was uti-
lized to evaluate the significance of the relative differ-
ences [81].

Statistical analysis
Statistical tests were performed using Graph-Pad Prism or IBM SPSS 
Statistics software and analyzed by a one-way analysis of variance 
(ANOVA) with a post hoc Tukey test or a post hoc Bonferroni test or 
two-way ANOVA and multiple comparison with a post hoc Tukey test. 
For gene expression analysis, the REST software was utilized to evaluate 
the significance of the relative differences.
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Figure S1. Imaging of CLN3 and PEN2 positive endosomes.
(A) HeLa cells were co-transfected with GFP-CLN3 (green) and tdTomato-PEN2 (red) and analyzed by spinning
disk confocal microscopy. Shown is a 3D projection of a 1 min live-cell video microscopy of GFP-CLN3- and
tdTomtao-PEN2-positive endosomes which show fusion and fission events (arrows). 1 Unit = 1.72µm. (B) HeLa
cells were co-transfected with the indicated constructs, immunostained using respective and specified antibodies
and analyzed by confocal microscopy. Scale bars: 20 µm. Dotted boxes in the left panels indicate magnified areas
shown in the right panels. Line plots (right) correspond to the white lines indicated in the merged zoom-ins.
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Figure S2. CRISPR-CAS9 mediated CLN3 and PEN2 knock out in HeLa cells 
(A, B) Genomic DNA of HeLa wild type (WT) and HeLa knockout (KO) cells was amplified by PCR and sequenced. 
Sequencing traces of one PEN2 knockout line demonstrates an adenosine, A, insertion in the PEN2 sequence (A) as 
compared to the wild type sequence (upper panel). Sequencing traces of two alternative CLN3 knockout lines demon-
strate a cytosine, C, or a CGGATTC deletion in the CLN3 gene (B). Arrows indicate indel mutations. The lower 
sequences correspond to the encoded amino acid sequence, beginning with the first methionine, M, indels lead to 
illustrated frame shifts (red letters) and premature stop codons. (C) The PEN2 protein has a cytosolic N-terminus, a 
luminal C-terminus and harbors three membrane-embedded domains, with the first two domains traversing only half 
of the lipid bilayer and the third passing through the membrane. The indel mutation in PEN2 causes a frameshift after 
7 amino acids, a premature stop codon after amino acid 8 and results in a truncated protein. (D) The CLN3 protein 
consists of 6 transmembrane domains in which N- and C-terminal ends are facing the cytosol. The indel mutations in 
CLN3 cause a frame shift at amino acid E15 or D13, and a premature stop codon after 53 or 51 amino acids respec-
tively and result in a truncated protein. 48



Time (Hours)

C
on
flu
en
ce

(%
)

**

**

ns

2

3

4

5

C
on
flu
en
ce

(A
U

C
)

HeLa-WT PEN2-KO CLN3-KO

B C

C
on
flu
en
ce

(%
)

0 2 4 6 8

0

25

50

75

100

HeLa-WT
PEN2-KO
CLN3-KO

0

10

20

30

-5 5-10 100

HeLa-WT
PEN2-KO
CLN3-KO

Time (Days)

A

maximal growth
12 h interval

maximal growth
12 h interval

Figure S3. Comparison of cell growth of WT, CLN3-KO and PEN2-KO HeLa cells. 
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Figure S4. Representative confocal images of the DQ-BSA assay, the transferrin uptake assay and the magic 
red assay
(A) Representative confocal images of the DQ-BSA assay after 6 h incubation time, with and without 100nM 
Bafilomycin (Baf). Yellow, fluorescence released by DQ-BSA hydrolysis; blue, Hoechst staining. Scale bars: 50 
µm. (B) Cells were transfected with eGFP to identify single cells. 24 h after transfection, cells were starved for 1 h, 
subsequently labelled for 1 h at 4°C with fluorescent transferrin-Alexa-555, washed and incubated for 5 or 10 min 
at 37°C. The GFP signal was used to visualize and to encircle (white lines) cells. Fluorescent vesicles (Alexa-555) 
per cell were determined by confocal microscopy. Scale bars: 10 µm. (C) Representative confocal images of the 
Cathepsin B – magic red assay after indicated incubation times. Red, fluorescence released by magic red hydrolysis; 
blue, Hoechst staining. Scale bars: 50 µm. 
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Figure S5. Representative images of Lamp1 and Lamp2 and Rab5, Rab9 and Vps35 localization.
Representative confocal images of Lamp1 and Lamp2 (green) and Rab5, Rab9 and Vps35 (magenta) immu-
nocytochemical localization in fed HeLa-WT, CLN3-KO, PEN2-KO cells and after 6 h starvation. Magnifi-
cations of selected areas (boxes) are shown as insets. Scale bars: 10 µm.
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Figure S7. Representative images of cells expressing mCherry-GFP-LC3.
HeLa-WT, CLN3-KO or PEN2–KO cells were transfected with a mCherry-GFP-LC3 construct, cultured 
under control conditions (fed) or starved for 6 h in EBSS and analyzed by live confocal microscopy. The GFP 
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Figure S8. Representative images 
of TFEB nuclear translocation in 
WT, PEN2-KO and CLN3-KO 
cells
Images of TFEB immunolocaliza-
tion in HeLa-WT, CLN3-KO and 
PEN2-KO cells under control 
conditions and 2 h, 4 h and 6 h after 
starvation. Scale bars: 10 µm.
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Abstract  
Evidence from genetics and from analyzing cellular and animal models have converged to suggest 
links between neurodegenerative disorders of early and late life. Here, we summarize emerging 
links between the most common late life neurodegenerative disease, Alzheimer’s disease, and 
the most common early life neurodegenerative diseases, neuronal ceroid lipofuscinoses. Genetic 
studies reported an overlap of clinically diagnosed Alzheimer’s disease and mutations in genes 
known to cause neuronal ceroid lipofuscinoses. Accumulating data strongly suggest dysfunction 
of intracellular trafficking mechanisms and the autophagy-endolysosome system in both types of 
neurodegenerative disorders. This suggests shared cytopathological processes underlying these 
different types of neurodegenerative diseases. A better understanding of the common mechanisms 
underlying the different diseases is important as this might lead to the identification of novel targets 
for therapeutic concepts, the transfer of therapeutic strategies from one disease to the other and 
therapeutic approaches tailored to patients with specific mutations. Here, we review dysfunctions of 
the endolysosomal autophagy pathway in Alzheimer’s disease and neuronal ceroid lipofuscinoses and 
summarize emerging etiologic and genetic overlaps.
Key Words: Alzheimer’s disease; autophagy; Batten disease; CLN3 disease; dementia; endosome; 
lysosome; neurodegeneration; neuronal ceroid lipofuscinosis; presenilin

Introduction 
Neurodegenerative diseases of early and late life demonstrate distinct 
clinical signatures and have traditionally been viewed independently. Early 
life neurodegenerative disorders are usually monogenetic and rare diseases. 
Whereas adult-onset neurodegenerative disorders are frequently genetically 
complex, with a high incidence rate among older adults, in several cases 
sporadic, and additionally driven by live style, environmental factors and 
therefore epigenetic modifications. In addition to the differential time of 
diagnosis and varying pathological hallmarks, neurodegenerative diseases 
can be categorized as disorders of specifically affected cellular pathways 
or organelles. Several monogenetic disorders have been classified by 
striking pathological abnormalities observed by biochemistry, cell biology or 
microscopy and include disorders of carbohydrate or amino acid metabolism, 
peroxisomal, mitochondrial or lysosomal disorders and the recently grouped 
autophagy disorders (Ballabio and Gieselmann, 2009; Ebrahimi-Fakhari et al., 
2016; Sheng, 2017; Darios and Stevanin, 2020; Deb et al., 2021; Myerowitz 
et al., 2021). Several adult-onset neurodegenerative disorders show specific 
progressive abnormalities in varying organelles and can therefore also be 
classified accordingly.

Links between Parkinson’s disease and Gaucher disease
Evidence from genetics and cellular and animal model investigations 
converged to suggest links between specific monogenetic early life and 
late life neurodegenerative diseases. An example of a rare disease linked 
to a common neurodegenerative disease is Gaucher disease (GD), a 
lysosomal storage disease that manifests early in life, which has been 
linked to Parkinson’s disease (PD), one of the most common adult-onset 
neurodegenerative disorders. Epidemiological investigations disclosed 
hereditable forms causing familial autosomal dominant PD by mutations in 
the α-synuclein gene SNCA or LRRK2 (de Lau and Breteler, 2006; Minakaki 
et al., 2020) and early onset autosomal recessive PD by mutations in 
PARKIN, PINK1 or DJ-1 (de Lau and Breteler, 2006; Minakaki et al., 2020). 
However, the majority of PD cases are regarded as sporadic and arise from 
an interplay of genetic and environmental factors. Today, known as the 
most common genetic risk factor for PD are heterozygous mutations in the 
glucocerebrosidase (GCase) gene GBA1 (Sidransky et al., 2009). GCase is a 
lysosomal hydrolase that catalyzes the breakdown of glucosylceramide to 
glucose and ceramide. Heterozygous GBA1 variants are thought to influence 

PD pathogenesis through multiple mechanisms. These include accumulation 
of misfolded GCase in the endoplasmic reticulum (ER), impairing ER-
quality control, and its accumulation on the surface of lysosomes, inhibiting 
chaperone-mediated autophagy (CMA), resulting in impaired protein 
degradation and accumulation of GCase substrates (Ron and Horowitz, 2005; 
Mazzulli et al., 2011; Kuo et al., 2022a, b). Prior to its discovery as a PD risk 
locus, homozygous (or bi-allelic) missense mutations of GBA1 were known to 
cause the autosomal recessive disorder GD (Roh et al., 2022). It results from 
GCase deficiency and the accumulation of its substrates within lysosomes 
leading to lysosomal dysfunction and impairments in the autophagy pathway 
(Roh et al., 2022). Due to the defective activity of a lysosomal protein and the 
accumulation of lysosomal storage material, GD is classified as a lysosomal 
storage disease and regarded as the most common form (Roh et al., 2022). 
Interestingly, there is also recent evidence for the involvement of additional 
lysosomal storage disease genes in PD risk (Robak et al., 2017; Huebecker et 
al., 2019). Moreover, patients affected by GD have a higher risk of PD (Goker-
Alpan et al., 2004). Collectively, these findings classify PD on the cellular 
level also as a lysosomal disease. Different therapeutic strategies have been 
developed to treat GD employing enzyme replacement therapy and substrate 
reduction therapy involving small molecules (Do et al., 2019; Ivanova et al., 
2021). Some of these strategies might actually as well be beneficial for PD 
patients. Congruously, a number of strategies targeting the GCase ceramide 
metabolism to improve autophagy-lysosome dynamics have been suggested 
to be therapeutic for both GD and PD (Bonam et al., 2019; Ysselstein et al., 
2019). Together, findings from the last decades demonstrate how insights 
from a rare monogenic early life neurodegenerative disorder, such as GD, can 
direct research into the pathogenesis and therapy of a seemingly unrelated 
common and complex neurodegenerative disorder of late life such as PD. This 
raises the intriguing question whether there are also links between other late 
life and specific monogenetic early life neurodegenerative diseases.

Links between Alzheimer’s disease and neuronal ceroid lipofuscinosis?
We recently reported biochemical and cellular evidence for converging 
roles of presenilin enhancer (PSENEN or PEN2) and ceroid-lipofuscinosis 
neuronal 3 (CLN3) in the autophagy-lysosome system (Klein et al., 2022). 
PEN2 is a subunit of the γ-secretase complex whose dysfunction relates 
to the adult-onset neurodegenerative disorder Alzheimer’s disease (AD). 
Mutations in CLN3 are causative for CLN3 disease which belongs to the 
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neuronal ceroid lipofuscinoses (NCLs), also named Batten disease, a group of 
neurodegenerative disorders of early life. On the cellular and molecular level, 
a growing number of independent studies strongly suggest dysfunction of 
intracellular trafficking and sorting mechanisms as well as of the autophagy-
lysosome system in both types of neurodegenerative disorders (Festa et al., 
2021; Kim et al., 2022). A better understanding of the shared mechanisms 
underlying the different diseases is important as this might lead to the 
identification of novel targets for therapeutic development, the transfer 
of therapeutic strategies from one disease to the other and therapeutic 
strategies tailored to patients with specific mutations.

In this review, we will highlight emerging links between the adult-onset 
neurodegenerative disorder AD and the early-onset neurodegenerative 
disorders NCL suggesting shared cytopathological processes underlying 
these different neurodegenerative diseases. We will first briefly introduce 
intracellular endosomal sorting and trafficking and the lysosome-autophagy 
system. We will then review dysfunction of these pathways in AD and NCL, 
and summarize etiologic and genetic overlaps.

Retrieval Strategy
To examine the published links between NCL and AD, we conducted a search 
of PubMed and Google Scholar between May and August 2022 without the 
restriction of publication dates for neurodegeneration, Alzheimer’s disease, 
neuronal ceroid lipofuscinosis, Batten disease, CLN, intracellular sorting and 
trafficking, lysosome and autophagy.

Autophagy-Endolysosome System
Proteins are delivered post-translationally to specific subcellular 
compartments to exert their proper function. Protein sorting in the exo- and 
endocytic pathway occurs at three major sites, the Golgi complex, endosomes 
and the plasma membrane (Figure 1). Active transport of proteins is mediated 
by tubular or vesicular intermediates that bud from one compartment and 
fuse with the next. Adaptor proteins recognize sorting signals, short amino 
acid sequences in the cytosolic domains of transmembrane proteins, and 
convey selective transport (Bonifacino, 2014). Specific transmembrane 
proteins bind ligands through their luminal/extracellular domain and bind 
through their cytoplasmic domain adaptor proteins, which recruit additional 
components such as clathrin scaffolds and accessory proteins and direct 
receptor-ligand complexes to specific vesicle carriers (Braulke and Bonifacino, 
2009). Secretory proteins synthesized in the ER are transported to the Golgi 
complex, sorted to secretory vesicles at the trans-Golgi network and targeted 
to the plasma membrane through regulated or constitutive pathways. 
At the plasma membrane transmembrane proteins can be internalized, 
enter early endosomes and segregate into separate trafficking itineraries. 
Transmembrane proteins can be recycled back to the plasma membrane 
through fast or slow recycling compartments. An alternative route directs 
internalized cargo from early endosomes to late endosomes, so-called 
multivesicular bodies, and retrogradely to the trans-Golgi network or further 
to lysosomes for degradation (Meraş et al., 2022; Figure 1). The majority 
of soluble lysosomal enzymes are modified with mannose 6-phosphate, 
allowing their recognition by mannose 6-phosphate receptors in the 
Golgi apparatus and their targeting to lysosomes. Other soluble lysosomal 
proteins are transported in a mannose 6-phosphate independent manner 
by alternative receptors, such as the lysosomal integral membrane protein 2 
(LIMP2) or Sortilin (Braulke and Bonifacino, 2009). Lysosomes are degradative 
compartments that break down intracellular and exogenous substrates into 
their constituent building blocks. Pathogens, defective organelles or proteins 
and protein aggregates can be degraded by autophagy. Different types of 
autophagy are known, including macroautophagy, CMA and microautophagy. 
All route material to lysosomes for degradation (Fleming et al., 2022). 
Microautophagy mediates lysosomal degradation of cellular components 
through membrane invaginations in compartments of the endolysosomal 
system. In CMA, substrate proteins are targeted by the recognition of a 
KFERQ-like amino acid motif and translocated across the lysosomal membrane 
through a multimeric complex including the lysosome-associated membrane 
protein type 2A (LIMP-2A). Macroautophagy is an inducible catabolic process 
in which double membrane-bounded autophagosomes are formed around 
substrates and eventually fuse with lysosomes to autolysosomes for substrate 
degradation. The microtubule-associated protein 1 light chain 3 (LC3) plays 
key roles in macroautophagy and is frequently used as a marker protein 
for autophagosomes (Ballabio and Bonifacino, 2020). Lysosomes function 
also as metabolic signaling hubs. A key regulator of lysosomal function, 
nutrient sensing and regulation of gene expression is mammalian target 
of rapamycin complex 1 (mTORC1) that integrates nutrient availability and 
growth factor signaling. Downstream signaling of the multiprotein complex 
mTORC1 includes induction of autophagy and regulation of translation and 
transcription factors. Activation and inhibition of these different pathways 
are tightly regulated by phosphorylation of the different signal transducers. 
The transcription factor EB coordinates the expression of lysosomal and 
autophagy proteins in response to pathways sensing lysosomal stress and 
nutritional conditions (Ballabio and Bonifacino, 2020). Transcription factor EB 
localizes to the cytosol. Upon activation, it translocates to the nucleus and 
initiates gene expression. 

Alzheimer’s Disease
AD is the most prevalent progressive adult-onset neurodegenerative 
disorder characterized by cognitive and memory dysfunction. Hallmark 

histopathologies are intraneuronal neurofibrillary tangles, comprising 
the microtubule binding protein Tau, and extracellular amyloid plaques, 
composed of proteolytically cleaved amyloid β peptides (Aβ), which are 
fragments of the amyloid precursor protein (APP) (DeTure and Dickson, 
2019). Genetic evidence strongly suggests that alterations in proteolytic APP 
processing have a significant impact on AD pathology. Dominantly inherited 
familial AD that manifests in the early twenties, with an average age of 
disease onset in the mid-forties, accounts for ~1% of AD cases (DeTure and 
Dickson, 2019). There are also other early onset forms of AD characterized by 
developing symptoms after 50 years and dementia in the mid-60s. Late onset 
AD is the most common form, accounting for ~95% of AD cases, regarded as 
sporadic and multifactorial with a high level of heritability. 

The autophagy-endolysosome system in AD
Genomic studies identified genes linked to the development of the early 
onset familial forms and a larger number of genetic factors associated with 
increased risk for developing late onset AD. The encoded proteins have been 
functionally assigned to different biological pathways. Among the identified 
genetic variations, those found in genes coding for proteins related to the 
autophagy-endolysosome network attracted much attention, because of 
known prominent neuropathological features of the autophagy-endolysosome 
system in AD (Cataldo et al., 2000; Whyte et al., 2017). In addition, several 
studies strongly suggest that the genes in which mutations are causal for 
rare autosomal forms of AD encode proteins playing a role in the endosomal-
lysosomal system (Wolfe et al., 2013; Nixon, 2017; Fleming et al., 2022; Szabo 
et al., 2022).

The prominent neuropathological features of the autophagy-endolysosome 
system in AD comprise an increase in size and volume of early endosomes, 
lysosomes and autophagic vacuoles, and an accumulation of lysosomal 
hydrolases, such as cathepsin D (CTSD) (Cataldo et al., 1991; Nixon, 2017; 
Whyte et al., 2017; Lee et al., 2022b). These findings suggest the deregulation 

Figure 1 ｜ Endosomal sorting and the lysosome-autophagosome system. 
(1) After protein translation and folding, secretory and transmembrane proteins are 
transported from the endoplasmic reticulum (ER) to the Golgi apparatus and sorted 
towards the plasma membrane. Secretory proteins are released into the extracellular 
space. Transmembrane proteins presented at the cellular surface can interact with 
extracellular ligands. The cytosolic adapter protein 2 (AP2) mediates their internalization 
and targeting to early endosomes (EE). Transmembrane proteins are either recycled to 
the plasma membrane through recycling endosomes (RE) or transported retrograde to 
late endosomes (LE) or the trans-Golgi network (TGN). (2) Several lysosomal proteins 
are post-translationally modified with a mannose-6-phosphate (M6P) at the cis-Golgi 
network (CGN) and are then recognized by M6P receptors in the TGN. Other M6P 
independent lysosomal proteins interact with sorting receptors like Sortilin. Receptors 
interact with the cytosolic adapter protein 1 (AP1) and transport lysosomal proteins from 
the TGN to LE through clathrin coated vesicles. Lysosomal proteins then dissociate from 
their receptors due to low pH in LE and are targeted to lysosomes. (3) Microautophagy. 
Bulk of proteins can be taken up by invaginations and are then degraded in endolyosomal 
compartments. (4) Chaperone-mediated autophagy. Substrate proteins with a KFERQ-like 
amino acid motif bind to the chaperone heat-shock cognate protein of 70 kDa (HSC70), 
which guides them to the lysosomal protein lysosome-associated membrane protein type 
2A (LAMP2A). The substrate protein unfolds its structure and is translocated by LAMP2 
tetramers to the lysosomal lumen for degradation. (5) Macroautophagy. Proteins, protein 
aggregates, pathogens and defective organelles are enclosed by phagophores and form 
autophagosomes. Autophagosomes then fuse with lysosomes to form autolysosomes for 
degradation of the autophagy substrates. 
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of the autophagy-endolysosome network in AD. Conversely, a gradual loss of 
CMA with age may be a risk factor for AD. CMA is inhibited in experimental 
models of tauopathies, in AD patient brains at an early disease stage and loss 
of CMA in a mouse model of AD accelerated disease progression (Bourdenx 
et al., 2021). Moreover, CMA deficiency increases the similarity between 
the proteomes of brains from an AD mouse model and AD patients, thus 
mimicking part of the disease. Furthermore, upregulation of CMA in two 
different mouse models of AD ameliorates the disease phenotype (Bourdenx 
et al., 2021).

Genes associated with familial AD
Mutations in APP, PSEN1, and PSEN2 are causal for rare autosomal familial 
forms of AD and mutations in SorL1 underlie additional rare early onset 
variants. APP, a type-I transmembrane protein, is sequentially processed by 
different enzymes in alternative pathways (Eggert et al., 2018; Checler et al., 
2021). In one pathway, cleavage by β-secretase in the luminal/extracellular 
part produces the membrane embedded β-C-terminal fragment, also 
named C99. γ-Secretase cleaves this fragment and releases Aβ and the 
intracellular domain of APP. The proteolytic processing by β-secretase and 
subsequently by γ-secretase, regarded as the amyloidogenic pathway, occurs 
during APP’s itinerary through the endolysosomal system. It has gained the 
most attention because it results in the plaque forming Aβ and mutations 
in APP and components of the γ-secretase have been genetically linked 
to familial forms of AD. γ-Secretase is composed of four transmembrane 
proteins PEN2, NCSTN, APH1 and presenilin 1 (PSEN1) or 2 (PSEN2), which 
harbor the catalytic site. Several mutations in PSEN1 and PSEN2 increase the 
production of Aβ. Cells co-express differing γ-secretase complexes including 
PSEN1 or PSEN2. PSEN1-containing complexes are broadly distributed in the 
cell whereas PSEN2 is mainly targeted to late endosomes and lysosomes 
(Meckler and Checler, 2016; Sannerud et al., 2016). In agreement, neuronal 
acidic compartments present γ-secretase activity (Maesako et al., 2022). 
Introduction of disease-causing mutations in or genetic ablation of PSEN1 
or PSEN2 or depleting formation of γ-secretase by PEN2 ablation results in 
altered lysosomal activity and accumulation of autophagosomes (Lee et al., 
2010; Neely et al., 2011; Whyte et al., 2017; Fedeli et al., 2019; Klein et al., 
2022). Initial studies proposed γ-secretase independent functions of PSENs 
in the autophagy-lysosome system because pharmacological inhibition of 
γ-secretase activity did not induce similar phenotypes as the genetic ablation, 
such as enlarged lysosomes and accumulation of the autophagosome marker 
LC3-II (Wilson et al., 2004; Neely et al., 2011). In contrast, other studies 
demonstrated the increased size of early endosomes, disrupted lysosomal 
proteolysis and autophagic impairment after pharmacological inhibition of 
γ-secretase (Jiang et al., 2010; Lauritzen et al., 2016; Hung and Livesey, 2018; 
Kwart et al., 2019). The congruent phenotype observed by genetic ablation, 
and pharmacological inhibition of PSENs suggests that the loss of γ-secretase 
activity is actually causing at least some of the observed alterations in the 
autophagy-endolysosome system. Notably, the introduction of mutations in 
APP and PSEN1 causal for autosomal dominant early-onset monogenic AD 
led to converging defects in the autophagy-endolysosome system in human 
induced pluripotent stem cell (iPSC)-derived neurons (Hung and Livesey, 
2018; Kwart et al., 2019). Checler and colleagues hypothesized that the 
PSEN1 phenotype relates to the accumulation of the C99 APP fragment, as 
β-secretase, but not γ-secretase, inhibition rescues the phenotype (Checler 
et al., 2021). Interestingly, C99 induces autophagy-lysosome impairments 
independently of Aβ (Lauritzen et al., 2016) and contains a KFERQ motif that 
could be utilized for its degradation through CMA (Fleming et al., 2022).

The sortilin-related receptor 1 (Sorl1) gene encodes SorLA, an established 
sorting receptor for APP, promotes retrograde sorting of APP from 
early endosomes to the trans-Golgi network and directs APP to a non-
amyloidogenic pathway (Andersen et al., 2006). SorL1 haploinsufficiency 
causes enlarged endosomes (Andersen et al., 2022) and SorL1 ablation 
results in endosomal trafficking impairments and defects in the autophagy-
endolysosome network (Knupp et al., 2020; Hung et al., 2021; Mishra et 
al., 2022). In conclusion, the genes linked to rare early onset forms of AD, 
APP, PSEN1, PSEN2 and SorL1, encode proteins with proposed roles in the 
autophagy-endolysosome system. 

Genes associated with sporadic AD
A large number of additional genes have been associated with AD risk and 
several of these relate to the autophagy-endolysosome system, too (Szabo 
et al., 2022). Among the encoded proteins are the SorLA related sorting 
receptors Sortilin and the sortilin related VPS10 domain containing receptor 
1 (SorCS1) that also interact with APP, and the cytosolic regulators of 
endocytosis and trafficking, Bin1 and CALM (Reitz et al., 2011; Gustafsen et 
al., 2013; Hermey et al., 2015; Bellenguez et al., 2022). 

Differentiated neurons with their long axons and complex dendritic trees 
are highly vulnerable to changes in the endolysosomal system, because 
they depend on functional long-range intracellular endosomal transport 
for proper function. In addition, neuronal cells are post mitotic and cannot 
dilute accumulated proteins by cell division. Thus, the defects in the 
autophagy-endolysosome system underlying AD may have a modest impact 
on autophagy-endolysosome function, but result in a long-term effect over 
lifetime probably in incorrect protein targeting, reduced degradation and 
accumulation of protein aggregates and finally cellular degeneration. 

Together, AD occurs as sporadic forms with complex genetics or as 
monogenetic forms which have varying time points of manifestation. Different 
cellular mechanisms causing AD may exist in parallel, but accumulating 

evidence suggest that the autophagy-endolysosome pathway is critical to the 
pathology of AD.

Neuronal Ceroid Lipofuscinosis
NCLs, commonly named Batten disease, are a group of rare lysosomal 
storage disorders mainly affecting children and are considered the most 
common neurodegenerative disease in early life (Kohlschütter et al., 2019; 
Butz et al., 2020). NCLs are characterized by gradual neurodegeneration, 
including seizures and progressive loss of vision, motor function and 
cognition, and eventually premature death. The pathological hallmark is 
intracellular accumulation of autofluorescent lysosomal storage material, so-
called lipofuscin (Mole et al., 2005; Radke et al., 2015). These deposits are 
found in neurons, but are also abundant in non-neuronal cells outside the 
nervous system. Depending on the subtype, the storage material is either 
predominantly composed of subunit C of the mitochondrial ATP synthase 
(SCMAS) or the sphingolipid activator proteins A and D (Mole et al., 2005; 
Radke et al., 2015; Butz et al., 2020). The storage material can comprise to 
a different degree additional components such as lysosomal proteins like 
palmitoyl protein thioesterase 1 (PPT1), tripeptidyl peptidase 1 (TPP1) and 
CTSD (Anderson et al., 2013), and strikingly, accumulation of Aβ has been 
reported in some cases (Wisniewski et al., 1990a; Wisniewski et al., 1990b; 
Herva et al., 2000). The age of disease manifestation differs between defined 
subtypes caused by mutations in different genes (Camp and Hofmann, 1993; 
Vesa et al., 1995; Wang et al., 1998; Lin et al., 2001; Steinfeld et al., 2006; 
Kohlschütter et al., 2019; Butz et al., 2020; Lee et al., 2022a; Table 1). The 
NCLs comprise 13 monogenetic diseases, which are all autosomal recessive 
and caused by homozygous or compound heterozygous mutations with the 
exception of the autosomal dominant CLN4 that is caused by heterozygous 
mutation in the DNAJC5 gene (Kohlschütter et al., 2019). NCLs are thought to 
have partially shared, but also unique pathomechanisms involving alterations 
in the autophagy-endolysosome system (Huber, 2020; Nelvagal et al., 2020). 
In agreement, the majority of the disease-causing genes encode proteins with 
a predominant lysosomal localization, but some are located in other cellular 
compartments (Table 1).

Soluble CLN proteins
The CLN proteins can be classified into soluble and transmembrane proteins. 
The group of soluble proteins comprises lysosomal and cytosolic proteins. The 
lysosomal enzymes PPT1 (CLN1), TPP1 (CLN2), CTSD (CLN10) and cathepsin 
F (CTSF) (CLN13) are targeted directly from the Golgi to lysosomes where 
these hydrolases are activated (Butz et al., 2020). Whereas progranulin 
(granulin precursor, PGRN, encoded by the gene GRN) (CLN11) is either 
directly targeted from the Golgi to lysosomes or alternatively secreted to 
the extracellular space. Here, PGRN may be proteolytically processed to 
smaller peptides, so-called granulins, that possess function independent 
and sometimes in contrast to the granulin precursor, e.g. as a growth factor 
(Paushter et al., 2018). PGRN is translocated to lysosomes through direct 
interaction with the endocytic sorting receptor Sortilin (Hu et al., 2010) or 
through interaction with prosaposin and its receptors, mannose 6-phosphate 
receptor or low-density lipoprotein receptor-related protein 1 (LRP1), that 
mediate reuptake and intracellular targeting of the interactors to lysosomes 
(Zhou et al., 2015). Accumulating evidence suggests that lysosomal PGRN 
directly or indirectly regulates the activity of lysosomal enzymes such as CTSD 
or GCase (Paushter et al., 2018). Several soluble lysosomal CLN proteins, such 
as PPT1, TPP1, CTSD and CTSF, have been also detected extracellularly where 
these may serve additional functions (Huber, 2021). 

Two soluble CLN proteins are cytosolic, DNAJC5 (CLN4) and KCTD7 (CLN14). 
DNAJC5 associates with endosomal and lysosomal membranes or perinuclear 
compartments (Benitez et al., 2011; Nosková et al., 2011; Lee et al., 
2022a). Endolysosomal-associated DNAJC5 promotes ESCRT-dependent 
microautophagy and non-lysosomal DNAJC5 conveys misfolding-associated 
protein secretion (Lee et al., 2022a). KCTD7 ablation reduces lysosomal 
enzyme trafficking and causes lysosomal and autophagic defects (Wang et 
al., 2022). KCTD7 belongs to the BTB domain-containing adaptor subfamily 
(KCTD for potassium channel tetramerization domain). Several BTB domain-
containing adaptors of the KCTD family act as substrate binding receptors for 
Cullin-3, a scaffolding protein component of E3 ubiquitin-ligase complexes 
that selectively tag proteins for degradation by the proteasome. Similarly, 
KCTD7 interacts with Cullin-3 and CLN14 patient-derived missense mutations 
in the BTB domain of KCTD7 disrupt the interaction with Cullin-3 (Staropoli 
et al., 2012). Moreover, KCTD7 serves as a Cullin-3 adaptor to recruit CLN5 to 
the ubiquitin-proteasome pathway (Wang et al., 2022).

Transmembrane CLN proteins
The remaining six CLN proteins are transmembrane proteins. CLN5 is a type-II 
transmembrane protein with a cytoplasmic N-terminus, one transmembrane 
domain and a large luminal C-terminal moiety. CLN5 is proteolytically 
processed (De Silva et al., 2015) and converted to a soluble form by signal 
peptidase and homologous signal peptidase-like proteases (Jules et al., 2017). 
One report suggested that CLN5 functions as a glycoside hydrolase, but 
endogenous substrates have not been identified (Huber and Mathavarajah, 
2018). However, a more recent study identified CLN5 as a lysosomal cysteine-
based S-depalmitoylase with the catalytic activity in the processed luminal 
moiety (Luebben et al., 2022). The other CLN transmembrane proteins are 
multi-spanning membrane proteins. These include the ER localized CLN6 and 
CLN8 that facilitate anterograde transport of lysosomal cargo from the ER 
to the Golgi (di Ronza et al., 2018; Bajaj et al., 2020). Moreover, CLN3 and 
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MFSD8 (CLN7) are mainly localized to lysosomes (Kyttälä et al., 2004; Storch 
et al., 2004; Steenhuis et al., 2010; Brandenstein et al., 2016; Oetjen et al., 
2016). The function of CLN3 is still elusive. CLN3 has been constantly linked 
to the regulation of endosomal transport (Uusi-Rauva et al., 2012; Lojewski et 
al., 2014; Schmidtke et al., 2019; Yasa et al., 2020, 2021). Moreover, CLN3 loss 
of function studies demonstrate a role in lysosomal function, autophagy and 
phagocytosis (Cao et al., 2006; Chandrachud et al., 2015; Palmieri et al., 2017; 
Schmidtke et al., 2019; Zhong et al., 2020; Tang et al., 2021; Klein et al., 2022; 
Scotto Rosato et al., 2022). MFSD8 ablation causes alterations in lysosomal 
size, motility and exocytosis and impairs autophagy (Brandenstein et al., 2016; 
Danyukova et al., 2018; von Kleist et al., 2019; Lopez-Fabuel et al., 2022) and 
a function as an endolysosomal chloride channel has been recently reported 
(Wang et al., 2021). The transmembrane protein ATP13A2 (CLN12) is a 
member of the P5 subfamily of ATPases with a late endolysosomal localization 
(Ramirez et al., 2006). It functions as a polycation transporter that exports 
polyamines, specifically spermine, from lysosomes into the cytosol (van Veen 
et al., 2020).

Disease phenotypes and age of manifestation
Together, the CLN genes encode proteins that function in subcellular 
endosomal trafficking of lysosomal components or act in the lysosomal 
degradative pathway. Several NCL disease causing mutations in these proteins 
likely result in loss of function or dominant negative variants, in reduced 
lysosomal function and are associated with a characteristic disease phenotype 
with a typical age of manifestation (Table 1). With extending the use of exome 
sequencing in genetic disease diagnosis, it is more and more recognized that 
some mutations result in variable disease onset, severity, and progression and 
even in a clinically distinct phenotype (Kousi et al., 2012a; Butz et al., 2020). 
Several mutations underlie specific subphenotypes within the NCLs and can 
lead to a protracted course of the disease. For example, mutations in CLN1 
usually underlie classical infantile NCL with disease onset in the second half 
of the first year of life, but rare mutations in CLN1 can cause also late infantile 
NCL with first symptoms occurring between 2 and 4 years of age, juvenile NCL 
with disease manifestation between 5 and 16 years and particularly rare adult 
forms (Kohlschütter et al., 2019).

Links to other neuronal diseases
Notably, several NCL genes have been linked to other neuronal diseases with 
an alternative clinical diagnosis (Table 2). Compound heterozygous mutations 
in the TPP1 gene (CLN2) underlie a rare recessive type of spinocerebellar 
ataxia (Sun et al., 2013; Dy et al., 2015). Non-syndromic retinal degeneration 
and autophagic vacuolar myopathy have been also linked to mutations in 
CLN3. Specific homozygous or compound heterozygous mutations in CLN6 
lead to the development of the adult-onset Kufs type-A disease, a form of 
NCL without vision loss. These mutations appear to be mutually exclusive with 
those that underlie CLN6 disease (Arsov et al., 2011; Berkovic et al., 2019). 
Non-syndromic macular dystrophy can be caused by compound heterozygous 
mutations in MFSD8 (CLN7) (Roosing et al., 2015). The gene has been also 
identified as a candidate risk factor for frontotemporal dementia (Geier et 
al., 2019) and amyotrophic lateral sclerosis (Huang et al., 2021). A form of 
progressive epilepsy with mental retardation, is caused by a mutation in the 
CLN8 gene (Ranta et al., 1999). CTSD (CLN10) has been genetically linked to 
PD (Robak et al., 2017). Homozygous or compound heterozygous mutations 
in ATP13A2 (CLN12) cause the Kufor-Rakeb syndrome, a rare autosomal 
recessive form of juvenile-onset atypical PD (PARK9) (Ramirez et al., 2006) and 
biallelic mutations in ATP13A2 underlie autosomal recessive spastic paraplegia 
78 (Estrada-Cuzcano et al., 2017). Homozygous or compound heterozygous 

mutations in KCTD7 (CLN14) cause progressive myoclonic epilepsy-3, without 
NCL-type lysosomal storage (Van Bogaert et al., 2007; Kousi et al., 2012b; 
Krabichler et al., 2012).

GRN (CLN11) reveals an obvious link to late life neurodegeneration. 
Heterozygous mutations in GRN, resulting in haploinsufficiency, are the cause 
of frontotemporal lobar degeneration (FTLD) with TAR DNA-binding protein 
43 (TDP-43) inclusions (Baker et al., 2006; Cruts et al., 2006; Gass et al., 2006). 
FTLD is a clinically heterogenous neurodegenerative disease characterized 
by progressive atrophy of the frontal and temporal lobes of the brain. Most 
often, it presents drastic alterations in behavior and personality, including 
social disinhibition as well as gradual decline in language capabilities. FTLD can 
be classified by clinical presentation, but also by common histopathological 
features which comprise inclusion bodies positive for tau protein (FTLD-Tau), 
ubiquitinated TDP-43 (FTLD-TDP) or fused-in sarcoma protein (FTLD-FUS). 
GRN mutations are primarily associated with the FTLD-TDP subtype. GRN 
mutations account for ~10% of all FTLD cases and ~20–25% of familial FTLD 
cases. NCL-related phenotypes, specifically elevated levels and accumulation 
of the NCL-like storage material, were observed in FTLD patients with GRN 
mutations (Götzl et al., 2014; Valdez et al., 2017; Ward et al., 2017) and 
some NCL-like features occurred already before dementia onset (Ward et al., 
2017). These observations in autosomal dominant and recessive mutations 
point at converging pathological mechanisms underlying CLN11 disease and 
FTLD and dosage effects of PGRN are highly likely to playing a role in disease 
manifestation. Interestingly, a novel homozygous pathogenic variant in the 
CTSF gene was identified in a patient diagnosed with FTLD accompanied 
by parkinsonism (Gultekin et al., 2022) and, independently, heterozygous 
mutations in the CTSF gene were identified in FTLD patients (van der Zee 
et al., 2016), suggesting overlapping clinical features of CLN13 disease with 
FTLD.

Together, the autophagy-endolysosome pathway is critical to the pathology 
of NCLs. Some of the monogenetic NCLs present varying time points of 
manifestation. Independent mutations in several NCL genes can cause 
additional, clinically differentially diagnosed neuronal diseases.

Converging Links between Alzheimer’s Disease 
and Neuronal Ceroid Lipofuscinosis 
There is independent supporting evidence for an etiologic overlap between 
NCLs and AD. One arises from a study by Dolzhanskaya et al. (2014). A family 
with progressive dementia, motor deficits in their early 30s and lipofuscin 
containing phagocytic cells with distinct curvilinear lysosomal inclusion bodies 
was suspected to have CLN4 disease, but was negative for mutations in 
DNAJC5. Whole exome sequencing revealed a previously unknown mutation 
in PSEN1. Thus, the reported PSEN1 mutation is associated with an unusually 
early onset dementia with a severe fast progressing disease course and 
lysosomal inclusions, previously believed to be specific for NCL (Dolzhanskaya 
et al., 2014).

Links from unexplained early onset AD cases
Examinations of unexplained early onset AD cases without clear inheritance 
patterns or mutations in APP, PSEN1 or PSEN2 and with two or more 
individuals with early onset AD identified a genomic region directly upstream 
of the CLN3 gene using genetic linkage analysis (Cheng et al., 2018) and a 
missense variant in CLN5 by whole-exome sequencing (Qureshi et al., 2018). 

Table 1 ｜ Neuronal ceroid lipofuscinoses

Disease
Typical age of 
manifestation* Protein (gene) Protein localization Protein function

CLN1 Infantile (6–24 mon) Palmitoyl protein thioesterase 1 
(PPT1)

Lysosomal lumen, synaptic vesicles S-depalmitoylase (long-chain fatty acyl hydrolase) (Camp and Hofmann, 
1993; Vesa et al., 1995)

CLN2 Late infantile (2–4 yr) Tripeptidyl peptidase 1 (TPP1) Lysosomal lumen Serine protease (Lin et al., 2001)

CLN3 Junvenile (4–10 yr) CLN3 (CLN3) Endolysosomal membrane Unknown
CLN4 Adult (adult Kufs 

disease, Parry type)
Cysteine-string protein alpha, CSPα, 
DNAJC5 (DNAJC5)

Cytosol, association with 
endolysosomal membranes

Co-chaperone, conveys microautophagy and misfolding-associated 
protein secretion (Lee et al., 2022a)

CLN5 Late infantile (3–7 yr) CLN5 (CLN5) Endolysosomal Cysteine based S-depalmitoylase (Luebben et al., 2022)
CLN6 Late infantile (1.5–8 yr) CLN6 (CLN6) Endoplasmic reticulum membrane Involved in anterograde transport of lysosomal cargo (Bajaj et al., 2020) 
CLN7 Late infantile (1.5–8 yr) MFSD8 (MFSD8) Endolysosomal membrane Endolysosomal chloride channel (Wang et al., 2021)
CLN8 Late infantile (1.5–7 yr) CLN8 (CLN8) Endoplasmic reticulum/

endoplasmic reticulum Golgi
intermediate compartment 
(ERGIC)  membrane

Involved in anterograde transport of lysosomal cargo (di Ronza et al., 
2018; Bajaj et al., 2020)

CLN10 Congenital (neonatal) Cathepsin D (CTSD) Lysosomal lumen Aspartyl endoprotease (Steinfeld et al., 2006)
CLN11 Adult (early 20s) Progranulin (GRN) Lysosomal lumen, secretory 

pathway, secreted
Unknown (regulation of lysosomal enzyme activity?)

CLN12 Juvenile (8–12 yr) ATP13A2, Park9 (ATP13A2) Endolysosomal membrane Polyamine transporter (van Veen et al., 2020)

CLN13 Adult (Kufs disease 
type B; 20+ yr)

Cathepsin F (CTSF) Lysosomal lumen Cysteine protease (Wang et al., 1998)

CLN14 Infantile/late infantile 
(8–9 mon)

Potassium channel tetramerization 
domain-containing protein 7 (KCTD7)

Cytosol Cytosolic adaptor involved in transport and ubiquitin-proteasome 
degradation (Staropoli et al., 2012; Wang et al., 2022)

*The age of onset can deviate from the typical age of manifestation, as specific mutations can lead to a protracted course of the disease.
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In addition, GRN (CLN11) has been linked to AD pathophysiology. A single-
nucleotide polymorphism in the 3′-untranslated region of GRN has been 
associated with AD risk (Fenoglio et al., 2009; Viswanathan et al., 2009; 
Sheng et al., 2014; Xu et al., 2017) and single nucleotide polymorphisms 
in intronic regions of GRN have been shown to increase the susceptibility 
for AD (Viswanathan et al., 2009). Moreover, an autosomal recessive CTSF 
(CLN13) gene variation in a clinically diagnosed early-onset AD family has 
been reported (Bras et al., 2016) and point mutations within the CTSD (CLN10) 
gene were linked to AD (Riemenschneider et al., 2006; Ehling et al., 2013). 
The latter findings are consistent with abnormal immunoreactivity of CTSD 
in senile plaques of AD patients, which already suggested a molecular link 
between CTSD and AD (Cataldo et al., 1991). However, the exact role of CTSD 
dysfunction in disease progression is not well understood, but investigations 
suggest that AD-associated variants of CTSD are enzymatically active, whereas 
CLN10-associated variants exhibited impairments of either CTSD maturation 
and/or enzymatic function (Bunk et al., 2021).

Links from cellular studies
In addition, cellular studies also suggest links between AD and NCL. Bagh and 
colleagues observed in CLN1 ablated cells an altered targeting of the v-ATPase 
subunit V0a1 resulting in an endolysosomal phenotype analogous to that 
found in PSEN1 knockouts (Lee et al., 2010; Bagh et al., 2017). TPP1 promotes 
the degradation of Aβ by cleavage of Aβ fibrils in vitro and this has been 
proposed as a therapeutic strategy to treat AD (Solé-Domènech et al., 2018). 
However, a subsequent study by the same research group demonstrated that 
elevated levels of TPP1 do not ameliorate pathogenesis in a mouse model of 
AD (Sleat et al., 2022). Early cellular studies suggested that overexpression 
of CLN3 modulates APP processing (Golabek et al., 2000). Our recent 
analysis demonstrates that CLN3 ablation does not alter Aβ production or 
γ-secretase activity (Klein et al., 2022). However, we observed an interaction 
of the γ-secretase subunit Pen2 and CLN3, their co-expression, subcellular 
co-localization and endosomal co-transport. Using isogenic knockout 
cells for Pen2 and CLN3 respectively, we observed corresponding cellular 
alterations in the autophagy-endolysosome system (Klein et al., 2022). These 
include the reduced activity of lysosomal enzymes, an increased number of 
autophagosomes, increased lysosome-autophagosome fusion, and elevated 
levels of transcription factor EB. Our study strongly suggests converging roles 
of Pen2 and CLN3 in the autophagy-lysosome system supporting the idea 
of common cytopathological processes underlying an early and a late life 
neurodegenerative disease.

Taken together genetic studies suggest an overlap of clinically diagnosed AD 
and mutations in CLN genes and vice versa in one case clinically diagnosed 
NCL and a mutation in an AD gene. Moreover, cellular studies propose that 
NCL and AD risk genes functionally converge on the autophagy-endolysosome 
pathway. This convergence could allow for the buildup of shared therapeutic 
concepts and tools or the transfer of therapeutic strategies from one disease 
to the other. Such strategies may comprise pharmacological targeting 
of lysosome and autophagosome function, e.g lysosomal biogenesis or 
exocytosis. Accordingly, recent studies focused on the beneficial use of 
compounds modulating these pathways in NCL disease models (Soldati et al., 
2021; Scotto Rosato et al., 2022).

Conclusion
Convergence between a rare neurodegenerative disease of early life and a 
“common” neurodegenerative disease of late life has been observed before, 
e.g. for GD and PD. Here, we summarized links between AD and NCLs and we
found accumulating overlap.

Several overlapping data are based on clinical observations. These are 
complex considering that other dementia syndromes can mimic AD at the 
time of the initial evaluation, there is yet no single behavioral marker that 
can reliably discriminate AD from other dementias and AD often co-occurs 
with other pathologies at autopsy (Karantzoulis and Galvin, 2011). Apart from 
such diagnostic complexity, AD and NCLs present distinct clinical signatures. 
These may be explained in large parts by the different ages of onset. In NCLs, 
neurodegeneration occurs mostly in a still developing brain and not in a 
mature brain as in AD. The early neurodegeneration of neurons may cause 
several symptoms, such as frequently observed progressive epilepsies that 
are also found in other lysosomal childhood neurodegenerative diseases 
(Minassian, 2014). Notably, patients with common AD will in the most 
advanced stages develop also myoclonus, and patients with the aggressive 
AD of Down syndrome develop a typical and severe progressive myoclonus 
epilepsy. However, the time point of manifestation clearly results in modified 
clinical signatures and different severity as observed in classical versus 
protracted forms of NCLs or early onset versus late onset AD.

As summarized above, several studies demonstrate an etiologic and genetic 
overlap between NCLs and AD. Notably, the number of studies is still 
restricted and limits this review and our view on converging links between AD 
and NCLs. Extending the use of genetic disease diagnosis and genetic linkage 
analysis will be important to provide additional corroboration.

Table 2 ｜ Other diseases linked to CLN genes and their association with Alzheimer’s disease

Gene (neuronal ceroid 
lipofuscinose form) Linkage to other neuronal diseases Association with Alzheimer’s disease

CLN1 CLN1 ablation results in altered targeting of the v-ATPase subunit V0a1 
analogous to PSEN1 knockout (Bagh et al., 2017)

TPP1 (CLN2) Spinocerebellar ataxia, recessive type 7, caused by compound heterozygous 
mutation in the TPP1 gene (Sun et al., 2013; Dy et al., 2015)

TPP1 promotes the degradation of amyloid β by cleavage of amyloid β fibrils 
in vitro, but elevated TPP1 levels do not ameliorate amyloid β accumulation 
in vivo (Solé-Domènech et al., 2018; Sleat et al., 2022)

CLN3 Non-syndromic retinal degeneration (retinitis pigmentosa, adult cone-rod 
dystrophy)

Examination of unexplained clinically diagnosed early onset Alzheimer’s 
disease cases identified a genomic region directly upstream of the CLN3 gene 
(Cheng et al., 2018)
Pen2 and CLN3 ablation results in converging phenotypes in the autophagy-
endolysosome system (Klein et al., 2022)

CLN5 Examination of unexplained clinically diagnosed early onset Alzheimer’s 
disease cases identified rare missense variant in CLN5 (Qureshi et al., 2018).

CLN6 Adult-onset Kufs disease, without vision loss, caused by homozygous or 
compound heterozygous mutations (Arsov et al., 2011; Berkovic et al., 2019)

MFSD8 (CLN7) Non-syndromic macular dystrophy caused by compound heterozygous 
mutation (Roosing et al., 2015)
Candidate risk factor for frontotemporal dementia (Geier et al., 2019)
Candidate risk factor for amyotrophic lateral sclerosis (Huang et al., 2021)

CLN8 Northern epilepsy variant, without vision loss, also known as progressive 
epilepsy with mental retardation, caused by a homozygous mutation (Ranta 
et al., 1999)

CTSD (CLN10) Genetic linkage to Parkinson’s disease (Robak et al., 2017). Increased levels associate with Alzheimer’s disease (Cataldo et al., 1991).

Point mutations linked to Alzheimer’s disease (Riemenschneider et al., 2006; 
Ehling et al., 2013).

GRN (CLN11) Frontotemporal lobar degeneration with TAR DNA-binding protein 43 (TDP-43)  
inclusions, caused by heterozygous GRN mutations (Baker et al., 2006; Cruts 
et al., 2006; Gass et al., 2006)

Single-nucleotide polymorphism in the 3′-untranslated region is associated 
with Alzheimer’s disease risk (Fenoglio et al., 2009; Viswanathan et al., 2009; 
Sheng et al., 2014; Xu et al., 2017)

ATP13A2 (CLN12) Kufor-Rakeb syndrome (with Parkinsonism) caused by homozygous or 
compound heterozygous mutation (Ramirez et al., 2006)
Spastic paraplegia 78, autosomal recessive, caused by biallelic mutations 
(Estrada-Cuzcano et al., 2017)

CTSF (CLN13) Variant mutations in the gene suggest overlapping clinical features of CLN13 
with frontotemporal lobar degeneration (van der Zee et al., 2016; Gultekin et 
al., 2022).

Examination of unexplained clinically diagnosed early onset Alzheimer’s 
disease cases identified autosomal recessive gene variation (Bras et al., 2016).

KCTD7 (CLN14) Progressive myoclonic epilepsy-3, without neuronal ceroid lipofuscinoses-
type lysosomal storage, caused by homozygous or compound heterozygous 
mutation (Van Bogaert et al., 2007; Kousi et al., 2012b; Krabichler et al., 2012)
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There is abundant evidence for dysfunction of the autophagy-endolysosome 
system contributing to the pathogenesis of both, AD and NCLs, and that 
this dysfunction is a major driver of neurodegeneration in both diseases. 
Different mutations and gene dosage effects are likely dictating the severity of 
dysfunction and the time point of manifestation in different subtypes. Loss of 
function or gradual residual functions may result in a phenotypic continuum 
ranging from severe and early onset to less severe, protracted, or late onset 
and even to asymptomatic cases. The severity of the diseases is likely also 
modulated by additional comorbidities and genetic risk factors.

The convergence of lysosomal and autophagy dysfunction could provide 
a foundation for the development of common therapeutic designs or the 
transfer of therapeutic strategies from one disease to the other. However, 
dysfunction of the autophagy-endolysosome system is not limited to NCLs 
and AD. Such dysfunction and progressive loss of nerve cells are commonly 
observed also in other neurodegenerative diseases, such as FTLD or PD. 
Strikingly, a distinct pattern of regional atrophy, neuronal degeneration and 
accumulation of specific material are characteristic pathological hallmarks 
of the individual disorders. Thus, lysosome and autophagosome dysfunction 
alone cannot explain the disease specific occurrence of neuronal vulnerability 
in each disease and understanding the specific underlying mechanisms is 
still a challenging task. However, the development of targeted therapies that 
enhance or repair lysosome and autophagosome function in the developing 
and aged brain may have broad therapeutic utility and are a particularly 
promising area for future research.
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Abstract 

SorLA is a member of the Vps10p-domain (Vps10p-D) receptor family of type-I transmembrane proteins conveying 
neuronal endosomal sorting. The extracellular/luminal moiety of SorLA has a unique mosaic domain composition 
and interacts with a large number of different and partially unrelated ligands, including the amyloid precursor protein 
as well as amyloid-β. Several studies support a strong association of SorLA with sporadic and familial forms of Alz-
heimer’s disease (AD). Although SorLA seems to be an important factor in AD, the large number of different ligands 
suggests a role as a neuronal multifunctional receptor with additional intracellular sorting capacities. Therefore, under-
standing the determinants of SorLA’s subcellular targeting might be pertinent for understanding neuronal endosomal 
sorting mechanisms in general. A number of cytosolic adaptor proteins have already been demonstrated to deter-
mine intracellular trafficking of SorLA. Most of these adaptors and several ligands of the extracellular/luminal moiety 
are shared with the Vps10p-D receptor Sortilin. Although SorLA and Sortilin show both a predominant intracellular 
and endosomal localization, they are targeted to different endosomal compartments. Thus, independent adaptor pro-
teins may convey their differential endosomal targeting. Here, we hypothesized that Sortilin and SorLA interact with 
the cytosolic adaptors PSD95 and PICK1 which have been shown to bind the Vps10p-D receptor SorCS3. We observed 
only an interaction for SorLA and PICK1 in mammalian-two-hybrid, pull-down and cellular recruitment experiments. 
We demonstrate by mutational analysis that the C-terminal minimal PDZ domain binding motif VIA of SorLA medi-
ates the interaction. Moreover, we show co-localization of SorLA and PICK1 at vesicular structures in primary neurons. 
Although the physiological role of the interaction between PICK1 and SorLA remains unsolved, our study suggests 
that PICK1 partakes in regulating SorLA’s intracellular itinerary.

Keywords: SorLA, Sorting receptor, Vps10p-domain, PICK1, PDZ-domain, Protein interaction, Neuronal endosomal 
sorting and trafficking
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Introduction
SorLA (also known as LR11 or SORL1) a transmem-
brane protein with a short cytosolic and a large extra-
cellular/luminal part is prominently, but not exclusively, 
expressed in the brain [1–3]. It constitutes together 
with Sortilin, SorCS1, SorCS2 and SorCS3 the vacu-
olar protein sorting 10 domain (Vps10p-D) receptor 
family [4, 5]. SorLA’s extracellular/luminal moiety has a 

unique domain composition. It consists of an N-termi-
nal Vps10p-D, followed by EGF- and complement-type 
repeats, which are also characteristics of the low-density-
lipoprotein receptor (LDLR) family, and fibronectin type-
III domains. A large number of different ligands have 
been described to interact with SorLA. Some neuropep-
tides and growth factors, such as neurotensin, amyloid-β 
(Aβ), and ciliary and glial cell line-derived neurotrophic 
factor bind to the Vps10p-D [6–10]. Other ligands are 
shared with LDLRs and probably all interact with the 
cluster of complement-type repeats, including apolipo-
proteins, lipoprotein lipase, plasminogen activators and 
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the amyloid precursor protein (APP) [1, 8, 11–14]. In 
addition, SorLA binds and regulates endosomal traffick-
ing of ERBB2 (also termed HER2) [15].

Genetic analysis revealed an association of SORL1 with 
both sporadic and familial forms of Alzheimer’s disease 
(AD) [16]. AD brains show lower expression of SorLA 
[17], which was also observed in mouse models follow-
ing amyloidosis [18, 19]. In mice, deletion of SorLA leads 
to elevated Aβ-levels in the brain and increased SorLA 
levels go along with a reduced Aβ load [20]. In neurons, 
SorLA alters the intracellular trafficking of APP and this 
reduces amyloidogenic processing [14, 20, 21]. Depend-
ing on pH, SorLA also binds Aβ in its monomeric form, 
which probably regulates lysosomal targeting of Aβ [6, 
22]. These data substantiate SorLA’s sorting function for 
APP and Aβ. Although SorLA seems an important fac-
tor in AD, the large number of different ligands suggests 
a role as a multifunctional receptor with additional, APP-
independent, cellular functions.

SorLA locates to the TGN and endosomes and only 
a minority is found on the cell surface [8, 23, 24]. In 
polarized MDCK cells, SorLA is targeted to the basolat-
eral membrane and to sorting endosomes, in cultured 
neurons, to the somato-dendritic area [25]. In SorLA 
deficient hiPSC-derived neurons, altered endosomal traf-
ficking of APP was confirmed, but an overall endosome 
enlargement was also observed [26, 27]. SorLA abla-
tion seemed to disrupt endosomal cargo processing and 
cause intracellular traffic jams, supporting a broader role 
in regulating endosomal transport and sorting [26, 27]. 
Therefore, understanding the determinants of SorLA’s 
subcellular itinerary might be pertinent for understand-
ing neuronal endosomal sorting in general.

Cellular uptake of ligands conveyed by SorLA is rather 
slow when compared to LDLRs such as LRP1 [11]. The 
cytoplasmic domain contains canonical binding motifs, 
and the interaction of several cytosolic adaptors has been 
reported. SorLA interacts with adaptor protein-2 (AP-
2), AP-1, GGAs, and retromer [28–31]. It is of note, that 
these adaptors and many ligands of the extracellular/
luminal moiety are shared with the Vps10p-D receptor 
Sortilin. Although SorLA and Sortilin show both a pre-
dominant intracellular and endosomal localization, they 
are targeted to different endosomal compartments [24, 
28]. This indicates differential subcellular sorting of both 
receptors by exclusive adaptor proteins interacting only 
with one of the two receptors. So far, the cytosolic adap-
tor HSPA12A has been shown to target specifically the 
cytoplasmic domain of SorLA but not of Sortilin [32].

To date, only a few adaptor proteins have been 
described to bind the cytosolic domains of the SorCS 
subset of Vps10p-D receptors. SorCS1 interacts with 
AP-2 that likely mediates the internalization of all 

Vps10p-D receptors [33]. The SorCS3 cytosolic domain 
binds the PDZ (postsynaptic density-95/disc-large/
zona-occludens-1) domain proteins PSD95 and PICK1 
[34]. Here, we hypothesized that Sortilin and SorLA 
share these interactions. We assessed the binding of 
PSD95 and PICK1 to Sortilin and SorLA and observed 
an interaction only for SorLA and PICK1.

PICK1 has a unique domain composition with a sin-
gle N-terminal PDZ domain followed by a BAR (Bin-
Amphiphysin-Rvs) domain [35, 36]. PICK1 has been 
first described as an interactor and substrate of protein 
kinase C [37]. In addition, the PDZ domain mediates 
binding to the C-termini of many transmembrane pro-
teins, ion channels and kinases, including the AMPA 
receptor subunit GluA2, mGluR7, monoamine trans-
porters, ADP ribosylation factors, and ERBB2 [36, 
38–44]. The BAR domain is a protein module thought 
to induce and stabilize lipid membrane curvature [45]. 
In agreement, an amphipathic helix N-terminal to the 
PICK1 BAR domain conveys membrane curvature 
sensing [46]. Initial studies demonstrated a prominent 
perinuclear localization of PICK1 [37]. Subsequent 
studies demonstrated localization of PICK1 to Golgi 
compartments and secretory vesicles [47, 48]. It plays 
a critical role in the budding of immature secretory 
vesicles from the TGN [48], and in secretory vesicle 
biogenesis [47, 49]. In neurons, PICK1 localizes to pre- 
and postsynaptic membranes [38, 50, 51]. It controls 
activity-regulated synaptic endosomal cargo retrieval 
at presynaptic nerve terminals [50]. At postsynaptic 
membranes, PICK1 binds GluA2 and is participating in 
NMDA receptor-induced calcium-dependent internali-
zation of AMPA receptors, a critical process for multi-
ple forms of synaptic plasticity [35, 52–57].

The PICK1 PDZ domain tethers transmembrane 
proteins as cargo and the BAR domain binds curved-
membranes which can bud and form transport vesicles. 
It becomes fully functional through homo- or hetero-
dimerization with another BAR domain protein. PICK1 
constitutes a heteromeric BAR-domain complex with 
ICA69 [47, 48]. These complexes are mainly localized to 
the TGN, on budding immature dense core vesicles con-
taining either proinsulin (in pancreactic beta cells) or 
growth hormone (in pituitary cells). In contrast, PICK1-
positive but ICA69-negative complexes that are likely 
PICK1 homomeric complexes are found at mature secre-
tory granules [47, 48]. Moreover, a change from PICK1-
ICA69 heterodimers to PICK1 homodimers has been 
suggested to control the neuronal trafficking of AMPA 
receptors to synapses [58].

Although the physiological significance of the inter-
action of PICK1 and several of its ligands remains 
poorly understood, PICK1 regulates the trafficking of 
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transmembrane proteins through binding their C-ter-
mini with its PDZ domain.

Results
We investigated the potential interaction of the cyto-
plasmic domains of SorLA and Sortilin with PICK1 by 
mammalian-2-hybrid analysis (Fig. 1A, B). The mamma-
lian 2-hybrid system is based on the yeast DNA-binding 
domain (DBD) of GAL4 and the transcription activation 
domain (TAD) VP16 of the herpes simplex virus. Both 
domains are separated and reconstitution occurs only 
by interaction of fused proteins (Fig.  1A). When recon-
stituted, DBD binds to an upstream activating sequence 
(UAS) and TAD drives firefly luciferase (Luc) expression 
from a reporter plasmid. To analyze the interaction of 

SorLA and Sortilin with PICK1, we fused the cytoplas-
mic domain of SorLA as well as of Sortilin with the DBD 
and fused PICK1 with the TAD (Fig. 1A). The luciferase 
activity of transfected N2a cells showed binding of PICK1 
to the cytoplasmic domain of SorLA (SorLA-CD), but 
not to the cytoplasmic domain of Sortilin (Sortilin-CD) 
(Fig. 1B, C). To demonstrate the specificity of the inter-
action, we generated SorLA-CD mutants and analyzed 
their binding capabilities to PICK1 (Fig.  1C). PICK1 
binding was abolished by mutating  I53 or  V52 and  I53 to 
alanine (Fig. 1C). Mutation of only  V52 showed an attenu-
ated interaction. There was no detectable PICK1 binding 
when the C-terminal amino acids were removed. Muta-
tions of  M51 or  P50 to alanine or to a basic or acidic amino 
acid did not affect the binding. Moreover, mutations of 

Fig. 1 SorLA interacts with PICK1. A Principle of the mammalian-2-hybrid system. DBD, DNA-binding domain; Luc, firefly luciferase; Pol, polymerase; 
TAD, transcription activation domain; UAS, upstream activating sequence. B Primary sequence of the SorLA cytoplasmic domain (CD) (top) and 
of the Sortilin cytoplasmic domain. Protein interaction motifs mutated in (C) are underlined. C Mammalian-2-Hybrid analysis of PICK1 with the 
cytoplasmic domain of Sortilin or SorLA. Co-transfections of N2a cells with fusion constructs of the GAL4 DNA binding domain with wild-type 
Sortilin or SorLA or the mutant cytoplasmic domain of SorLA and a fusion construct of the VP16 transcriptional activation domain with full length 
PICK1 were analyzed. Terminal or mutated amino acid sequences of the cytoplasmic domains are indicated on the left. Motifs marked in (B) are 
indicated with the same color code. Luciferase activity was normalized to the fluorescence generated by a co-transfected eGFP vector. Relative 
luciferase activity (mean ± SD) based on a typical experiment performed in septuplicate. D Detection of PICK1-Myc in stably transfected CHO-cells 
by immunoblotting using an anti-Myc or anti-PICK1 antibody (left). Pull-down of PICK1-Myc from stably transfected CHO-cells (right). Precipitation 
was performed with GST or GST fused to the cytoplasmic domain of SorLA and analyzed by immunoblotting using an anti-Pick1 antibody. E Pull 
down of PICK1 from murine brain lysates. GST or GST fused to the cytoplasmic domain of SorLA was used to pull down from brain lysates and 
analyzed by immunoblotting using an anti-PICK1 antibody
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the pentameric acidic cluster  E34-D38 to AAAAA (Fig. 1B, 
C indicated in green), which is essential for interaction 
with AP-1 and AP-2 [28] as well as alanine mutations of 
the retromer interaction motif FANSHY to AANSHA 
[29] (Fig.  1B, C indicated in orange) did not alter the
binding. These analyses demonstrate an interaction of
PICK1 with the C-terminus of SorLA-CD of which the
three C-terminal amino acids appear critical for binding.
To corroborate the observed interaction, we performed
GST pull-down experiments. We stably transfected CHO
cells with Myc-tagged PICK1 and confirmed the expres-
sion through immunoblot analysis using anti-Myc and
anti-PICK1 antibodies demonstrating the specificity of
the applied anti-PICK1 antibody (Fig. 1D). A fusion pro-
tein of GST and SorLA-CD but not GST alone pulled
down PICK1-myc from lysates of the stable transfect-
ants (Fig.  1D). Subsequently, we used GST and GST-
SorLA to pull-down proteins from mouse brain extracts
and PICK1 was detected only in the GST-SorLA fraction
(Fig. 1E).

To study the interaction in a physiological cellular 
environment, we ectopically expressed the SorLA-CD 
or Sortilin-CD in COS7 cells and analyzed subsequent 
recruitment of PICK1, GGA2 or PSD95 to the ectopic 
site. GGA2 has been shown before to interact with Sor-
tilin and SorLA [30, 59]. Ectopic expression of the SorLA 
and Sortilin cytoplasmic domains on mitochondria was 
achieved by their fusion to the first 88 amino acids of the 
yeast mitochondrial protein Tom70 (T70). The fluoro-
phore mVenus (mV) was inserted between T70 and the 
cytoplasmic domains (CD) for visualization and these 
constructs were named T70mV-SorLA-CD and T70mV-
Sortilin-CD respectively. We used the fusion of nanoLuc 
luciferase (nanoLuc) to T70mV as a negative control. 
Co-expression of T70mV-SorLA-CD and tdTomato-
PICK1 or tdTomato-GGA2, but not of PSD95-tdTomato, 
resulted in the recruitment of tdTomato tagged proteins 
to mitochondria (Fig. 2A). T70mV-Sortilin-CD recruited 
tdTomato-GGA2, but not tdTomato-PICK1 or PSD95-
tdTomato. Co-expression of T70mV-nanoLuc with tdTo-
mato-PICK1, tdTomato-GGA2 or PSD95-tdTomato led 
to no recruitment and a diffuse tdTomato staining was 
observed (Fig.  2A). However, the ectopic expression of 
T70mV-nanoLuc on mitochondria was confirmed by 
immunostaining for the mitochondrial marker protein 
Tom20 (Fig. 2C). These results confirm the interaction of 
SorLA-CD with GGA2 and PICK1 whereas Sortilin-CD 
interacts with GGA2 but not with PICK1. Mutating the 
last three C-terminal amino acids of SorLA from VIA 
to AAA in T70mV-SorLA-CD abolished the recruit-
ment of tdTomato-PICK1 (Fig.  2B). Mutating the sec-
ond last amino acid of the SorLA-CD  (I53) to alanine 
(T70mV-SorLA-CD-VAA) strongly reduced, but did not 

impede completely the recruitment of tdTomato-PICK1 
(Fig.  2B). None of these mutations affected the recruit-
ment of tdTomato-GGA2 to mitochondria (Fig. 2B). Fig-
ure  2D summarizes the results of these analyses. Next, 
we asked if the SorLA-CD fused to a transmembrane 
domain of a type-I transmembrane receptor recruits 
PICK1 in COS7 cells which do not express PICK1. To 
this end, we expressed a chimeric receptor composed of 
the extracellular and transmembrane moiety of the inter-
leukin 2 receptor alpha (IL2R) fused to the SorLA-CD 
(IL2R-SorLA-CD). This construct was expressed together 
with tdTomato-PICK1 in COS7 cells and we observed 
co-localization of both proteins to perinuclear and vesic-
ular structures (Fig.  3A). Expression of constructs with 
a deletion of the three terminal amino acids of SorLA 
(IL2R-SorLA-CD-Del3) or mutation of the second last 
amino acid of SorLA  (I53) to alanine (IL2R-SorLA-CD-
VAA) resulted in a similar subcellular localization as 
compared to IL2R-SorLA-CD (Fig.  3A). However, both 
did not co-localize with tdTomato-PICK1, which shows 
a diffuse distribution (Fig.  3A). These results suggest 
that expression of IL2R-SorLA-CD leads to perinuclear 
and vesicular localization of the interacting tdTomato-
PICK1 in cells with no endogenous PICK1 expression. 
In contrast, the subcellular localization of GGA2 and of 
the trans-Golgi marker protein Arfip1 expressed as tdTo-
mato fusion proteins appeared not altered in cells co-
expressing IL2R-SorLA-CD mutants as compared to the 
wild type construct (Fig.  3A). These experiments dem-
onstrate the interaction of SorLA-CD and PICK1 under 
physiological conditions in cells. They also corroborate 
the results obtained by mammalian-2-hybrid analysis, 
showing that the interaction of PICK1 with SorLA-CD 
depends on the three C-terminal amino acids.

A previous study showed that the truncation of the 
terminal four amino acids of SorLA  (M51-A54) does not 
change its internalization rate in CHO cells [28]. We used 
SY5Y cells that express PICK1 endogenously to deter-
mine its role in SorLA internalization. PICK1 interacts 
with the three C-terminal amino acids of SorLA-CD. If 
PICK1 plays a prominent role in SorLA internalization, 
deletion of the three terminal amino acids of SorLA 
should impede its endocytosis. We expressed IL2R-
SorLA-CD and the mutant IL2R-SorLA-CD-Del3 in 
SY5Y cells, incubated cells at 4 °C with an anti-IL2R anti-
body, washed the cells and incubated the cells for 0 or 
30  min at 37  °C (Fig.  3B). Without incubation at 37  °C, 
IL2R-SorLA-CD and IL2R-SorLA-CD-Del3 showed a 
prominent surface localization. After incubation at 37 °C 
for 30  min, both constructs were detected to a similar 
degree in intracellular vesicular structures. As we did not 
detect any differences between the uptake of the two con-
structs, the results strongly suggest that the interaction of 

69



Page 5 of 11Binkle et al. Molecular Brain           (2022) 15:18  

PICK1 with SorLA-CD does not mediate internalization 
of SorLA.

In order to assess localization of endogenous SorLA 
and PICK1, we immunostained SY5Y cells using anti-
bodies against PICK1 and SorLA and observed co-
localization at larger vesicular structures (Fig.  4A, 
D). We expressed IL2R-SorLA-CD together with 
tdTomato-PICK1 in dissociated primary cultured 
hippocampal neurons, which have no endogenous 

expression of IL2R. Immunocytochemical analysis 
demonstrated for both proteins a predominant somatic 
distribution that extended into neurites. We observed 
co-localization to a large number of vesicular struc-
tures in the soma and in proximal neurites (Fig.  4B, 
D). Finally, we immunostained dissociated primary 
cultured hippocampal neurons for endogenous SorLA 
and PICK1 and observed colocalization at endosomal 
structures in the soma and proximal parts of neurites 
(Fig. 4C, D).

Fig. 2 Ectopically localized SorLA cytoplasmic domain recruits PICK1. A COS7 cells were transfected with T70mV-SorLA-CD, T70mV-Sortilin-CD or 
T70mV-nanoLuc (green) and co-transfected with tdTomato-PICK1, tdTomato-GGA2 or PSD95-tdTomato (magenta) as indicated. Magnifications 
of selected areas (boxes) are shown as insets. mVenus and tdTomato signals were enhanced by immunostainings with respective antibodies. B 
COS7 cells were transfected with the mutated SorLA constructs T70mV-SorLA-CD-AAA or T70mV-SorLA-CD-VAA (green) and co-transfected with 
tdTomato-PICK1 or tdTomato-GGA2 (magenta) as indicated. C Ectopic localization of T70mV-nanoLuc at mitochondria. COS7 cells were transfected 
with T70mV-nanoLuc (green) and stained with an antibody against the mitochondrial protein Tom20 (magenta). D Summary of the recruitment of 
the tdTomato fusion constructs of PICK1, GGA2 and PSD95 by the analyzed cytoplasmic domains to mitochondria. Scale bars: 10 µm
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Discussion
Here, we show an interaction of PICK1 with SorLA 
mediated by the last three C-terminal amino acids, 
VIA, of SorLA. This corresponds to a type II PDZ 
domain interaction motif. The canonical classification 
of PDZ domain interactions with C-termini assorts 
four major classes; I interacts with (S/T)-X-Φ, II inter-
acts with Φ-X-Φ, III interacts with Ψ-X-Φ, and IV 
which interacts with (D/E)-X-Φ as preferred C-termi-
nal motif, where X is any residue, Φ is a hydrophobic 

residue and Ψ is a basic hydrophilic residue [60]. Most 
PDZ domains interact with only one classified sequence 
type. In contrast, the PICK1 PDZ domain belongs to 
a small group of promiscuous PDZ domains with a 
mixed specificity. PICK1 binds sequences of class I and 
II interaction motifs and also some atypical motifs [61, 
62]. Thus, it is highly likely that the PICK1 PDZ domain 
mediates the interaction with SorLA-CD. Another 
PICK1 interactor is ERBB2, which is also forming a 
complex with SorLA [39]. It is tempting to speculate 
that a SorLA ERBB2/HER2 complex recruits PICK1, 

Fig. 3 The extreme C-terminus of SorLA recruits PICK1 but is dispensable for internalization. A COS7 cells were transfected with IL2R-SorLA-CD, 
IL2R-SorLA-CD-Del3, IL2R-SorLA-CD-VAA (green) and co-transfected with tdTomato-PICK1, tdTomato-Arfip1 or tdTomato-GGA2 (magenta) as 
indicated. Magnifications of selected areas (boxes) are shown as insets. IL2R-SorLA and tdTomato constructs were stained with anti-IL2Rα and 
anti-tdTomato respectively. B SY5Y cells were transfected with IL2R-SorLA-CD and IL2R-SorLA-CD-Del3. Cells were incubated with anti-IL2Rα at 4 °C, 
fixed after 0 or 30 min at 37 °C to allow internalization and immunostained. Three cells per time point and transfected construct are shown. Scale 
bars: 10 µm
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which homodimerizes through its BAR domain and 
facilitates endosomal transport of the complex.

Our study adds PICK1 to the portfolio of cytosolic 
SorLA interacting proteins. In general, short linear amino 
acid motifs mediate the binding of cytosolic domains of 
transmembrane proteins to adaptor proteins. A number 
of previous studies addressed the interaction of SorLA-
CD with adaptor proteins, identified specific amino acid 
motifs that mediate the interaction and analyzed the 
consequences of their mutation or deletion for the sub-
cellular localization of SorLA. The cytoplasmic domain 
of SorLA interacts through the  F12ANSHY17 motif with 
retromer [29], the acidic cluster  D30–D38 facilitates bind-
ing of AP-1, AP-2 and PACS1, the heat shock protein 
HSPA12A binds the SorLA-CD via the acidic residues 
 E34-D38 and  D47D48 in an ADP/ATP-dependent manner 
and  D47DXXM is regarded as the minimal GGA inter-
action motif (Fig. 4E) [28, 30–32]. Accordingly, the here 
identified PICK1 binding site is located adjacent to the 
minimal GGA binding motif (Fig. 4E).

Partial ablation or mutation of the retromer interac-
tion motif in SorLA-CD caused endosomal accumulation 
of SorLA, altered APP sorting and increased APP pro-
cessing [29, 63]. Additional mutational analysis revealed 
that the pentameric acidic cluster  (E34-D38) is crucial for 

SorLA’s internalization, TGN to endosome transport and 
polarized neuronal targeting [25, 28]. SorLA’s antero-
grade TGN to endosome transport relies on the acidic 
cluster in combination with the minimal GGA-binding 
motif  D48XXM51 [28]. Here, we observed unaltered 
uptake of a chimeric construct in SY5Y cells after dele-
tion of the terminal three amino acids  (V52-A54). Trun-
cation of the terminal four amino acids  (M51-A54) does 
also not change the internalization rate in CHO cells 
[28] nor the polarized sorting of SorLA in neurons [25]. 
However, the subcellular distribution of such a mutant is 
changed towards a reduced TGN and increased endoso-
mal localization as compared to the wild-type receptor 
[28, 31]. Taken together, we demonstrate that SorLA-CD 
interacts with PICK1 via its three C-terminal residues 
(VIA). In addition, a function of the last four amino acids 
in the transport of SorLA between Golgi and endosomes 
has already be shown. Considering the role of PICK1 in 
endosomal transport, it is likely that PICK1 is capable of 
regulating SorLA’s intracellular itinerary.

Methods
Antibodies and DNA constructs
The following primary antibodies were used: rabbit anti-
dsRed (tdTomato) (632496, Clontech Takara); chicken 

Fig. 4 SorLA and PICK1 co-localize. A SY5Y cells were stained with anti-PICK1 (green) and anti-SorLA (magenta) antibodies. Magnifications of 
two selected areas (boxes) are shown. B Immunocytochemical localization of IL2R-SorLA and tdTomato-PICK1 in transfected dissociated primary 
cultured hippocampal neurons using anti-IL2R (green) and anti-tdTomato (magenta) antibodies. Magnification of a selected area (boxes) are 
shown. C Immunolocalization of endogenous SorLA and PICK1 in dissociated primary cultured hippocampal neurons using anti-SorLA (green) 
and anti-PICK1 (magenta) antibodies. Magnification of a selected area (boxes) are shown. D Respective Manders’ coefficient of SorLA and PICK1 
using antibodies (AB) against the endogenous proteins or of overexpressed (OE) IL2R-SorLA and tdTomato-PICK1. E Primary sequence of the SorLA 
cytoplasmic domain. Amino acid motifs mediating interaction with retromer, AP-1 and AP-2 and GGA1 and GGA2 are indicated in grey. The here 
described PICK1 interaction motif is indicated in blue. Scale bars: 10 µm
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anti-GFP (mVenus) (ab139701, Abcam); mouse mono-
clonal anti-interleukin receptor 2 alpha (IL2R-alpha, Tac/
CD25) (ab8235, Abcam); mouse monoclonal anti-Myc 
– 9E10 (MMS-150P, Covance); rabbit polyclonal anti-
PICK1 (ab3420, Abcam); mouse monoclonal anti-PICK1 
(MABN75, Millipore); rabbit anti-SorLA (SorLA-Vps10p 
domain) (a gift from C.M. Petersen, Aarhus University, 
Denmark) [8]; rabbit anti-Tom20 (sc-11415, Santa Cruz 
Biotechnology Inc.). As secondary antibodies, fluores-
cent Alexa Fluor-conjugated (Invitrogen) or horseradish 
peroxidase (HRP)-conjugated (Dianova) antibodies were 
used.

The construct of the SorLA-cd inserted in pGEX4T-1 
(Amersham Pharmacia) has been described before [28]. 
To generate expression constructs encoding PICK1-
Myc, the PICK1 cDNA was cloned into pcDNA4/Myc-
His (Invitrogen). To generate VP16 fusion proteins, 
PICK1 or PSD95 cDNA was cloned in frame via BamHI 
and NotI into pAct (Promega). To express GAL4 fusion 
proteins cDNA encoding wild-type or mutant cyto-
plasmic domains of SorLA or Sortilin were cloned in 
frame via BamHI and NotI into pBind3-D [64]. Muta-
tions in the amino acid sequence of the SorLA cytoplas-
mic domain were introduced by PCR using appropriate 
primers. To recruit the SorLA or the Sortilin cytoplas-
mic domain to mitochondria, a modified pFUGW vec-
tor was used harboring a CMV promoter and a multiple 
cloning site (Binkle, unpublished). T70mV-SorLA-cd or 
T70mV-Sortilin-cd were generated by inserting the cod-
ing sequence of the first 88 amino acids of yeast Tom70 
(T70) followed by the fluorophore mVenus (mV) and the 
cytoplasmic domains of SorLA, its mutant sequence, or 
Sortilin respectively. NanoLuc luciferase (nanoLuc) was 
cloned via PCR using pNL1.1 (Promega) as template and 
together with T70mV into the modified expression vec-
tor. To tag PICK1, PSD95, GGA2 and Arfip1 with the 
fluorophore tdTomato respective coding sequence was 
cloned into the expression vector L21C-Nt-tdTomato 
(Binkle, unpublished). GGA2 was cloned from pcDNA3-
Flag-HA-GGA2 (obtained from W. Sellers through 
Addgene). The chimeric receptor construct (IL2R-SorLA-
CD) corresponds to the extracellular and transmembrane 
domains of the interleukin-2 receptor alpha and SorLA’s 
cytoplasmic domain or mutated versions of the SorLA 
cytoplasmic domain. Fragments were PCR amplified and 
cloned into pcDNA3.1/Zeo (Invitrogen).

Cell culture
CHO and COS7 cells were cultured in DMEM (Invit-
rogen) supplemented with 10% (v/v) fetal calf serum 
(FCS). SH-SY5Y cells were cultured in DMEM (Invitro-
gen) supplemented with 20% (v/v) fetal calf serum (FCS). 
Murine neuroblastoma N2a (Neuro-2a) cells were grown 

in Opti-MEM™ without Phenol Red (Invitrogen) sup-
plemented with 5% (v/v) FCS. All cells were cultured at 
37  °C and 5%  CO2. Lipofectamine™ 2000 (Invitrogen) 
was used for transfection of cells. Generation of stable 
transfected cells was described before [65]. Dissociated 
hippocampal neurons were prepared and cultured as 
described before [66]. Animal husbandry was authorized 
under German regulations on animal welfare in accord-
ance with the European Communities Council Directive 
(2010/63/EU). After 3 days in vitro, neurons were trans-
fected with Lipofectamine® LTX (Invitrogen) and immu-
nostained at 14 days in vitro.

Mammalian two‑hybrid analysis
Interaction of proteins was determined using a modifi-
cation of the Checkmate mammalian two-hybrid system 
(Promega). Two vectors were used, pAct and pBind3-D. 
pAct (Promega) contains the herpes simplex virus VP16 
activation domain followed by a multiple cloning site. 
pBind3-D [64] is a modification of pBind (Promega) in 
which the DNA-binding domain of the yeast GAL4 gene 
followed by an altered multiple cloning site and the vec-
tor lacks the Renilla luciferase module.

N2a cells were seeded on 96-well plates and transfected 
in parallel with pAct, pBind3-D, peGFP (Clontech), and 
a pG5luc (Promega) expressing firefly luciferase under 
control of GAL4 [64]. The next day fluorescence gener-
ated by eGFP was determined for normalization and light 
emission generated by luciferase activity was detected 
after adding Bright-Glo (Luciferase Assay System, Pro-
mega) with a Multilabel Counter (PerkinElmer). Lucif-
erase activity was normalized to eGFP-fluorescence. All 
transfections and analysis were performed in septuplicate 
and experiments repeated three times. Average relative 
luciferase light units and S.D. were determined using the 
Prism software.

Pull down analysis
GST or GST-fusion proteins were expressed in 
BL21(DE3) cells, and purified by using glutathione-
sepharose beads according to the manufacturer’s recom-
mendations (Amersham Pharmacia). Stable transfected 
CHO cells expressing PICK1-Myc were lysed in 150 mM 
NaCl, 1% Triton X-100, 20 mM Tris–HCl, 10 mM EDTA, 
pH 8.0 supplemented with protease inhibitors (Com-
plete Mini, Roche), cell debris sedimented for 20  min 
at 16.000 g and 10% of each supernatant was used as an 
expression control (input). Supernatants were incubated 
with 30  µl Pierce™ glutathione magnetic agarose beads 
(ThermoFisher Scientific) prebound with GST or GST-
SorLA-cd for 2  h at 4  °C. Subsequently, protein com-
plexes were subjected to immunoblotting.
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For pull down of endogenous proteins, brain homogen-
ates were prepared from 2 mouse forebrains in 320 mM 
Sucrose, 4 mM Hepes, 2 mM MgCl, 2 mM CaCl, pH 7.5 
supplemented with protease inhibitors (Complete Mini, 
Roche) using a glass homogenizer (12 passes) (modi-
fied from [38]). Homogenates were centrifuged at 1000 g 
for 10 min, and the supernatant (S1) was centrifuged at 
48,000 g for 30 min to obtain the pellet (p2) fraction. This 
fraction was resuspended in 0.1  mM EDTA, 1% Triton, 
pH 7.4 plus protease inhibitor, sonicated and solubilized 
for 1 h at 4  °C. After centrifugation at 100,000 g for 1 h 
the supernatant (S3) was used for GST pull-down assays. 
GST fusion proteins coupled to Pierce™ glutathione mag-
netic agarose beads were incubated overnight, washed 
with PBS, 0.1 mM EDTA, 0.1% Triton, pH 7.4 plus pro-
tease inhibitor and analyzed by immunoblotting as 
described before [65].

Immunocytochemistry and internalization assay
Cells were cultured on coverslips, fixed, permeabilized 
and stained as described before [65]. To visualize inter-
nalization, cells were surface labeled with primary anti-
body (anti-IL2Rα) at 4 °C for 1 h followed by fixation or 
incubation at 37 °C for 30 min, fixation and staining with 
secondary fluorescent antibody. All immunocytochemi-
cal stainings were performed in triplicates. Cells were 
analyzed by confocal microscopy using a Leica TCS SP8 
microscope and a 63x (NA = 1.4) oil immersion objective.
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Abstract 

The Vps10p-Domain (Vps10p-D) receptor family consists of Sortilin, SorLA, SorCS1, SorCS2 and SorCS3. 

They convey internalization, secretion and intracellular sorting of specific cargo in different cell types, 

including neurons, but the underlying molecular determinants are incompletely understood. Their 

malfunctioning is associated with several neurodegenerative, neuropsychiatric, and metabolic 

diseases including Alzheimer’s disease and diabetes. Decoding the dynamic intracellular itineraries of 

Vps10p-D receptors is crucial to understand their role in physiological and cytopathological processes. 

The direct observation of their interactions at spatial and temporal levels to examine local dynamics 

by live imaging has been challenging as terminal fluorophore tagging presumably impedes a large 

number of their protein interactions and functions. For such imaging studies, we designed functional 

internally fluorophore tagged versions of all family members. We used bioinformatics and predict 

protein folding and structures of the tagged Vps10p-D receptors. In accordance, we demonstrate exit 

of the newly designed receptor constructs from the endoplasmic reticulum. We examined their 

subcellular localization by immunocytochemistry and live imaging, which was identical to that of the 

wild type counterparts as far as known. The ligand induced internalization of the fluorophore tagged 

Vps10p-D receptors strongly suggests functionality of the Vps10p-D domains and homodimerization 

of fluorophore tagged SorCS2 demonstrates intact leucine rich domains. We show for the first time 

BDNF uptake mediated by all Vps10p-D receptors and interaction of SorLA and SorCS1 with a 

neurotrophin. Together, the here designed fluorophore tagged receptors are novel powerful tools for 

accurate live surveys of the individual cellular functions of Vps10p-D receptors. 

79



Introduction 

The Vps10p-Domain (Vps10p-D) receptor family consists in mammals of the five type-I transmembrane 

proteins Sortilin, SorLA, SorCS1, SorCS2 and SorCS3 (1). All family members are predominantly 

expressed in the developing and adult nervous system with specific spatiotemporal expression 

patterns (2-6). All, with exception of SorCS3, are also expressed in varying peripheral tissues (7-11). A 

large number of genetic linkage analysis and functional studies demonstrated an association of the 

receptors with several neurodegenerative and psychiatric disorders, including Alzheimer’s disease and 

autism spectrum disorders (12-19), and metabolic diseases, including diabetes, atherosclerosis and 

hypercholesterolemia (20-24). 

The shared hallmark of the family is the N-terminal Vps10p-D, which was first described in the yeast 

sorting receptor Vps10p (25). Due to the intracellular sorting function of yeast Vps10p, sorting 

properties were also proposed for the mammalian Vps10p-D receptors. In agreement, these bind 

different ligands and mediate their secretion, internalization and sorting through the endosomal 

system (1,26,27). All family members present a large luminal/extracellular moiety followed by a 

transmembrane domain and a short cytoplasmic tail (Fig. 1A). The Vps10p-D forms at its N-terminus a 

β-propeller resembling a conical funnel with binding sites for different ligands followed by two small 

cysteine-rich domains, named 10CC module (28-30). In Sortilin, the luminal/extracellular moiety 

comprises only the Vps10p-D (8,31). In the SorCS subgroup, a leucine rich domain is located between 

the Vps10p-D and the transmembrane domain. It contains imperfect leucine-rich repeats, but also 

regions with homology to polycystic kidney disease (PKD) domains and is thought to allow receptor 

dimerization (10,30,32). In SorLA, the Vps10p-D is followed by structural motifs shared with the low-

density lipoprotein (LDL) receptor family, a YWTD β-propeller domain, an EGF precursor type repeat, 

LDLR class A repeats and fibronectin type III repeats (7). 

An N-terminal propeptide precedes all Vps10p-Ds (Fig. 1A), which in Sortilin and SorLA, but not in the 

SorCS subgroup, is binding to their own Vps10p-Ds, causing an inability of additional binding of most 

ligands to this domain (33-37). The proprotein convertase furin cleaves the propeptides of all family 

members within the trans-Golgi network (TGN). This proteolytic step activates the Vps10p-D of Sortilin 

and SorLA for ligand binding. At least in SorCS1 alternative functional furin cleavage sites for the 

propetide exist, indicating possible differential proprotein convertase processing (38). 

The receptors interact with a broad range of transmembrane and secreted proteins, including trophic 

factors. In particular, the role of Sortilin and SorCS2 in neuronal plasticity and apopototic signaling by 

interacting through their Vps10p-Ds with neurotrophins are well studied. The four members of the 

neurotrophin family, nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5), are synthesized as precursors, so called pro-

neurotrophins (39). Proteolytic cleavage of the pro-domain releases the mature neurotrophin. Both 
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the pro and mature forms can be secreted and display distinct and often opposing biological activities. 

Mature neurotrophins bind their cognate tropomyosin receptor kinase (Trk) family receptors 

promoting growth and survival of neurons, whereas pro-neurotrophins form a ternary complex with 

p75 neurotrophin receptor (p75NTR) and Sortilin or SorCS2 and induce apoptotic signaling. Both, pro- 

and mature neurotrophins bind to TrKs, p75NTR and Vps10p-D receptors. In general, mature 

neurotrophins bind p75NTR and Trks with higher affinity whereas the affinity of proneurotrophins 

seems to be higher for Vps10p-D receptors (30,34,40-42). The latter assumption is mainly based on 

binding studies of pro-BDNF, pro-NGF and NGF to Sortilin and SorCS2. However, there are exceptions 

as SorCS3 binds mature NGF with higher affinity than pro-NGF (43). Due to the homologous structure 

of the Vps10p-Ds within the receptor family, it is expected that all family members bind neurotrophins, 

but so far, this concept awaits experimental corroboration.  

On the receptor level, there is accumulating evidence for a complex orchestration of interactions. Trks 

and p75NTR can form a complex to enhance trophic signaling (44). Moreover, Sortilin and SorCS2 

interact directly with p75NTR (34,45). Vps10p-D receptors interact also with the BDNF receptor TrkB 

(46-48). SorLA promotes, whereas SorCS1 and SorCS3 inhibit TrkB surface activity and Sortilin 

promotes cell and synaptic surface expression of all Trks (47,49,50). 

The cytoplasmic domains of all Vps10p-D receptors contain internalization motifs and varying adaptor 

protein binding sites. SorCS1 is expressed as different splice variants with alternative cytoplasmic 

domains (33). Notably, the variant SorCS1b is the only Vps10p-D receptor lacking a functional 

internalization motif in its cytoplasmic domain and is localized predominantly to the cell surface (33). 

In contrast, all other SorCS1 splice variants, such as the here studied SorCS1c-α, and all other Vps10p-

D receptors are endocytic receptors targeted mainly to Golgi and endosomal compartments (1,26,27). 

The assumption that Vps10p-D receptors convey intracellular sorting is based on the interaction of 

their cytoplasmic domains with various adaptor proteins involved in endosomal targeting (51-58). 

Moreover, studies employing knockout models revealed altered localization or miss-targeting of 

interacting proteins (24,48,49,56,59-62) and the expression of chimeric receptor constructs 

demonstrated internalization and intracellular targeting of ligands or rescued specific phenotypes in 

knockout models (6,33,43,53-55). In previous studies, the subcellular localization of endogenous 

Vps10p-D receptors was determined by subcellular fractionation or by immunocytochemistry of fixed 

cells. There have been also attempts to perform direct and live imaging of Vps10p-D receptor 

localization and trafficking. These include the fusion of a fluorophore N-terminal to the 

transmembrane and cytoplasmic domain of Sortilin or SorLA (63,64). These constructs lack the 

receptor specific luminal/extracellular moieties, but revealed important information on the subcellular 

targeting and transport dynamics mediated by the respective cytoplasmic domains. In a number of 

other studies full length Sortilin, SorLA or SorCS2 were tagged at the C-terminus with a fluorophore 
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(52,56,61,65-67). These constructs retained full functionality of the respective luminal/extracellular 

domains, but the C-terminal tag likely interferes with different interactions of the cytosolic tails. 

Binding of several cytosolic adaptor proteins, such as GGAs and PDZ-domain proteins, to their specific 

amino acid motifs depends on a free C-terminus (68,69). Notably, already small C-terminal peptide 

tags, such as a myc-tag, impede GGA interaction (68). GGAs are known functional Sortilin and SorLA 

interactors (55,56,68,70,71), the PDZ-domain protein PICK1 targets SorLA and SorCS3 (51,57) and 

additional yet unidentified C-terminal interactors are most likely. Therefore, C-terminal tagging 

probably leads to aberrant subcellular localization of Vps10p-D receptors. Hence, other tagging 

strategies are needed to study Vps10p-D receptors by live and in vivo imaging. 

Here, we designed functional genetically encoded constructs of each member of the Vps10p-D 

receptor family tagged with fluorophores. We excluded an N-terminal tag, because it would be cleaved 

off by furin in the secretory pathway, furin cleavage is critical for some receptor function and a 

fluorophore tag following the furin cleavage site probably interferes with the ligand binding capacity 

of the Vps10p-D. We also excluded a C-terminal tag because it impedes specific interactions with 

adaptor proteins binding to C-terminal sites and also an insertion of a fluorophore tag between the 

transmembrane and the cytoplasmic domain, because several sorting motifs depend on the correct 

spacing relative to the plasma membrane (72). Therefore, we designed versions of the receptors 

harboring an internal tag in the luminal/extracellular moiety between functional modules and the 

transmembrane domain. 

Previously, we presented versions of different SorCS1 splice variants with an internal mVenus tag 

between their transmembrane and extracellular domains to analyze their intracellular transport and 

differences in amyloid precursor protein (APP) sorting (73). Here, we applied this tagging strategy to 

all members of the Vps10p-D receptor family. We examine the subcellular localization of the constructs 

which is identical to their wild type counterparts as far as known, show internalization after ligand 

binding to the extracellular/luminal domain and functional dimerization of constructs of the SorCS 

subgroup. Finally, we demonstrate for the first time that all Vps10p-D receptors facilitate 

internalization of BDNF independent of TrkB. 

Results 

Design and structure prediction of fluorophore tagged Vps10p-D receptors 

We aimed at generating tools to investigate dynamic localizations of each member of the Vps10p-D 

receptor family by live imaging. To this end, we tagged the receptors with fluorophores. The position 

of the tag insertion is critical to preserve receptor functions. To retain the functionality of the Vps10p-

D receptors, we excluded N- or C-terminal positioning of fluorophore tags. Instead, we designed 

expression constructs encoding receptors tagged internally in the luminal/extracellular moieties. The 
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luminal/extracellular segments of Sortilin, SorCS1, SorCS2 and SorCS3 and the Vps10p-D of SorLA have 

been previously expressed in eukaryotic cells, purified from cell culture media and successfully used in 

functional ligand binding experiments (33-35,37,43). This demonstrated that these segments are 

functional units. In addition, extracellular moieties of Sortilin, SorLA and SorCS2 have been also 

expressed to resolve their structures (28-30). Considering these results, we predicted functional 

segments after which fluorophore tags could be inserted without altering receptor functionality. We 

designed respective full-length receptors with mVenus or tdTomato tag insertions between the 

luminal/extracellular moieties and the transmembrane domains of Sortilin, SorCS1b, SorCS1c-α, 

SorCS2 and SorCS3 (Fig. 1A). For SorLA a tag between the transmembrane domain and the fibronectin 

type III repeats revealed constantly errors in protein folding predictions (data not shown) and thus, tag 

insertions were positioned directly after the SorLA Vps10p-D (Fig. 1A). 

We predicted correct folding of the designed proteins computationally using AlphaFold 2.0 (74). Figure 

1B shows that transmembrane domains (indicated in orange) of Sortilin, SorCS1, SorCS2 and SorCS3 

fold as full α-helices in wild type (wt) proteins and after insertion of either mVenus or tdTomato. The 

TopPred tool also recognized these transmembrane domains respectively (75,76). The leucine rich 

domains (indicated in green) of the SorCS subgroup preceding the respective tag show the same folding 

sequence of α-helices and β-sheets as in the wt proteins (Fig. 1B). Each fluorophore is followed in 

tagged SorLA by an YWTD β-propeller domain that folds identical to the domain in wt SorLA (indicated 

in dark blue). These predictions indicate that the structures of the domains next to the fluorophores 

in the internally tagged Vps10p-D receptors are unaltered by mVenus or tdTomato insertions at the 

selected positions as compared to the wt receptors. Together, the structure predictions suggest 

preserved receptor structures and functionality after tag insertion. 

Expression of internally tagged Vps10p-D receptors 

Correctly folded proteins are exported from the endoplasmic reticulum (ER), whereas misfolded 

proteins are retained and eventually degraded. We cloned and expressed the designed Vps10p-D 

receptors tagged with mVenus or tdTomato in COS7 cells. Co-transfection of the mVenus constructs 

with an ER marker construct (KDEL-tdTomato) demonstrates low localization of the mVenus tagged 

Vps10p-D receptors at the ER (Fig. 2A). SorCS3 constructs were expressed in HEK293 cells, because in 

COS7 cells varying amounts of the construct were constantly trapped in the ER (data not shown). For 

mVenus tagged Sortilin, SorCS1c-α, SorCS2 and SorCS3 vesicular and surface expression was observed. 

SorLA-mVenus predominated in vesicular structures and SorCS1b-mVenus mainly localized at the cell 

surface. Together, these findings indicate the successful exit of the tagged Vps10p-D receptors from 

the ER and therefore suggest correct protein folding. 
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Subsequent immunoblotting of cell lysates with tag specific antibodies revealed full-length expression 

of the mVenus or the tdTomato tagged receptors, because observed estimated molecular weights 

resemble the expected calculated molecular weights of the respective proteins (Fig. 2, B and C).  

Subcellular localization of internally tagged Vps10p-D receptors 

Next, we asked to which specific subcellular compartments the tagged receptors localize and if these 

localizations are in accordance with the previously reported localization of the Vps10p-D receptors. 

Therefore, the subcellular localizations of the mVenus or tdTomato tagged Vps10p-D receptors were 

specified by their expression and co-staining of transfected cells with antibodies against subcellular 

marker proteins for the cis-Golgi network (CGN), early endosomes or lysosomes (Fig. 3).  In addition, 

we co-expressed fluorophore tagged marker proteins for the TGN, the TGN – endosome transition or 

endosome – lysosome transition (Fig. 4). Subsequently, Mander`s co-localization coefficients were 

calculated from confocal images of single cells and compared between the sorting receptors. mVenus 

tagged Sortilin, SorCS1c-α, SorCS2, SorCS3 and SorCS1b showed co-localization with the CGN marker 

protein GM130 (Fig. 3, A and B). For SorLA-mVenus, however, we observed significantly lower co-

localization with GM130. Antibody staining against the early endosomal protein Rab5 showed 

significantly higher co-localization with mVenus tagged Sortilin, SorLA, SorCS1c-α, SorCS2 and SorCS3 

than with SorCS1b-mVenus (Fig. 3, C and D). The mVenus tagged Vps10p-D receptors showed relatively 

low co-localization with the lysosomal protein LAMP1 without significant differences between the 

receptors (Fig. 3, E and F). Co-expression of the GFP tagged C-terminal fragment of the TGN localized 

β-1,4-galactosyltransferase (β-1,4-GT) with tdTomato tagged Vps10p-D receptors demonstrates high 

co-localization with Sortilin-tdTomato and with SorLA-tdTomato (Fig. 4, A and B). Whereas SorCS1c-α-, 

SorCS2- and SorCS3-tdTomato showed significantly lower co-localization with the TGN marker and 

almost no co-localization was observed with SorCS1b-tdTomato. VPS35, is part of the retromer 

complex which conveys endosome-to-TGN retrieval of different cargo proteins (77) and, hence, 

localizes to endosomes and the TGN. GFP-VPS35 co-localized to a minor degree with SorCS1b-

tdTomato (Fig. 4, C and D), but revealed significant co-localization with tdTomato tagged SorCS1c-α, 

SorCS2 and SorCS3, and even higher co-localization with Sortilin- and SorLA-tdTomato (Fig. 4, C and D). 

Rab9 mediates transport from late endosomes to the TGN and towards endolysosomal compartments 

(78). mCherry-Rab9 co-localized with mVenus tagged Sortilin, SorLA, SorCS1c-α, SorCS2 and only to a 

limited degree with SorCS3- and SorCS1b-mVenus (Fig. 4, E and F). 

In addition, COS7 or HEK293 cells and primary hippocampal neurons were transfected with GFP-Rab5 

and the tdTomato tagged Vps10p-D receptors. Expression in COS7 and HEK293 cells was monitored in 

vivo by confocal live-cell imaging. Time-lapse recordings demonstrate frequent endosomal co-

transport of tdTomato tagged Sortilin, SorLA, SorCS1c-α, SorCS2 and SorCS3 with GFP-Rab5 (Movies 1-
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5 and Fig. 5). SorCS1b-tdTomato positive vesicular structures were only rarely positive for GFP-Rab5 

(Movies 6 and Fig. 5). Transfected primary hippocampal neurons were stained for GFP and tdTomato. 

A large number of vesicles positive for tdTomato tagged Sortilin, SorLA, SorCS1c-α, SorCS2 and SorCS3 

were also positive for GFP-Rab5 (Fig. 6A). In accordance with the previous experiments, we observed 

almost no colocalization of the surface localized SorCS1b-tdTomato with GFP-Rab5. Co-staining of 

primary cultured neurons expressing td-Tomato tagged Sortilin, SorLA, SorCS1b, SorCS1c-α, SorCS2 or 

SorCS3 with the somatodendritic marker microtubule-associated protein 2 (MAP2) and the axonal 

initial segment marker ankyrin G (AnkG) demonstrated a predominant somatodendritic localization of 

all tagged Vps10p-D receptors (Fig. 6B). However, tagged SorCS3 and SorCS1b also showed some 

expression in the axonal initial segment. 

Taken together, we observed somatodendritic and endosomal expression of all receptors except for 

SorCS1b, which presented a predominant cell surface localization, in neurons. All tagged Vps10p-D 

receptors, but not SorCS1b, showed an endosomal localization also in non-polarized cells. Tagged 

Sortilin, SorLA, SorCS1c-α, SorCS2 and SorCS3 were all expressed in early to late endosomes including 

Rab5, VPS35 and Rab9 positive endosomes. SorCS3, however, was found only to a minor extend in 

Rab9 positive endosomes. The subcellular localization has not been completely described for all 

Vps10p-D receptors, but our findings are to a large extend in accordance with so far reported 

localizations. Therefore, our results indicate functional C-terminal interaction of the tagged Vps10p-D 

receptors with adaptor proteins, which are crucial regulators for the subcellular targeting of Vps10p-

D receptors. 

Dimerization of SorCS2 

The correct subcellular localization of the fluorophore tagged Vps10p-D receptors and therefore 

assumed functionality of their cytoplasmic tails interacting with different cytosolic adaptor proteins 

opened the intriguing question if their extracellular domains are also functional. The leucine rich 

domain of the SorCS subgroup interacts with other leucine rich domains of the SorCS subgroup which 

consequently form homo- and heterodimers. As this domain is adjacent to the tag insert area in the 

SorCS subgroup, we regarded dimerization, which likely underlies functionality, as crucial. As a proof, 

we investigated the ability of tagged SorCS2 to form homodimers. To this end, we expressed mVenus 

and tdTomato tagged SorCS2 and performed co-immunoprecipitation experiments. As a control, these 

experiments were also performed with cells transfected with SorCS2-mVenus and Sortilin-tdTomato. 

Sortilin, which lacks a leucine rich domain, has not been shown to dimerize with any member of the 

SorCS subgroup. We observed co-immunoprecipitation of SorCS2-tdTomato with SorCS2-mVenus, but 

not of Sortilin-tdTomato with SorCS2-mVenus from the respective cell lysates (Fig. 7A). 
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Next, we assessed homodimerization of fluorophore tagged SorCS2 by employing fluorescence lifetime 

imaging (FLIM). Again, we co-expressed SorCS2-mVenus with either SorCS2-tdTomato or Sortilin-

tdTomato. Cells were fixed and the fluorescence lifetime of the mVenus fluorophores was measured 

using STED microscopy. Here, mVenus emission acts as a donor for the excitation of tdTomato. If both 

fluorophores are in close proximity, the fluorescence lifetime of mVenus decreases due to photon 

energy transfer to tdTomato. When co-expressing SorCS2-mVenus with SorCS2-tdTomato the 

fluorescence lifetime of the mVenus fluorophore was significantly lower as compared to SorCS2-

mVenus co-expressed with Sortilin-tdTomato (Fig. 7, B and C). This proves close proximity between the 

tagged SorCS2 proteins and strongly suggests their direct interaction and homodimerization. 

Vps10p-D receptors mediate BDNF uptake  

To assess functional ligand binding of the fluorophore tagged Vps10p-D receptors, we assessed BDNF 

binding abilities of the Vps10p domains. Cells were transfected with the tdTomato tagged Vps10p-D 

receptors, incubated at 4°C with mature BDNF-Biotin, washed, incubated for 10 min at 37°C to allow 

receptor internalization and after fixation BDNF-Biotin was visualized by a fluorescent streptavidin 

conjugate (Fig. 8A). Cells transfected with tdTomato tagged Sortilin, SorLA, SorCS1c-α, SorCS2 and 

SorCS3 internalized BDNF-Biotin (Fig. 8B). The BDNF signal was restricted to vesicular structures which 

were also positive for the respective tagged Vps10p-D receptors. Cells transfected with tdTomato 

tagged SorCS1b yielded BDNF staining only at the cellular surface and no internalization of BDNF was 

observed (Fig. 8B). We performed immunoblotting for the BDNF receptor TrkB. We compared lysates 

of HEK293 cells transfected with TrkB-GFP and non-transfected HeLa and HEK293 cells (Fig. 8C). Using 

an antibody against TrkB, we detected in transfected cells TrkB-GFP, with the expected molecular 

weight of approximately 167 kDa, and its dominant-negative truncated version TrkB.t1-GFP, which 

originates from post-translational cleavage of TrkB-GFP within its cytoplasmic domain by calpain (79) 

with an expected molecular weight of approximately 117 kDa. As we could not detect TrkB in the 

employed HeLa and HEK293 cells by immunoblotting, we conclude that internalization of BDNF 

through the tagged Vps10p-D receptors in HeLa or HEK293 cells was TrkB independent. 

We assessed BDNF internalization also by live cell imaging by co-culturing cells expressing BDNF-GFP 

with cells expressing tdTomato tagged Sortilin, SorLA, SorCS1b, SorCS1c-α or SorCS2. In these 

experiments, one set of HeLa cells was transfected with BDNF-GFP (Fig. 8D). These cells secrete BDNF-

GFP into the cell culture medium. Another set of HeLa cells was transfected with the tdTomato tagged 

Vps10p-D receptors. 24 h after transfection, the differently treated cells were co-cultured and analyzed 

by confocal live microscopy. Time-lapse images of cells expressing either of the tdTomato tagged 

Vps10p-D receptors also show vesicular co-localization and co-transport of BDNF-GFP with tdTomato 

tagged Sortilin, SorLA, SorCS1c-α or SorCS2 (Movies 7-10, Fig. 8E). As BDNF-GFP is expressed in 
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independently transfected cells, tdTomato tagged Vps10p-D receptor expressing cells took up BDNF-

GFP from the cell culture medium. In accordance with the previous experiments, BDNF-GFP was 

observed predominantly at the cellular surface in cells expressing SorCS1b-tdTomato (Movie 11, Fig. 

8E). 

In conclusion, we demonstrate for the first time that all Vps10p-D receptors interact with BDNF, that 

tagged Sortilin, SorLA, SorCS1c-α, SorCS2 and SorCS3 mediate internalization of BDNF independent of 

TrkB and that tagged SorCS1b overexpressing cells exposed to BDNF accumulate BDNF at their cellular 

surface. The functional interaction of the receptors with BDNF strongly suggests ligand binding ability 

of the fluorophore tagged Vps10p-D receptors through their Vps10p-Ds. 

Discussion 

Proteins are delivered post-translationally to specific subcellular compartments to exert their proper 

function. Accurate sorting of proteins is one factor that underlies the compartmentalization of cells 

into distinct membrane-bound organelles and the asymmetric arrangement of polarized cells such as 

neurons. Alterations of these processes can underlie tremendous cytopathological defects. Sorting 

receptors of the Vps10p-D family play a role in endosomal targeting, secretion and internalization of 

soluble ligands. In addition, they govern also the subcellular localization of other transmembrane 

proteins, but the underlying molecular determinants are incompletely understood (1,26,27). 

Deciphering the localization and mobility of Vps10p-D receptors inside a cell and directly observing 

their interactions at spatial and temporal levels to examine local dynamics by live imaging has been 

challenging. The most widely applied strategy for live imaging of proteins is the use of fluorescent 

protein tags. Such fusion proteins enable the non-invasive analysis of protein localization and dynamics 

in living cells owing to the unique ability of GFP-like fluorescent proteins to form chromophores 

autocatalytically without the involvement of external enzymes and cofactors (80). When genetically 

fused to a protein of interest, fluorophores offer an exquisite labeling specificity. Adding a fluorophore 

to the N- or C-terminus of a protein is the simplest strategy to tag a protein. However, terminal tagging 

of Vps10p-D receptors presumably impedes a large number of specific protein interactions and 

functions. Therefore, we excluded terminal tagging and designed internally tagged receptors. The 

positioning of the internal tag is critical to retain receptor structure and function. For the selection of 

the tag position, we benefitted from previous studies expressing the extracellular/luminal parts of the 

receptors as functional segments and from structural analyses (28-30,33-35,37,43). 

To maintain function and ligand binding properties of tagged receptors, the correct folding of their 

individual domains is essential. Protein folding, along with different protein modifications, occurs co- 

and post-translationally in the ER by several chaperoning proteins and the functional protein is then 

sorted from the ER to the Golgi apparatus (81). Misfolding of proteins generally prevents their exit 

87



from the ER, leads to accumulation in the ER and eventually to a stress response and degradation. We 

predicted the structures of mVenus and tdTomato tagged Vps10p-D receptors computationally, 

observed their exit from the ER and concluded correct domain folding of the tagged Vps10p-D 

receptors. Only the SorCS3 construct was partially trapped in the ER when expressed in COS7 or HeLa 

cells, but not in HEK293 cells and in primary cultured neurons. SorCS3 is the only Vps10p-D family 

member with an exclusive expression in the brain (6) and it is tempting to speculate that in some non-

neuronal cells, such as COS7 cells, specific factors for successful folding of the receptor are lacking. 

We specified the intracellular localizations of the tagged receptors and our observations are largely in 

agreement with previous studies assessing subcellular localization of wt or chimeric Vps10p-D 

receptors by immunocytochemistry. Notably, a detailed subcellular localization has not been 

performed for all Vps10p-D receptors so far. This turned out difficult for SorCS1 and SorCS3, because 

both proteins are highly homologous and specific antibodies for each receptor are not available. Thus, 

we present additional tools to detect the receptors independently. We show significant co-localization 

of all fluorophore tagged Vps10p-D receptors, but not of SorLA, with the CGN marker protein GM130. 

Still, the absence of SorLA co-localization with GM130 corroborates previous investigations (82). We 

observed that the receptors are targeted from the Golgi apparatus to the plasma membrane and to 

various endosomes of which several were Rab5 and VPS35 positive (6,34,48,52,54,58,73,82-85). Only 

SorCS1b, which is lacking internalization motifs in its cytoplasmic tail, is predominantly localized to the 

plasma membrane (33). Specific post-Golgi and post-endocytic pathways are so far not completely 

characterized for all Vps10p-D receptors. The itineraries of Sortilin and SorLA are best characterized. 

Both interact directly with the retromer complex (52,58). This is likely reflected in the high co-

localization of fluorophore tagged Sortilin and SorLA with the retromer subunit VPS35. Fluorophore 

tagged SorCS1c-α, SorCS2 and SorCS3 demonstrated a significantly lower co-localization, presumably 

due to an indirect interaction with the retromer complex, indicated by the lack of canonical retromer 

interaction motifs in their cytoplasmic domains. However, co-immunoprecipitation of VPS35 with 

SorCS1 has been observed (86), supporting SorCS1 transport in VPS35 positive endosomes. 

In accordance with a number of other studies, we found predominant somatodendritic expression of 

all fluorophore tagged Vps10p-D receptors in primary cultured neurons (6,46,82,87,88). However, we 

also observed some additional expression of SorCS1b and SorCS3 in the axonal initial segment. 

The receptors of the SorCS subgroup homo- and heterodimerize through their leucine rich domains 

(32). The demonstration of the homodimerization of fluorophore tagged SorCS2 suggests functional 

leucine rich domains and hints at an equally functional dimerization of fluorophore tagged SorCS1 or 

SorCS3. Our successful FLIM application points at the use of fluorophore tagged Vps10p-D receptors 

in additional interaction studies based on FRET-FLIM experiments in fixed and living cells. The here 

established internal insertion site may be also applied to other tags including application-tailored 
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fluorophores with specialized photophysical properties. Thus, live cell analysis can be expanded by the 

introduction of alternative fluorophore tags, such as pH sensitive fluorophores. The tag position is also 

useable for insertion in other experiments, e.g. to identify additional protein interaction partners. 

Moreover, the genetically encoded tags can be introduced by gene editing methods to overcome 

overexpression effects. 

The here conducted live imaging experiments proved the applicability of the designed fluorophore 

tagged Vps10p-D receptors in live assays. For all tagged receptors except for SorCS1b our data shows 

in vivo cotransport with GFP-Rab5 as well as TrkB independent internalization of biotin labeled or GFP 

tagged BDNF. These observations corroborate the endocytic function of all Vps10p-D receptors, but 

not SorCS1b, and their transport through Rab5 positive early endosomes. Previous studies highlighted 

the high affinity interaction of pro-NGF and pro-BDNF with Sortilin and SorCS2 (30,40). However, a 

lower affinity binding of mNGF has been observed for Sortilin and SorCS2 (30,40) and SorCS3 also binds 

proNGF but, in contrast, an even higher affinity to mNGF (43). We observed an endocytic uptake of 

biotin labeled mBDNF by all fluorophore tagged Vps10p-D receptors, but not SorCS1b which promotes 

accumulation of mBDNF on the cell surface. In the executed experiments, we focused on the 

functionality of the Vps10p-Ds in the tagged receptors. Accordingly, saturating concentrations of 

mBDNF-Biotin were used in the internalization experiments and binding of lower affinity ligands might 

already result in receptor internalization. In addition, cells expressing either fluorophore tagged 

Vps10p-D receptor, but not SorCS1b, internalized BDNF-GFP secreted by co-cultured cells. The BDNF-

GFP construct encoded full length BDNF and internalized BDNF-GFP might correspond to both pro- or 

mature-BDNF-GFP. Together, our experiments demonstrate for the first time BDNF uptake by all 

Vps10p-D receptors. Notably, an interaction of SorLA and SorCS1 with a neurotrophin has not been 

demonstrated before. Future experiments are needed to determine specific affinities of the receptors 

for the specific forms of BDNF. 

In summary, we designed functional fluorophore tagged Vps10p-D receptors. Using immortalized cells 

as well as primary cultured neurons, we observed functional subcellular targeting, ligand binding, cargo 

transport and dimerization of the tagged receptors. Overall, the here designed fluorophore tagged 

Vps10p-D receptors are novel powerful tools for future accurate surveys of the individual roles of the 

receptors in intracellular sorting which might be key to understand cytopathological mechanisms 

underlying neuronal and metabolic diseases. 

Experimental procedures 

Constructs for protein expression and structure prediction 

To generate expression constructs, tdTomato or mVenus, as well as one N-terminal and one C-terminal 

fragment of (human) hSortilin, hSorLA, hSorCS1b, hSorCS1c-α, (murine) mSorCS2 and hSorCS3 
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respective cDNAs were amplified by PCR using Q5® High-Fidelity DNA Polymerase (New England 

Biolabs). Using appropriate primers generating an ApaI site at the 3’-ends of cDNA encoding the N-

terminal fragments of the Vps10p-D receptors and at the 5’-ends of tdTomato or mVenus cDNA. To 

the 5’-ends of cDNA encoding the C-terminal fragments and to the 3’-ends of tdTomato or mVenus 

cDNA an XbaI site was added. For hSortilin, hSorCS1b, hSorCS1c-α, mSorCS2 and hSorCS3 the N-

terminal fragment contained their extracellular domains, and the C-terminal fragment comprised their 

transmembrane and cytosolic domain respectively. The transition point to the respective 

transmembrane domain was predicted using the TMHMM 2.0 (89,90) and the TopPred tool (75,76). 

Accordingly, the transition from the extracellular domain to the transmembrane domain of hSortilin is 

at V757  (UniProtKB ID: Q99523-1), for the hSorCS1 splice variants at G1100 (UniprotKB ID: Q8WY21-1), 

for mSorCS2 at Y1080 (UniprotKB ID: Q9EPR5-1) and for hSorCS3 at S1124 (UniprotKB ID: Q9UPU3-1). 

However, to enhance correct protein folding, C-terminal fragments of hSorCS1 and hSorCS3 were 

extended until the next proline which often functions as a structure breaker between domains (91). 

Hence, the C-terminal fragments of the hSorCS1 variants start from P1096 and of hSorCS3 from P1114. 

For hSorLA (UniprotKB ID: Q92673-1) the N-terminal fragment contains the propeptide and the 

Vps10p-D (M1 – E759), and the C-terminal fragment contains all domains starting with the YWTD repeat 

to the C-terminus (F760 – A2214). cDNA encoding the respective N-terminal and C-terminal fragments 

were first cloned into the pcDNA3.1/Zeo(-) vector (Invitrogen). Between these two fragments the 

amplified cDNA of tdTomato or mVenus were inserted respectively. For lentiviral expression these 

constructs were then also cloned into the L21 vector (57). The subcellular markers were all tagged at 

their termini. Accordingly, cDNA encoding GFP was cloned to the 3’-ends of the respective cDNAs 

encoding BDNF, TrkB, Vps35 or β-1.4-GT and cloned into an L21C-M2 destination vector. GFP-Rab5 has 

been described before (92).  mCherry-Rab9a was purchased from Addgene (Plasmid #78592) (93). The 

ER marker, tdTomato tagged Calreticulin signal peptide carrying a KDEL sequence, was a generous gift 

from Jakob Gutzmann. 

The structures of the wildtype sorting receptors were predicted using the AlphaFold Structure 

Database. To confirm correct protein folding of the tagged proteins their structures were predicted 

employing the Robetta server and AlphaFold 2.0 (74,94,95). Due to computational limitations, 

however, the tagged protein predictions contain only the critical neighboring domains of the inserted 

fluorophores, respectively.  

Cell culture and transfection 

COS7 (DSMZ, ACC60), HeLa (DSMZ, ACC57) and HEK293 (DSMZ, ACC305) cells were cultured at 37°C 

and 5% CO2 in Gibco Dulbecco’s MEM (DMEM, Thermo Fisher Scientific) supplemented with 10% fetal 

calf serum (FCS, Capricorn Scientific GmbH) and 100 U ml-1 Penicilin-Streptomycin (Thermo Fisher 
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Scientific). Transfection was performed using Lipofectamine 2000 (Invitrogen) according to 

manufacturer’s protocol. 

For primary hippocampal cell culture hippocampi were dissected from E16 embryos of pregnant 

C57BL/6J mice collected in 10 mM glucose, rinsed with Hanks’ Balanced Salt Solution (HBSS, Thermo 

Fisher Scientific) and treated with 0.05% Trypsin-EDTA (Thermo Fisher Scientific) for 5 min at 37°C. 

Trypsin reaction was stopped using 10% FCS in HBSS and neurons were dissociated in HBSS by 

triturating with fire polished Pasteur pipettes. HBSS was removed and approximately 60,000 cells/cm² 

were seeded in PNGMTM (Lonza) supplemented with 100 U/ml Penicilin-Streptomycin on poly-L-lysine 

coated 12 mm glass coverslips. After 3 days in vitro (DIV), neurons were incubated with PNGMTM 

(Lonza) supplemented with NSF-1 (Lonza) for 30 min and transfected with 3 µg plasmid DNA using 125 

mM CaCl2 in HeBS (137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 7.5 mM glucose, 21 mM HEPES pH 7.12) 

for 40 min per coverslip. Transfected neurons were then fixed and immunostained 7–14 days in vitro 

(DIV). 

Immunocytochemistry, antibodies and conjugates 

Cells were fixed using ice cold 4% paraformaldehyde (PFA) and 4% sucrose in PBS or with ice cold 

methanol for 20 min and permeabilized with 0.05 % Triton X-100 in PBS for 30 min. For immunostaining 

the following antibodies were used: rabbit α-dsRed (to stain tdTomato) (632496, Clontech; 1:500); 

chicken α-GFP (to stain mVenus) (ab139701, Abcam; 1:5000); mouse α-GM130 (ab169276, Abcam; 

1:100); rabbit α-Rab5 (ab18211, Abcam; 1:200); rabbit mouse α-Lamp1 (555798, BD Biosciences; 

1:2000); chicken α-Map2 (ab5392, Abcam; 1:10,000); mouse α-Ankyrin G (sc-12719, Santa Cruz; 

1:100); goat α-chicken Alexa Fluor 488 (A11039, Invitrogen; 1:400); goat α-rabbit Alexa Fluor 555 

(A21428, Invitrogen; 1:400); goat α-mouse Alexa Fluor 555 (A21422, Invitrogen; 1:400); goat α-mouse 

Alexa Fluor 633 (35513, Thermo Scientific; 1:400).  

Immunoblotting 

To verify qualitative expression of indicated proteins transfected or non-transfected cells were 

harvested and lysed in lysis buffer (150 mM NaCl, PBS pH 7.4, 2% NP-40, 0.1% SDS, 0.5% sodium 

deoxycholate, 1 mM PMSF and  Complete proteinase inhibitor cocktail (Roche)) for 1 h at 4°C. Protein 

concentrations of lysates were determined using the bicinchoninic acid method (BCA Protein Assay; 

Pierce). Equal amounts of protein were mixed with SDS sample buffer, boiled at 95°C for 5 min, 

separated in 8% acrylamide gels and transferred on polyvinylidene fluoride (PVDF) membranes. 

Specific proteins were then detected with respective primary antibodies and HRP-conjugated 

secondary antibodies and visualized by ECL with SuperSignal™ West Pico PLUS Chemiluminescent 

Substrate (Thermo Scientific) using a Fujifilm LAS 4000 mini. For detection the following antibodies 
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were used: α-dsRed (to detect tdTomato) (632496, Clontech; 1:1000); chicken α-GFP (to detect 

mVenus) (ab139701, Abcam; 1:10,000); mouse α-TrkB (610101, BD Biosciences; 1:1000); mouse α-β-

actin (A5441, Sigma; 1:1000); goat α-rabbit HRP (65-6120, Invitrogen; 1:5000); rabbit α-chicken HRP 

(W4011, Promega; 1:5000); goat α-mouse HRP (W4021, Promega; 1:5000). 

Co-immunoprecipitation (co-IP) 

Transfected cells were harvested and lysed with co-IP lysis buffer (150 mM NaCl, PBS pH 7.4, 0.5% 

Triton X-100, 1 mM PMSF and Complete proteinase inhibitor cocktail (Roche)). A fraction of the lysates 

was saved and supplemented with SDS sample buffer as the input fraction and the remaining lysates 

were coupled to GFP-Trap® Nanobodies/VHH coupled to magnetic agarose beads (ChromoTek) by 

inverting them for 30 min at 4°C. A part of the supernatant was saved and supplemented with SDS 

sample buffer. The beads were washed five times with dilution buffer (150 mM NaCl, PBS pH 7.4, 1 

mM PMSF and Complete proteinase inhibitor cocktail (Roche)) and finally supplemented with SDS 

sample buffer as the precipitate fraction. For visualization, input and supernatant fractions as well as 

the precipitates were immunoblotted. 

Fluorescence lifetime imaging microscopy (FLIM)  

Hela cells were transfected with mVenus tagged SorCS2 and either tdTomato tagged SorCS2 or Sortilin. 

Two days post transfection cells were fixed with 4% PFA in PBS for 20 min. Confocal images were taken 

and fluorescence lifetimes of the mVenus fluorophores were measured using an Abberior STED-

confocal expert line system (Abberior Instruments). The images were acquired in confocal mode. Pixel 

by pixel the fluorescence lifetime intensity curve was acquired. An image of the sample was obtained 

by summing up the fluorescence lifetime intensity curves associated to each pixel. 

During the pixel by pixel analysis an equal intensity threshold was set, to exclude from the analysis 

lifetime profiles which signal to noise ratio was too poor to provide reliable estimates. In the end, only 

the pixels above the threshold were analyzed. Statistical differences between lifetimes were validated 

through Kruskal-Wallis analysis with a post-hoc Mann-Whitney-U test using IBM SPSS Statistics 25. For 

lifetime images, pixels above the threshold were color-coded based on their fluorescence lifetimes. 

Normalized frequencies were calculated as the relative number of pixels at a lifetime in a range of 0.01 

ns in relation to the amount of pixels at the respective lifetime with the maximum amount of pixels.  

BDNF uptake assay 

HeLa or HEK293 cells were transfected with tdTomato tagged Vps10p-D receptors respectively. Two 

days post transfection cells were starved for 2 h in Opti-MEMTM without FCS (OptiMEM, Thermo Fisher 

Scientific). Subsequently, the cells were cooled down to 4°C and incubated for 1 h with 0.1 µg/ml ice-
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cold hBDNF-Biotin (B-250-B, Alomone Labs Ltd) in OptiMEM for receptor binding at the plasma 

membrane. Non-binding hBDNF-Biotin was removed by washing twice with ice cold OptiMEM. For 

internalization of the receptors, the cells were incubated 10 min at 37°C, followed by immediate 

fixation with 4% paraformaldehyde and 4% sucrose in PBS at 4°C. hBDNF-Biotin was visualized by using 

Streptavidin, DyLightTM 488 conjugated (21832, Thermo Scientific; 1:500). 

For live-cell analysis of BDNF uptake one set of HeLa cells was transfected with BDNF-GFP and another 

set in parallel with the tdTomato tagged Vps10p-D receptors respectively. 24 h post transfection the 

two differently treated sets of cells were co-cultured with a ratio of 40% BDNF-GFP expressing cells 

and 60% tdTomato tagged Vps10p-D receptors expressing cells. After another 24 h live time-lapse 

images were taken from HeLa cells expressing the tdTomato tagged Vps10p-D receptors. 

Confocal imaging and co-localization 

Immunofluorescent images were taken by confocal microscopy using a TCS SP8 microscope (Leica) 

with a 60x magnification objective. For time-lapse microscopy, cells were seeded in glass bottom 

dishes and transfected with indicated fluorophore tagged fusion proteins. During live-cell imaging 

temperature was kept at 37°C and CO2 levels at 5%. Time-lapse movies were taken with the TCS SP8 

microscope (Leica) and formatted using Fiji ImageJ. 

For colocalization analysis, Laser Power and Gain was kept identical between images. Using the Fiji 

ImageJ plugin JaCoP the Mander’s coefficients for colocalization were calculated. These represent the 

amount of immunoreactivity of one channel colocalizing with the immunoreactivity of the other 

channel. Bar graphs were produced using Graph Pad Prism 5. Statistical differences were validated 

through one-way-Anova with post hoc Tukey tests for parametric data sets or Kruskal-Wallis and post 

hoc Mann-Whittney-U tests for non-parametric data sets in IBM SPSS Statistics 25. 

Data availability 

All data are contained within the manuscript and are available upon reasonable request. 

The plasmids generated here will be deposited on Addgene.  
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Figure legends 

Figure 1. Domain organization and structural analysis of the Vps10p-D receptors with and without 

fluorophore insertion. A, domain organization of the Vps10p-D receptors (top) and design of 

fluorophore tagged versions of the Vps10p-D receptors, tagged with mVenus (bottom left) and tagged 

with tdTomato (bottom right). B, structural predictions of the wildtype Vps10p-D receptors and their 

domains surrounding the insert area before and after mVenus or tdTomato insertion using AlphaFold 

2.0. Purple represents the propeptide, light blue the Vps10p domain, dark blue the YWTD repeat, grey 

the EGF precursor type repeat, magenta the LDLR class A repeat, green the fibronectine type III repeat 

in SorLA and the leucine rich domain in the SorCS subgroup, orange the transmembrane domain and 

red the cytoplasmic domain. 

Figure 2. Expression and ER exit of the tagged Vps10p-D receptors. A, confocal images of cells 

transfected with the ER marker KDEL-tdTomato (magenta) and mVenus tagged Vps10p-D receptors 

(green). mVenus tagged Sortilin, SorLA, SorCS1b, SorCS1c-α and SorCS2 were expressed in COS7 cells 

and mVenus tagged SorCS3 was expressed in HEK293 cells. mVenus and tdTomato signals were 

enhanced by immunostainings with respective antibodies. B, C, full-length expression of fluorophore 

tagged Vps10p-D receptors. Lysates of indicated non-transfected cells and COS7 cells transfected with 

fluorophore tagged Sortilin, SorLA, SorCS1b, SorCS1c-α and SorCS2 and HEK293 cells transfected with 
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fluorophore tagged SorCS3 were analyzed by immunoblotting with respective antibodies for (B) 

mVenus or (C) tdTomato. Data are representative of three independent experiments.  

Figure 3. Colocalization analysis of mVenus tagged Vps10p-D receptors with endogenous GM130, 

Rab5 or Lamp1. A, C, E, mVenus tagged Sortilin, SorLA, SorCS1b, SorCS1c-α and SorCS2 were expressed 

in COS7 cells and mVenus tagged SorCS3 was expressed in HEK293 cells, immunostained for 

endogenous (A) GM130, (C) Rab5 or (E) Lamp1 (magenta), mVenus signals (green) were enhanced by 

immunostaining and cells analyzed by confocal microscopy. Magnifications of selected areas (boxes) 

are shown as insets. B, D, F, Manders’ colocalization coefficients of the Vps10p-D receptors tagged 

with mVenus and (B) GM130, (D) Rab5 or (F) Lamp1. Values represent mean ± s.e.m. Statistical 

differences were validated through Kruskal-Wallis and post hoc Mann-Whittney-U tests. B, Manders’ 

coefficient of GM130/SorLA-mVenus (n=9) is significantly lower than GM130/Sortilin-mVenus (n=14, 

p=0.003), GM130/SorC1c-α-mVenus (n=10, p=0.008), GM130/SorCS2-mVenus (n=10, p=0.001), 

GM130/SorCS3-mVenus (n=16, p≤0.001) and GM130/SorC1b-mVenus (n=11, p=0.001). D, Manders’ 

coefficient of SorCS1b-mVenus/Rab5 (n=19) is significantly lower than Sortilin-mVenus/Rab5 (n=13, 

p≤0.001), SorLA-mVenus/Rab5 (n=10, p≤0.001), SorCS1c-α-mVenus/Rab5 (n=14, p≤0.001), SorCS2-

mVenus/Rab5 (n=7, p≤0.001) and SorCS3-mVenus/Rab5 (n=24, p≤0.001). Manders’ coefficient of 

Rab5/SorCS1b-mVenus (p≤0.001) is significantly lower than Rab5/Sortilin-mVenus (p≤0.001), 

Rab5/SorLA-mVenus (p≤0.001), Rab5/SorCS1b-mVenus (p≤0.001), Rab5/SorCS1c-α-mVenus 

(p≤0.001), Rab5/SorCS2-mVenus (p≤0.001) and Rab5/SorCS3-mVenus (p≤0.001). F, Manders’ 

coefficients form co-localization between Lamp1 and Sortilin-mVenus (n=13), SorLA-mVenus (n=12), 

SorCS1b-mVenus (n=9), SorCS1c-α-mVenus (n=12), SorCS2-mVenus (n=12) or SorCS3-mVenus (n=14) 

were all similarly low. **, p≤0,01. ***, p≤0,001. 

Figure 4. Colocalization analysis of fluorophore tagged Vps10p-D receptors with β-1,4-GT-GFP, 

VPS35-GFP and mCherry-Rab9. A, C, E, confocal images of cells transfected with Vps10p-D receptors 

tagged with (A, C) tdTomato (magenta) or (E) mVenus (green) and (A) β-1,4-GT-GFP, (C) VPS35-GFP or 

(E) mCherry-Rab9. Tagged Sortilin, SorLA, SorCS1b, SorCS1c-α and SorCS2 were expressed in COS7 cells

and tagged SorCS3 was expressed in HEK293 cells. Fluorophore signals were enhanced by 

immunostainings with respective antibodies. Magnifications of selected areas (boxes) are shown as 

insets.  B, D, F, Manders’ colocalization coefficients for the fluorophore tagged Vps10p-D receptors 

with (B) β-1,4-GT-GFP, (D) VPS35-GFP or (F) Rab9-mCherry. Values represent mean ± s.e.m. Statistical 

differences were validated through Kruskal-Wallis and post hoc Mann-Whittney-U tests. B, Manders’ 

coefficient of β-1,4-GT-GFP/Sortilin-tdTomato (n=11) is significantly higher than β-1,4-GT-GFP/SorLA-

tdTomato (n=11, p=0.028), β-1,4-GT-GFP/SorCS1c-α-tdTomato (n=10, p≤0.001), β-1,4-GT-GFP/SorCS2-
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tdTomato (n=9, p≤0.001), β-1,4-GT-GFP/SorCS3-tdTomato (n=11, p≤0.001) and β-1,4-GT-

GFP/SorCS1b-tdTomato (n=22, p≤0.001). Manders’ coefficient of β-1,4-GT-GFP/SorLA-tdTomato is 

significantly higher than β-1,4-GT-GFP/SorCS1c-α-tdTomato (p=0.013), β-1,4-GT-GFP/SorCS2-

tdTomato (p=0.001), β-1,4-GT-GFP/SorCS3-tdTomato (p≤0.001) and β-1,4-GT-GFP/SorCS1b-tdTomato 

(p≤0.001). Manders’ coefficient of β-1,4-GT-GFP/ SorCS1c-α-tdTomato is significantly higher than β-

1,4-GT-GFP/SorCS3-tdTomato (p=0.002) and β-1,4-GT-GFP/SorCS1b-tdTomato (p≤0.001). Manders’ 

coefficient of β-1,4-GT-GFP/SorCS2-tdTomato is significantly higher than β-1,4-GT-GFP/SorCS1b-

tdTomato (p≤0.001). D, Manders’ coefficient of VPS35-GFP/SorCS1b-tdTomato (n=10) is significantly 

lower than VPS35-GFP/Sortilin-tdTomato (n=14, p≤0,001), VPS35-GFP/SorLA-tdTomato (n=10, 

p≤0,001), VPS35-GFP/SorCS1c-α-tdTomato (n=15, p≤0,001), VPS35-GFP/SorCS2-tdTomato (n=12, 

p≤0,001) and VPS35-GFP/SorCS3-tdTomato (n=13, p≤0,001). Manders’ coefficients of VPS35-

GFP/Sortilin-tdTomato (n=14) and VPS35-GFP/SorLA-tdTomato (n=10) significantly higher than VPS35-

GFP/SorCS1c-α-tdTomato (n=15, pSortilin=0.029, pSorLA=0.031), VPS35-GFP/SorCS2-tdTomato (n=12, 

pSortilin=0.041, pSorLA=0.043) and VPS35-GFP/SorCS3-tdTomato (n=13, pSortilin=0.048, pSorLA=0.042). F, 

Manders’ coefficient of SorCS1b-mVenus/Rab9-mCherry (n=11) is significantly lower than Sortilin-

mVenus/ mCherry-Rab9 (n=18, p≤0.001), SorLA-mVenus/mCherry-Rab9 (n=16, p≤0.001), SorCS1c-α-

mVenus/mCherry-Rab9 (n=10, p≤0.001) and SorCS2-mVenus/mCherry-Rab9 (n=12, p≤0.001).  

Manders’ coefficient of SorCS2-mVenus/mCherry-Rab9 is significantly lower than Sortilin-

mVenus/mCherry-Rab9 (p≤0.001) and SorCS1c-α-mVenus/mCherry-Rab9 (p=0.004). Manders’ 

coefficient of SorCS3-mVenus/mCherry-Rab9 (n=12) is significantly lower than Sortilin-

mVenus/mCherry-Rab9 (p≤0.001), SorLA-mVenus/mCherry-Rab9 (p=0,006) and SorCS1c-α-mVenus/ 

mCherry-RAB9 (p≤0.001). *, p≤0,05. **, p≤0,01. ***, p≤0,001. 

Figure 5. Cotransport of tdTomatot tagged Vps10p-D receptors with GFP-Rab5. 

Confocal live image analysis of a COS7 cell transfected with SorCS1c-α-tdTomato, SorCS2-tdTomato, 

or SorCS1b-tdTomato (magenta) and GFP-Rab5 (green). Single images show initial position (0 s) and 

after indicated time points. The images correspond to movies 3, 4 and 6. 

Figure 6. Endosomal and somatodendritic localization of fluorophore tagged Vps10p-D receptors in 

neurons. A, dissociated hippocampal neurons were transfected at 3 days in vitro (DIV 3) with the 

indicated tdTomato tagged Vps10p-D receptors and GFP-Rab5 and immunostained at 7–14 DIV and 

analyzed by confocal microscopy. GFP and tdTomato signals were enhanced by immunostainings with 

respective antibodies. B, dissociated hippocampal neurons were transfected at 3 DIV with the 

indicated tdTomato tagged Vps10p-D receptors and immunostained for MAP2, as a marker for 
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dendrites, and for Ankyrin G, as a marker for the axonal initial segment at DIV 7-14. Magnifications of 

selected areas (boxed areas) are shown on the right. 

Figure 7. SorCS2-mVenus interacts with SorCS2-tdTomato but not with Sortilin-tdTomato. A, HeLa 

cells were transfected with SorCS2-mVenus and Sortilin-tdTomato or SorCS2-tdTomato as indicated. 

SorCS2-mVenus was precipitated from cell lysates with anti-mVenus beads and fractions analyzed by 

immunoblotting for the indicated fluorophore tags. I, Input; P, Precipitate; S, Supernatant. The 

depicted immunoblot is representative out of three independent experiments. B, C, FLIM analysis of 

HeLa cells transfected with SorCS2-mVenus and Sortilin-tdTomato or SorCS2-tdTomato. B, mean ± 

s.e.m. lifetimes of excited mVenus in pixels showing tdTomato (acceptor) excitation by mVenus (donor)

emission. mVenus lifetime is significantly lower in cells co-expressing SorCS2-tdTomato (ncells=25, 

npixels=79,984) than in cells co-expressing Sortilin-tdTomato (ncells=25, npixels=82,816, p≤0.001). C, 

intensity images of SorCS2-mVenus in cells co-expressing Sortilin-tdTomato or SorCS2-tdTomato (left), 

FLIM representation of excited mVenus in pixels showing tdTomato (acceptor) excitation by mVenus 

(donor) emission (middle). Lifetime distribution of pixels with acceptor excitation (right). mVenus 

lifetime is represented as indicated in the color bar, black pixels represent pixels without acceptor 

excitation. 

Figure 8. Fluorophore tagged Vps10p-D receptors mediate BDNF uptake. A, experimental design of 

BDNF-Biotin uptake. B, tdTomato tagged Sortilin, SorLA, SorCS1b, SorCS1c-α and SorCS2 were 

expressed in HeLa cells and tdTomato tagged SorCS3 was expressed in HEK293 cells. Cells were 

incubated with BDNF-Biotin for 1 h at 4°C, washed, incubated for 10 min at 37°C and fixed. BDNF-Biotin 

visualized by a fluorescent streptavidin conjugate (green) and the tdTomato signal (magenta) was 

enhanced by immunostaining. Magnifications of selected areas (boxes) of confocal images are shown 

as insets. C, lysates of non-transfected HEK293 and HeLa cells as well as HEK293 cells transfected with 

TrkB-GFP were analyzed by immunoblotting with antibodies against TrkB (upper panel) and β-actin 

(lower). The immunoblot shows a representative image out of three independent experiments. D, 

experimental design of BDNF-GFP uptake. HeLa cells were transfected with tdTomato tagged Vps10p-

D receptors (magenta) and in parallel another set of HeLa cells transfected with BDNF-GFP (green). 

After 24 h cells were co-cultured and imaged after 24 h by live confocal microscopy. E, single images 

show selected areas of cells of initial recordings (0 s) and after indicated time points. The images 

correspond to movies 9, 10 and 11. 

Supporting information 

Movies: 
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Movie 1. Confocal live image analysis of a COS7 cell transfected with Sortilin-tdTomato (magenta) and 

GFP-Rab5 (green) representing co-transport of Sortilin and Rab5. Scale bar represents 10 µm. Images 

were recorded with a framerate of 2.2 fps and are represented with a framerate of 2 fps. 

Movie 2. Confocal live image analysis of COS7 cells transfected with SorLA-tdTomato (magenta) and 

GFP-Rab5 (green) representing co-transport of SorLA and Rab5. Scale bar represents 10 µm. Images 

were recorded with a framerate of 2.16 fps and are represented with a framerate of 2 fps. 

Movie 3. Confocal live image analysis of a COS7 cell transfected with SorCS1c-α-tdTomato (magenta) 

and GFP-Rab5 (green) representing co-transport of SorCS1c-α and Rab5. Scale bar represents 10 µm. 

Images were recorded with a framerate of 4.97 fps and are represented with a framerate of 2 fps. 

Movie 4. Confocal live image analysis of COS7 cells transfected with SorCS2-tdTomato (magenta) and 

GFP-Rab5 (green) representing co-transport of SorCS2 and Rab5. Scale bar represents 10 µm. Images 

were recorded with a framerate of 4.48 fps and are represented with a framerate of 2 fps. 

Movie 5. Confocal live image analysis of a HEK293 cell transfected with SorCS3-tdTomato (magenta) 

and GFP-Rab5 (green) representing co-transport of SorCS3 and Rab5. Scale bar represents 10 µm. 

Images were recorded with a framerate of 2.16 fps and are represented with a framerate of 2 fps.  

Movie 6. Confocal live image analysis of a COS7 cell transfected with SorCS1b-tdTomato (magenta) 

and GFP-Rab5 (green) representing no co-transport of SorCS1b and Rab5. Scale bar represents 10 µm. 

Images were recorded with a framerate of 4.39 fps and are represented with a framerate of 2 fps.  

Movie 7. Confocal live image analysis of a HeLa cell transfected with Sortilin-tdTomato (magenta) co-

cultured with HeLa cells transfected with BDNF-GFP (green) representing vesicular co-transport of 

Sortilin and BDNF. Scale bar represents 10 µm. Images were recorded with a framerate of 1.71 fps and 

are represented with a framerate of 2 fps.  

Movie 8. Confocal live image analysis of a HeLa cell transfected with SorLA-tdTomato (magenta) co-

cultured with HeLa cells transfected with BDNF-GFP (green) representing vesicular co-transport of 

SorLA and BDNF. Scale bar represents 10 µm. Images were recorded with a framerate of 1.72 fps and 

are represented with a framerate of 2 fps.  
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Movie 9. Confocal live image analysis of a HeLa cell transfected with SorCS1c-α-tdTomato (magenta) 

co-cultured with HeLa cells transfected with BDNF-GFP (green) representing vesicular co-transport of 

SorCS1c-α and BDNF. Scale bar represents 10 µm. Images were recorded with a framerate of 1.73 fps 

and are represented with a framerate of 2 fps.  

Movie 10. Confocal live image analysis of a HeLa cell transfected with SorCS2-tdTomato (magenta) co-

cultured with HeLa cells transfected with BDNF-GFP (green) representing vesicular co-transport of 

SorCS2 and BDNF. Scale bar represents 10 µm. Images were recorded with a framerate of 1.71 fps and 

are represented with a framerate of 2 fps.  

Movie 11. Confocal live image analysis of a HeLa cell transfected with SorCS1b-tdTomato (magenta) 

co-cultured with HeLa cells transfected with BDNF-GFP (green) representing co-localization of SorCS1b 

and BDNF on the cell surface. Scale bar represents 10 µm. Images were recorded with a framerate of 

1.71 fps and are represented with a framerate of 2 fps.  

Click to open movies:

Movie 1 

Movie 2

Movie 3

Movie 4

Movie 5

Movie 6

Movie 7

Movie 8

Movie 9

Movie 10

Movie 11 
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6. Discussion  

 

Overall, in the presented publications I examine different functions and dysfunctions of 

endolysosomal protein sorting in the lysosome-autophagosome system and endosomal 

trafficking. I demonstrate congruent deficits in autophagic processes after ablation of the 

juvenile NCL protein CLN3 or the AD risk factor Pen2 in HeLa cells.  Accordingly, I compare 

converging links of NCLs with AD in the literature. These suggest that protein aggregates that 

accumulate in NCL and AD are possibly caused by deficits in the lysosome-autophagosome 

system. I further investigate the novel interaction of the AD risk factor SorLA with the scaffold 

protein PICK1. PICK1 and SorLA might mediate the intracellular trafficking of other PICK1 or 

SorLA interactors in concert. SorLA is a member of the Vps10p-D receptor family that are 

involved in several endosomal sorting processes and their dysfunction has been involved to 

several neurological diseases. I established functional internal fluorophore tagged versions of 

all Vps10p-D receptors as powerful tools for live applications to investigate their role in protein 

sorting. With these fluorophore tagged Vps10p-D receptors I examine their detailed 

subcellular localizations and show for the first time that all Vps10p-D receptors interact with 

BDNF independent of TrkB.  

6.1. Converging links between CLN3, other lysosomal storage disorders, and Alzheimer’s 

disease 

 

Impairments in trafficking and function of the autophagy-endolysosome system underlie 

different neurodegenerative diseases such as the NCLs. The function of CLN3, the most 

prevalent mutated gene of NCLs, is still elusive. Thus, in section 2, its implications in the 

autophagy-endolysosome system were investigated by employing a previously generated 

HeLa KO cell line of CLN3 (Kaleem, 2017; Klein et al., 2022). In these cells, a decreased activity 

of lysosomal enzymes including CTSB and a lower number of lysosomes when compared to 

wild type cells was observed (Klein et al., 2022). These observations were accompanied by 

minor alterations in endosome compartmentalization as shown in increased colocalization of 

Lamp1 or Lamp2 with Rab9. As Rab9 conveys transport between the TGN, late endosomes 

and lysosomes, and Lamp1 and Lamp2 are lysosome resident this either hints at a 

mislocalization of Rab9 or an increased protein transport towards lysosomes. Lysosomal 
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formation and degradation deficiencies are both common pathological initiators of NCLs as 

described for CLN6, CLN8, CLN12 and CLN14 (Bajaj et al., 2020; di Ronza et al., 2018; Nyuzuki 

et al., 2020; Wang et al., 2022). Autophagosome formation as well as autophagosome fusion 

with lysosomes to autolysosomes appear to be functional and even elevated upon CLN3 KO in 

HeLa cells. In contrast, in numerous other lysosomal storage disorders including CLN1, CLN5, 

CLN10 and CLN11 this autophagic flux has been demonstrated to show major deficits (Sarkar 

et al. 2020; Marques et al. 2020; Zhou et al. 2019; Kim et al. 2022). In CLN11, however, these 

deficits may origin from impairments in general autophagosome formation (Zhou et al., 2019). 

Our analysis demonstrated in the established CLN3 KO HeLa cells elevated levels of nuclear 

TFEB as demonstrated by immunocytochemistry and elevated levels of transcripts of 

autophagy related TFEB targets as shown by qPCR, with even stronger effects after nutrient 

deprivation. The levels of the CLN10 protein CTSD were elevated in the KO cells under normal 

conditions and even increased after nutrient deprivation. Expression of the CLN2 protein 

TPP1, however, was decreased in CLN3 KO cells under conditions with full nutrient supply but 

increased after nutrient deprivation. As in CLN10 disease the autophagic flux is inhibited 

(Marques et al., 2020), the increased expression of CTSD in the CLN3 KO HeLa cells possibly 

promotes further autolysosome formation. The altered expression levels of different TFEB 

targets, especially after nutrient deprivation, therefore, possibly regulates autophagosome 

formation. An increased fusion of autophagosomes with lysosomes in the CLN3 KO cells 

maybe explain the observed decreased number of lysosomes. Overall, the findings of 

significantly reduced lysosomal activity and compartmentalization, and increased formation 

of autophagosomes and autolysosomes in the CLN3 KO HeLa cells are concordant with 

previous findings of impaired lysosomal functions upon CLN3 deficiency in other cellular and 

biological models (Fossale et al., 2004; Lojewski et al., 2014; Ramirez-Montealegre and Pearce, 

2005; Schmidtke et al., 2019) and the accumulation of autophagy related proteins in CLN3 

disease (Cao et al., 2006) (See 1.3.2 Transmembrane CLN proteins). 

Excitingly, an interaction of CLN3 with the γ-secretase subunit and AD disease risk factor Pen2 

was identified (Klein et al., 2022; Oetjen, 2014). Moreover, their co-expression in tissue, co-

localization in endo-lysosomal compartments, like late endosomes and lysosomes, and co-

transport in HeLa cells and primary hippocampal neurons was exhibited (Klein et al., 2022; 

Oetjen, 2014). A KO of Pen2 in HeLa cells demonstrated expected deficits of γ-secretase 

activity, which, however, were not shared by the CLN3 KO cells (Kaleem, 2017; Klein et al., 
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2022). Consequently, CLN3 seems not to regulate γ-secretase activity. Interestingly, an 

analysis of unexplained clinically diagnosed EOAD cases identified a genomic region directly 

upstream of the CLN3 gene suggesting other links between CLN3 and AD, independent of γ-

secretase function (Cheng et al., 2018). In mice, Pen2 deficiency is lethal at an embryonic stage 

(Bammens et al., 2011) but in our established Pen2 KO HeLa cell we did not observe any 

changes in cell proliferation and survival (Klein et al., 2022). This suggests that γ-secretase 

inhibition itself and therefore the processing of its target proteins like APP is not a major cause 

for cellular death or that their processing or removal can also be achieved differently (Wolfe, 

2020). 

Pen2 is the last protein to be incorporated in the γ-secretase complex, regulates the exit of 

the γ-secretase from the ER, and plays a role in the proteolytic autoactivation of PSENs 

(Kaether et al., 2007; Prokop et al., 2005). Interestingly recent studies suggest its involvement 

in AMPK activation particularly when interacting with the diabetes type 2 drug metformin at 

the lysosome membrane (Liu et al., 2022; Ma et al., 2022; Sakamoto and Jessen, 2022). When 

investigating the autophagy-lysosome system in the employed Pen2 KO HeLa cells we observe 

striking overlaps with the phenotype of CLN3 KO cells (Klein et al., 2022). Precisely, the findings 

in the two congenic KO cell lines are almost identical which indicates a shared involvement of 

Pen2 and CLN3 in the autophagy-lysosome system. The performed qPCR experiments also 

demonstrated increased Pen2 transcript levels in CLN3 KO and increased CLN3 transcript 

levels in Pen2 KO. This suggests compensatory effects of the two proteins. Moreover, the KO 

cell lines partially mimic the phenotype of nutrient deprived ‘starved’ wild type cells. Thus, the 

consequent enhancement of the autophagy-lysosome system as demonstrated by increased 

nuclear TFEB, increased transcript levels of autophagy related TFEB targets, and increased 

autophagosome and autolysosome formation in starved Pen2 KO and CLN3 KO cells may be 

explained by a compensatory stress response to an impaired energy metabolism as already 

earlier suggested for CLN3 deficiency (Zhong et al., 2020). The observations in the autophagy-

lysosome systems in the CLN3 KO and Pen2 KO HeLa cells are coherent with those in sub-

confluent cerebellar neuronal precursor cells after CLN3Δexon7/8 mutation (CbCLN3Δexon7/8) 

(Cao et al., 2011; Chandrachud et al., 2015; Fossale et al., 2004). The typical ATP5MC 

accumulation observed in neurons from CLN3 disease patients, however, only occurs in 

confluent CbCLN3Δexon7/8 cells, and not under sub-confluent conditions (Fossale et al., 2004). 

Such accumulation was also not observed in the CLN3 KO nor Pen2 KO HeLa cells. Hence, it is 
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plausible that CLN3 KO and Pen2 KO HeLa cells and the CbCLN3Δexon7/8 cells upon sub-

confluency are still more adaptable to deficits in the autophagy-lysosome system than 

CbCLN3Δexon7/8 cells upon confluency or post-mitotic neurons. In the established KO cell lines 

said deficits are possibly rescued through TFEB activation which has been proposed to 

counteract disease progression in neurodegenerative diseases (Bajaj et al., 2019).  

In the last years, in contrast to the conventional amyloid hypothesis, where Aβ occurrence 

and accumulation is regarded as the primary cause for AD, impairments of the autophagy-

endolysosomal system that eventually lead to an imbalance of the energy metabolism have 

been suggested more frequently to be causative for AD (Funderburk et al., 2010; Liu and Li, 

2019; Nixon and Yang, 2011; Uddin et al., 2018; Whyte et al., 2017; Zare-Shahabadi et al., 

2015; Zhang et al., 2021). Accordingly, several overlaps between AD and NCLs in the 

autophagy-lysosome system have been reported. In NCL patients sometimes the 

accumulation of Aβ in lysosomes as part of the lysosomal storage material has been reported 

(Herva et al., 2000; Wisniewski et al., 1990a; Wisniewski et al., 1990b) and TPP1 (CLN2) is 

capable of Aβ degradation by cleaving Aβ fibrils in vitro (Solé-Domènech et al., 2018). A 

decrease of Aβ accumulation in vivo by elevating levels of TPP1, however, was so far 

unsuccessful (Sleat et al., 2022). Moreover, in a set of early onset dementia patients with 

mutations in the PSEN1 gene, that are typical for familial AD, lysosomal inclusions were 

observed that were previously believed to be specific for NCLs (Dolzhanskaya et al., 2014). 

PSEN1 KO and depletion of the CLN1 gene PPT1 both result in a defective vacuolar ATPase (v-

ATPase) causing impairments of lysosome acidification (Lee et al. 2020; Bagh et al. 2017). 

Additionally, rare mutations of CLN5, CTSD (CLN10), GRN (CLN11) and CTSF (CLN13) have been 

linked to different forms of AD (Bras et al., 2016; Ehling et al., 2013; Fenoglio et al., 2009; Lee 

et al., 2011; Qureshi et al., 2018; Riemenschneider et al., 2006; Sheng et al., 2014; 

Viswanathan et al., 2009; Xu et al., 2017). In contrast to CLN10-associated mutations of CTSD, 

AD-associated mutants seem to be enzymatically active and not impaired in CTSD maturation 

or function (Bunk et al., 2021). Additional converging links between AD and other lysosomal 

storage disorders have also been identified. Accordingly, the typical NFTs in the brain of AD 

patients have been observed also in Nielmann Pick type C disease and mucopolysaccharidosis 

type IIB (Ohmi et al., 2009). Nielmann Pick type C disease pathology is further modified by 

increased BACE1 activity, mild Aβ deposition and APOE (Nixon, 2004).  
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6.2. The involvement of autophagy in Alzheimer’s disease 

 

Very early in AD pathology and prior to the formation of amyloid plaques dystopic neurons 

display an increased size and volume of EEs as well as an accumulation of autophagic vesicles, 

including autophagosomes and autolysosomes (Cataldo et al., 1997; Haung Yu et al., 2005). 

Aβ and Aβ aggregates have been shown to localize to these EEs and autophagic vesicles, 

making an involvement of endocytic and autophagic processes in AD pathogenesis very likely 

(Funderburk et al., 2010; Ginsberg et al., 2010; Haung Yu et al., 2005). To remain protein 

homeostasis neurons heavily depend on autophagy to degrade large and insoluble protein 

aggregates (Malampati et al., 2020). Such aggregates accumulate not only in lysosomal 

storage disorders and AD but also in other neurodegenerative diseases. Among others, α-

synuclein accumulates in Parkinson’s disease, TAR DNA-binding protein 43 (TDP43) and 

superoxide dismutase 1 (SOD1) in amyotrophic lateral sclerosis (ALS) and mutated huntingtin 

(HTT) in Huntington’s disease (Peng et al., 2020). The polarized nature of neurons makes them 

especially vulnerable to dysfunctional autophagy as neuronal lysosomes localize primarily to 

their soma and axonal phagosomes must be transported into the soma to fuse with these 

lysosomes (Cheng et al., 2015; Maday et al., 2012). In the AD brain the cytoplasmic content of 

dystopic neurites gets almost completely filled by autophagic vesicles which is an extreme 

burden that is comparable to that in lysosomal storage disorders (Nixon and Yang, 2011; Nixon 

et al., 2008). Along with autophagosome formation, lysosomal number and mRNA and protein 

levels of lysosomal genes like hydrolases, as well as autophagy related proteins like ATGs are 

upregulated in AD (Bordi et al., 2016; Cataldo et al., 1995; Cataldo et al., 1996; Nixon and 

Cataldo, 2006). 

Similar to our observations concerning Pen2, γ-secretase activity independent functions in the 

autophagy-lysosome system have been proposed for the exchangeable γ-secretase catalytic 

subunits PSEN1 and PSEN2 (Neely et al., 2011; Wolfe et al., 2013). Upon PSEN1 mutations, 

enlarged endosomes, deficits in lysosome acidification, and deficient lysosomal Ca2+ signaling 

and proteolysis have been demonstrated (Lee et al., 2010; Lee et al., 2015; Wilson et al., 2004). 

Depletion of PSEN1 further induces an increase in autophagic lysosomes that selectively 

accumulate autophagic maker proteins, α- and β-synuclein and, hence, possibly play a role in 

α-synuclein lesions typical for Parkinson’s disease (PD) but also observed in AD (Fujiwara et 

al., 2002; Neely et al., 2011). PSEN2 containing γ-secretases are targeted to lysosomes as 
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PSEN2 harbors a lysosomal targeting signal (Meckler and Checler, 2016; Sannerud et al., 2016). 

Mutations in PSEN2 impair autophagy by blocking autolysosome fusion which is seemingly 

related to its regulation capacities for intracellular Ca2+ homeostasis (Fedeli et al., 2019). 

Cytosolic Ca2+ levels are known to mediate autophagic processes (Criollo et al., 2007; Wang et 

al., 2008). Initially, phenotypes from such γ-secretase ablations through PSEN1/2 mutations 

were different from phenotypes from pharmacological γ-secretase inhibition. Therefore, the 

involvement of presenilins in the autophagy-lysosome system independent from γ-secretase 

activity in lysosomal storage disorders and other neurodegenerative diseases like AD was 

suggested. Other studies, however, demonstrated congruent effects upon pharmacological γ-

secretase inhibition like an increased size of EEs, disrupted lysosomal proteolysis and 

autophagic impairments (Hung and Livesey, 2018; Jiang et al., 2010; Kwart et al., 2019; 

Lauritzen et al., 2016). Therefore, impairments of γ-secretase may be causative for at least 

some of the alterations in the autophagy-endolysosome system. Studies in human induced 

pluripotent stem cell-derived neurons further demonstrated remarkable converging effects in 

the autophagy-lysosome system of PSEN1 and APP mutations (Hung and Livesey, 2018; Kwart 

et al., 2019).  

It has further been demonstrated that the earlier described hallmarks of AD i.e., senile plaques 

and NFTs, can derive from deficits in the autophagy-lysosome system. APP is to a significant 

degree processed in the endosomal-lysosomal pathway (Grbovic et al., 2003; Koo et al., 1996; 

Pasternak et al., 2003) and γ-secretase is highly active in autophagic vesicles (Haung Yu et al., 

2005; Yu et al., 2004). In the healthy brain, Aβ is rapidly degraded by the autophagy-lysosome 

system but it accumulates in autophagic vesicles in the aging and pathological brain (Haung 

Yu et al., 2005). Hyperphosphorylated tau also localizes first to autophagic vesicles (Nixon et 

al., 2005) where it aggregates after autophagic flux blockage (Hamano et al., 2008). Further, 

the activation of autophagy by inhibiting mTOR or the overexpression of cathepsins in AD 

models rescues intra- and extracellular deposition of Aβ and cognitive functions (Caccamo et 

al., 2010; Majumder et al., 2011; Mueller-Steiner et al., 2006). In accordance, the depletion of 

autophagy related proteins worsens the AD phenotype by inducing Aβ inclusions (Nilsson et 

al., 2015; Tian et al., 2011) and the inhibition of cathepsins causes rapid autophagic vesicle 

accumulation (Boland et al., 2008). Similarly, phosphorylation of tau or mutant tau 

aggregation gets upregulated by ATG7 depletion (Inoue et al., 2012) and autophagy inhibition 

(Caccamo et al., 2013; Wang et al., 2009) and downregulated by autophagy activation through 
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inhibition of mTOR (Berger et al., 2006; Silva et al., 2020) or TFEB upregulation (Polito et al., 

2014; Wang et al., 2016). The APP fragment CTFβ as well as tau are substrates for chaperone 

mediated autophagy and can induce autophagy-lysosome impairments (Lauritzen et al., 2016). 

Mutant tau targets to LAMP2 oligomers but cannot enter the lysosome lumen completely and 

the remaining tau fragments on the lysosome membrane thereby block chaperone mediated 

autophagy (Caballero et al., 2021; Wang et al., 2009). Finally, it was suggested that autophagic 

vesicles are released into the extracellular space where they associate with deposits of Aβ 

after the degeneration of dystopic neurons (Cataldo et al., 1994).  

The typical synaptic loss in AD patients has also been described to be partially autophagy 

dependent. The clearance of different neurotransmitter receptors like AMPARs and GABAA is 

dependent on autophagy (Lieberman and Sulzer, 2020) and autophagy suppression was 

demonstrated to increase dopamine release of dopaminergic neurons (Hernandez et al., 

2012). Autophagy is further important for LTP. BDNF, which induces LTP, reduces neuronal 

autophagy and BDNF deficiency promotes autophagosome formation (Nikoletopoulou and 

Tavernarakis, 2018). In contrast, autophagy stimulation, however, also seems to be required 

for memory formation and LTP generation (Glatigny et al., 2019). 

In the healthy brain autophagic vesicles are relatively uncommon in neurons (Mizushima et 

al., 2004; Nixon et al., 2005). Healthy neurons exhibit low basal autophagic activity and an 

extremely efficient clearance of autophagosomes through rapid autolysosome formation 

(Boland et al., 2008). Autophagic vesicle accumulation as observed in the AD brain can 

therefore be caused by increased autophagy initiation, impaired autophagic vesicle transport 

towards lysosomes, an impaired autophagic flux or decreased lysosomal degradation (Liu and 

Li, 2019). There is evidence that autophagy initiation is impaired in the AD brain as it displays 

downregulation of p62 (Du et al., 2009) and Beclin-1 (BECN-1), a major autophagy initiator 

(Pickford et al., 2008). Upon BECN-1 deficiency autophagy is disrupted and intracellular Aβ 

accumulation in autophagic vesicles is increased. Its overexpression causes an intra- and 

extracellular reduction of Aβ (Pickford et al., 2008). Aβ itself also directly induces autophagic 

vesicle production (Hung et al., 2009). Nerve ligations and toxic agents focally interrupt axonal 

transport of autophagic vesicles by cytoskeletal elements (Griffin and Watson, 1988; 

Wirtschafter et al., 1977). This interruption induces rapid autophagosome accumulation that 

is trapped in neurites (Boland et al., 2008). Accordingly, insoluble tau aggregates in dystopic 



122 

AD neurons are primarily localized to axons rather than to dendrites or the soma (Binder et 

al., 1985) and functional tau protein is essential for retrograde autophagosome trafficking and 

maturation by regulating the assembly and stabilization of microtubules (Dixit et al., 2008). A 

blockage of the autophagic flux in AD has also been suggested as the lysosomal and 

autolysosomal marker LAMP1 was abundant in accumulating autophagic vesicles around 

amyloid plaques (Gowrishankar et al., 2015). Finally, lysosomal degradation deficits are also 

plausible in dystopic AD neurons as their autophagic vesicles are filled with undigested and 

partially digested substrates (Nixon et al., 2005) and the blockage of cathepsin mediated 

proteolysis in the healthy brain leads to an AD like accumulation of autophagic vesicles (Boland 

et al., 2008). Further, Aβ disrupts the physical integrity of the autolysosomal membrane and 

thereby impairs substrate degradation (Ling et al., 2009). Chung et al. therefore suggested 

that initially autophagy increases as a protective response against stress but that autophagic 

flux is ultimately impaired with AD progression (Chung et al., 2019).  

Our findings of the involvement of Pen2 in the autophagy-lysosome system supports the 

previously reported AD dependency on autophagy. Precisely, they suggest Pen2 and CLN3 

involvement in autophagy induction, lysosomal protein degradation but not in 

autophagosome-autolysosome fusion. The observed efficient autophagic flux in Pen2 KO and 

CLN3 KO HeLa cells, however, might be due to the adaptiveness to stress of HeLa cells as they 

are, in contrast to neurons, unpolarized and highly mitotic cells. As in other studies and models 

for AD and CLN3 disease impairments of the autophagic flux were observed, the here 

employed cells possibly mimic early stages of these diseases that are still able to respond to 

the increased metabolic stress levels.  

6.3. PICK1 and its interaction with SorLA 

Recent studies demonstrate that deficiency of the Vps10p-D receptor SorLA causes APP-

dependent defects in the endolysosome-autophagy system. They display endosome 

enlargements, lysosome dysfunction and defects in autophagic degradation (Hung et al., 

2021) that are congruent to the observations after APP of PSEN1 ablation (Hung and Livesey, 

2018; Kwart et al., 2019). As described earlier, some proteins like APP are retrogradely 

transported to the TGN through SorLA in a retromer-dependent way (see 1.5.2 SorLA). SorLA 
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expression is downregulated in the AD brain. It also promotes Aβ degradation through its 

transportation towards lysosomes (Caglayan et al., 2014; Dumanis et al., 2015). 

With regard to the cytosolic adaptors of SorLA, the fact that SorLA promotes surface 

expression of some of its ligands, such as TrkB and APP, and lysosomal localization of other 

ligands like Aβ, the involvement of SorLA in intracellular trafficking processes has been 

suggested. It has been proposed that SorLA recruits in a complex with the retromer complex 

some ligands from endosomes to the TGN where they re-enter the secretory pathway and are 

transported to the plasma membrane. Moreover, it has been proposed that SorLA also 

transports specific ligands from the TGN to late endosomes and lysosomes via its interaction 

with AP-1, similar to Sortilin (Caglayan et al., 2014; Fjorback et al., 2012; Rohe et al., 2013).  

In section 4 the novel interaction and co-localization of SorLA with the protein interacting with 

C kinase 1 (PICK1) in neurons was identified and characterized. PICK1 is a cytosolic scaffold 

protein comprised of one PDZ domain and one BAR domain (Xu and Xia, 2006). PDZ domains, 

named after PSD95, DLG1 and ZO1 as the first proteins found to harbour such a domain, are 

small highly reactive domains that interact with short protein cytoplasmic termini of 

transmembrane proteins. PDZ domain containing proteins (PDZ proteins) often promote the 

itinerary of these transmembrane proteins through their interaction with cytoskeletal 

compartments (Lee and Zheng, 2010). BAR domains, also named after three proteins they 

were first found in Bin, Amphiphysin and Rvs, on the other hand are composed out of only α-

helices and induce membrane curvature upon homodimerization (Peter et al., 2004). We also 

demonstrate that Sortilin, another Vps10p-D receptor, is not interacting with PICK1 and that 

SorLA is not interacting with the cytosolic scaffold protein PSD95, which harbours three PDZ 

domains and like PICK1 has been identified to interact with the Vps10p-D receptor SorCS3 

(Breiderhoff et al., 2013). Thus, SorLA interaction with PDZ proteins is not arbitrary, but seems 

to be rather specific to PICK1 and PICK1 is not interacting with all other Vps10p-D receptors, 

although PICK1 belongs to a small group of promiscuous PDZ domains with a mixed specificity. 

The last C-terminal amino acids of the SorLA cytoplasmic tail valine(V)-isoleucine(I)-alanine(A) 

are hydrophobic and therefore make up a typical type II PDZ domain interaction motif Φ-Χ-Φ, 

with Φ being a hydrophobic residue, and Χ being any residue (Kalyoncu et al., 2010). Ablation 

of the V-I-A motif in the SorLA cytoplasmic tail impaired its interaction with PICK1 as shown 

by mammalian-2-hybrid analysis and recruitment experiments of PICK1 with ectopically 
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localized cytoplasmic tails of SorLA to mitochondria. SorLA, hence, interacts most likely with 

the PDZ domain of PICK1. We further demonstrate that PICK1 interaction seems to have no 

impact on the internalization of SorLA, as ablation of the V-I-A motif did not alter 

internalization properties of the employed chimeric IL2-receptor with a SorLA cytoplasmic tail. 

Expression of both, SorLA and PICK1, are inducible by BDNF (Jourdi et al., 2003; Rohe et al., 

2013). Thus, PICK1-dependent SorLA trafficking might be altered by induction of neuronal 

activity. PICK1 and SorLA possibly form a complex with the oncogene erb-b2 receptor tyrosine 

kinase 2 (ERBB2), a growth factor receptor that activates signal transduction and cell 

proliferation. ERBB2 is a known PICK1 interactor that also forms a complex with SorLA (Jaulin-

Bastard et al., 2001; Pietilä et al., 2019).   

PICK1 is localized to the pre- and post-synaptic density, interacts with numerous proteins and 

has been genetically linked to various neurodegenerative and neuropsychological diseases 

through its ability to modulate the trafficking of its interactors (Li et al., 2016). In the 

presynapse it interacts with the metabotropic glutamate receptor mGluR7 and the dopamine 

transporter (DAT) (Jin et al., 2006; Torres et al., 2001). Interference of the PICK1-mGluR7 

interaction causes pre-synaptic mGluR7 clusters leading to prominent epileptic seizures 

(Arstikaitis and Gauthier-Campbell, 2006; Jin et al., 2006; Meldrum et al., 1999). In the 

schizophrenia brain PICK1-dependent surface expression of DAT is increased (Torres et al., 

2001). PICK1 involvement in schizophrenia has also been shown by its interaction with the 

NMDA receptor activating serine racemase which synthesizes D-serine (Nomura et al., 2016). 

PICK1 further regulates local protein translation by interacting with argonaute protein and 

inhibiting its RNA silencing processes (Antoniou et al., 2014). Phosphorylation and 

palmitoylation of PICK1 are essential regulating factors during LTD (Thomas et al., 2013; 

Yagishita et al., 2015) and PICK1 ubiquitination through Parkin impairs its interaction with acid 

sensing ion-channel 2a (ASIC2a) which possibly leads to the loss of dopaminergic neurons in 

PD (Joch et al., 2007). PICK1 deficiency generally causes oxidative stress in aged neurons. 

Hence, its abnormal function has been suggested to facilitate neuronal loss in oxidative-stress 

related diseases like AD, PD and ALS (Wang et al., 2015).  

The best investigated function of PICK1 is its role in regulating trafficking of AMPARs. PICK1 

interacts with the AMPAR subunit GluA2 (Hanley and Henley, 2005; Yagishita et al., 2015). Like 

other transmembrane proteins, the intracellular trafficking of neurotransmitter receptors is 
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regulated by the cytosolic motifs of their respective subunits and their interaction with 

different adaptor and scaffolding proteins, including PDZ-proteins. These interactions can be 

regulated by the phosphorylations of specific amino acids in the cytoplasmic tails of the 

subunits or in the interacting intracellular proteins (Anggono and Huganir, 2012; Collingridge 

et al., 2004; Díaz-Alonso and Nicoll, 2021; Lau and Zukin, 2007; Lerma and Marques, 2013). 

AMPAR can additionally form complexes with transmembrane AMPAR regulatory proteins 

(TARPs) for directed trafficking (Chen et al., 2000; Fukata et al., 2005). All AMPAR subunits 

also interact directly with the TARP stargazin and, consequently, form a complex with the 

stargazin interacting PDZ protein PSD95. The stargazing-AMPAR interaction is induced by 

stargazing phosphorylation through CAMKII. The stargazin-PSD95 interaction then traps and 

transiently stabilizes diffusing AMPAR at the post-synapse and its disruption increases the 

surface diffusion of AMPAR (Bats et al., 2007; Chen et al., 2000; Opazo et al., 2010). The most 

common AMPA receptors are composed of GluA1/GluA2 heterotetramers. In its cytosolic tail 

the AMPAR subunit GluA1 contains a type I PDZ domain binding motif which directly interacts 

with the PDZ protein synapse-associated protein 97 (SAP97). This interaction can rescue 

AMPAR transmission when reduced by PSD95 loss and, thus, is critical for synaptic targeting 

of GluA1 containing AMPAR (Anggono and Huganir, 2012; Rumbaugh et al., 2003; Wu et al., 

2002). It is believed, that SAP97 interacts with the motor protein myosin VI to transport 

AMPARs towards the dendritic plasma membrane and that AMPAR insertion, but not its 

diffusional trapping at the synapse, is promoted by SAP97 phosphorylation through CAMKII 

(Collingridge et al., 2004; Opazo et al., 2010). After AMPAR insertion in the plasma membrane 

they travel laterally into the postsynaptic membrane. The GluA2 subunit, like SorLA, contains 

a type II PDZ domain binding motif which directly interacts with GRIP1 and PICK1 (Anggono 

and Huganir, 2012; Dong et al., 1997; Won et al., 2017). GRIP1 phosphorylation increases AP-

2 mediated clathrin-dependent internalization of AMPAR, which causes LTD and the knockout 

of GRIP1 causes LTD absence in the cerebellum (Anggono and Huganir, 2012; Collingridge et 

al., 2004; Yong et al., 2020). PICK1-GluA2 interaction underlies hippocampal and cerebral long-

term depression and the internalization of AMPAR (Steinberg et al., 2006). This interaction 

especially drives the synaptic removal of GluA2-containing AMPA receptors (Hanley, 2008). 

Phosphorylation of a serine residue within the GluA2 PDZ binding motif by PKC greatly reduces 

the GRIP1 binding affinity for GluA2 without affecting PICK1 binding (Collingridge et al., 2004). 

This reduces synaptic GluA2 expression and is therefore thought to drive storage of AMPAR 
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at extrasynaptic sites and in intracellular vesicles (Sørensen et al., 2022). The N-terminal acid 

region of PICK1, however, regulates GluA2 interaction and internalization in a Ca2+-dependent 

way. Increased NMDAR induced intracellular Ca2+ currents seem to increase PICK1-GluA2 

interaction and promotes AMPAR internalization (Hanley and Henley, 2005). PICK1 regulates 

endocytosis of membrane AMPAR during LTD (Kim et al., 2001; Xia et al., 2000) or after stroke 

induced oxygen-glucose deprivation (Dixon et al., 2009) but, in contrast, its deficiency or PDZ 

domain blockage prevents LTP as its overexpression increases LTP essential synaptic 

expression of GluA2-deficient AMPAR (Terashima et al., 2008; Xu et al., 2014). Interestingly, 

PICK1 also recruits AMPAR to immature postsynaptic sites and promotes neurexin-induced 

synaptogenesis (Xu et al., 2014) and possibly effects spinogenesis by regulating actin 

polymerization (Rocca and Hanley, 2015). 

The interaction of SorLA with the PDZ domain of PICK1 either competes with other PICK1 PDZ 

domain interactors or, more likely, forms a complex with them through PICK1 

homodimerization facilitated by its BAR domain. This homodimerization is essential to 

mediate the endosomal transport of PICK1 and its bound partners. Given the retraction 

capabilities of PICK1 from the plasma membrane, the internalization and sorting capacity of 

SorLA to lysosomes and retrogradely to the TGN, it is possible that such hypothetic SorLA-

PICK1 complexes internalize other PICK1 interactors upon PICK1 homodimerization and either 

sort them back to the TGN for subsequential secretion or direct them towards lysosomes for 

subsequential degradation. As LTD induced AMPAR removal is autophagy dependent the 

latter itinerary could be a possible pathway for GluA2 containing AMPAR degradation. As 

SorCS3 interacts with PSD95, PICK1 (Breiderhoff et al., 2013) and SAP97 (Klein, 2019), SorCS1c-

δ interacts with PICK1 and GRIP1 (Klein and Hermey, unpublished) and a KO of SorCS1 leads 

to decreased AMPAR surface expression in primary neurons (Savas et al., 2015), Vps10p-D 

receptor involvement in the regulation of AMPAR trafficking is highly likely. The C-termini of 

the Vps10p-D receptors can further be phosphorylated which can alter their interactions with 

PDZ proteins. The phosphorylation of the SorCS1c-δ C-terminus inhibits its interaction with 

GRIP1 but not with PICK1, which suggests a kinase dependent interaction and trafficking of 

Vps10p-D receptors (Klein and Hermey, unpublished). Interestingly, recent studies also 

demonstrate impaired GluA1 trafficking upon SorLA deficiency (Mishra et al., 2022).  
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6.4. Investigating the role of Vps10p-D receptors in intracellular sorting 

The intracellular protein sorting in neurons underlies their polarization and 

compartmentalization, which directly regulates their physiological functions. Misregulation in 

neuronal intracellular protein trafficking processes likely causes disease and, therefore, their 

examination is a crucial matter to understand the healthy and the diseased brain. Protein 

trafficking pathways that are affected in neurodegenerative diseases include general protein 

folding, endocytosis, EE formation, EE to LE transition, and retrograde TGN transmission 

(Schreij et al., 2016). Mutant forms of proteins can cause misfolding of their structure in the 

ER or the cytosol that leads to their intracellular accumulation like in mutant tau protein. The 

uncoating of AP-2 mediated clathrin-coated endosomes, like synaptic vesicles, is regulated by 

synaptojanin and auxilin (Cremona et al., 1999; Xing et al., 2010), which can both underlie 

mutations causative for early-onset PD (Edvardson et al., 2012; Krebs et al., 2013; Quadri et 

al., 2013). EE enlargement in AD and down syndrome, which has a shared pathogenesis with 

AD through their shared elevated expression of APP, can be induced by increased CTFβ and 

Rab5 levels (Cataldo et al., 2008; Jiang et al., 2010). Mutations in the genetic ALS risk factor 

ALS2 further cause decreased levels of active Rab5 and dysregulate EE association to the actin 

cytoskeleton (Topp et al., 2004). Active Rab5 levels are also decreased in the most common 

mutation of familial PD in the leucine rich repeat kinase 2 (LRRK2). This LRRK2 mutation causes 

impairments in the transition of proteins from Rab5 positive EEs to Rab7 positive LEs (Henry 

et al., 2015). Retrograde transport from the endosomes to the TGN is facilitated through the 

retromer complex and mutations in the retromer subunit VPS35 are causative for some forms 

of late-onset PD (Vilariño-Güell et al., 2011; Zimprich et al., 2011). 

One of the most straight-forward ways to investigate intracellular protein trafficking is live 

imaging. This approach enables the dynamic observation of proteins rather than gathering 

stationary information like in fixed cells. Live imaging, however, requires special tools, such as 

fluorescent protein tags, for respective protein visualization. The members of the Vps10p-D 

receptor sorting family Sortilin, SorLA, SorCS1, SorCS2 and SorCS3 (See 1.5 The Vps10p-D 

receptor family) have been proposed to convey several intracellular sorting processes and 

have been linked to different neurodegenerative and psychiatric diseases. Particularly, they 

interact with transmembrane, extracellular, and lysosomal proteins and are involved in their 

anterograde transport and secretion, internalization processes, retrograde transport to the 
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TGN for their reintegration in the secretory pathway and transportation towards lysosomes. 

Apart from the earlier described involvement of SorLA, Sortilin and SorCS1 in AD, previous 

investigations have linked Sortilin and SorCS2 to Huntington’s disease, as SorCS2 promotes 

recycling of the NMDAR subunit NR2A and Sortilin and SorCS2 associate with HAP1 which 

mediates BDNF secretion and stabilization of TrkB complexes (Ma et al., 2017; Nykjaer and 

Willnow, 2012). Sortilin further facilitates endocytosis of the CLN11 disease and 

frontotemporal dementia risk factor PGRN and delivers it to lysosomes (Hu et al., 2010). 

Therefore, these sorting receptors are valuable substrates for live cell imaging investigations. 

The specific sorting mechanisms of each of these receptors may be distinct due to their 

partially complementary expression patterns and different cytoplasmic motifs for interactions 

with auxiliary proteins (Hermey, 2009; Hermey et al., 2004; Malik and Willnow, 2020). Hence, 

fluorophore tagged Vps10p-D receptors can be used to decipher various protein itineraries in 

the healthy and diseased brain using live assays and other methods as discussed below.  

Earlier studies used subcellular fractionation or immunocytochemistry of fixed cells to 

examine the subcellular localizations of endogenous Vps10p-D receptors. This, however, gives 

only stationary information at specific time points and the partial lack of specific antibodies 

due to the high homology between some of the Vps10p-D receptors limits such investigations. 

To overcome these issues, cellular investigations of Vps10p-D receptors therefore highly relied 

on the generation of chimeric receptors and their tagging with fluorophores. Some of such 

fluorophore-tagged Vps10p-D receptors have also been employed for live assays. Fusion of 

the Sortilin transmembrane and cytoplasmic domains with an N-terminal extracellular green 

fluorescent protein (GFP) tag have been used to investigate the association of Sortilin with 

Rab7b (Progida et al., 2012). A similar approach was used by fusing the SorLA transmembrane 

and cytoplasmic domain with an N-terminal extracellular mCherry tag to investigate the 

somatodendritic localization of SorLA (Klinger et al., 2016) or with the extracellular moiety of 

IL2-R to investigate its cytoplasmic interaction with PICK1 (Binkle et al., 2022; see section 4. 

The adaptor protein PICK1 targets the sorting receptor SorLA). SorLA has been tagged C-

terminally with red fluorescent protein (RFP) or mCherry for live imaging experiments to track 

APP trafficking, to investigate the SorLA-APP interaction (Eggert et al., 2018; Schmidt et al., 

2007) and its subcellular colocalization with SNX27, an endosomal trafficking factor and 

negative regulator of the γ-secretase complex (Huang et al., 2016). C-terminal tagging of SorLA 

with GFP was used to investigate its interaction with ERBB2 (Pietilä et al., 2019). C-terminal 
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tagged SorCS2 with GFP was further used for co-immunoprecipitation studies with the 

excitatory amino acid transporter 3 (EAAT3) (Malik et al., 2019). N- and C-terminal tagging of 

proteins is a fairly easy tagging strategy, but, although these studies give us valuable 

information about the interactors and itineraries of Vps10p-D receptors, such tags likely 

interfere with some interactions and functionalities of the receptors. Complex proteins like 

the multidomain transmembrane Vps10p-D receptors have a variety of interaction sites and 

motifs that can easily be impaired by protein tags. Thus, a number of known and likely of so 

far unknown interacting cytosolic adaptor proteins require freely accessible C-termini. Even 

small C-terminal tags interfere with their interaction with GGAs, PDZ proteins and possibly 

other adaptor proteins and consequently dysregulate their subcellular localization (Cramer et 

al., 2010; Lee and Zheng, 2010). Precisely, C-terminal tagging would maybe interfere with the 

earlier described phosphorylation-dependent PDZ protein interactions, which would result in 

altered trafficking of the Vps10p-D receptors and their interactors. A tag at the N-terminus of 

a Vps10p-D receptor would be cleaved off together with its N-terminal propeptide in the Golgi 

complex. Accordingly, I aimed for internal tags of the Vps10p-D receptors. Internal tagging 

strategies, however, are challenging as a misplaced internal tag easily interferes with specific 

functions or interaction sites of the protein or even impairs its structural folding. Misfolding 

of proteins generally prevents their exit from the ER, leads to accumulation in the ER and 

eventually to a stress response and degradation (Rao and Bredesen, 2004). To reduce the 

chance of such interferences, internal protein tags have to be placed between structural 

protein domains. A tag between the cytosolic tail and the transmembrane domain of Vps10p-

D receptors was excluded because several sorting motifs like the AP-2 internalization motifs 

rely on the correct spacing between the motif and the plasma membrane (Geisler et al., 1998). 

A tag between the Vps10p-D and the cleavage site of the propeptide, on the other hand, might 

interfere with ligand binding of the Vps10p-D.  

Therefore, in section 5, I established Vps10p-D receptors with an internal mVenus or 

tdTomato tag between their transmembrane domain and their extracellular moiety or 

between the Vps10p-D and the YWTD repeat for SorLA that can be used for their examination 

in live assays. Structural analyses of the tagged receptors were performed computationally 

using the novel AlphaFold 2.0 tool and compared with the predicted structures of the wild 

type proteins (Jumper et al., 2021; Varadi et al., 2022). Only after the computational analyses 

demonstrated a structural overlap between the domains surrounding the inserted tag and the 
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domains in the wild type proteins, the respective plasmid DNAs were generated for functional 

experiments. AlphaFold 2.0 predicts protein structures with nearly experimental accuracy 

(Jumper et al., 2021) but the functionality of the tagged receptors had still to be validated. 

Indeed, AlphaFold 2.0 gave very good approximations of the individual domain borders within 

the Vps10p-D receptors according to the literature (Glerup et al., 2014; Hermey et al., 2003; 

Jacobsen et al., 2001; Kitago et al., 2015; Leloup et al., 2017; Leloup et al., 2018; Petersen et 

al., 1999; Quistgaard et al., 2009; Westergaard et al., 2005) and therefore helped to set the 

exact sites for tag insertion. Some computationally correct folded proteins, however, still 

accumulated in the ER after construct expression in cell culture by transfection and 

consequently were adjusted again. Interestingly, fluorophore tagged SorCS3, which is the only 

Vps10p-D receptor that is exclusively expressed in the brain (Oetjen et al., 2014), failed to exit 

the ER in COS7 cells but was distributed in vesicular structures and at the surface in HEK293 

cells and primary hippocampal neurons. This highly suggest, that SorCS3 needs specific factors 

for successful folding that are present in neurons and HEK293 but not in COS7 cells. Human 

embryonic kidney or HEK293 cells express a variety of neuron-specific genes as they most 

probably originate from an adrenal precursor structure that is adjacent to the kidney during 

development (Lin et al., 2014; Shaw et al., 2002). Accordingly, neuron-specific factors are very 

likely to be involved in SorCS3 folding.  

Only after I observed successful exit of the fluorophore tagged receptors from the ER by 

immunocytochemistry further functional tests were executed. Western blot analysis of cells 

transfected with the plasmids coding for the tagged receptors revealed full length expression 

of the fluorophore tagged Vps10p-D receptors without further degradation. Then, the 

subcellular localizations of the fluorophore tagged Vps10p-D receptors were determined by 

colocalization experiments with different subcellular marker proteins. Previous studies report 

Sortilin localization to EEs, the TGN and to a low level to lysosomes (Al-Akhrass et al., 2017). 

SorLA was identified to localize to the ER, EEs, LEs, REs and the Golgi complex with a more 

prominent localization to the TGN than to the CGN (Andersen et al., 2005; Offe et al., 2006; 

Shih et al., 2022). SorCS1 has differing subcellular localizations depending on the specific splice 

variant. Generally, SorCS1 splice variants localize to the plasma membrane, vesicular and 

perinuclear structures. SorCS1b, however, is thought to localize to secretory vesicles and the 

plasma membrane and not to a significant degree to endosomes due to its lack of 

internalization motifs (Hermey et al., 2003). SorCS1c-β on the other hand localizes to EEs and 
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REs (Savas et al., 2015). SorCS3 was demonstrated to localize to the TGN and EEs (Oetjen et 

al., 2014). In neurons all Vps10p-D receptors are found primarily at somatodendritic 

compartments and for SorCS3 minor axonal localizations have been reported (Glerup et al., 

2016; Hermey et al., 2001b; Oetjen et al., 2014; Sarret et al., 2003; Savas et al., 2015). The 

performed co-localization experiments in section 5 are in accordance with the yet known 

subcellular localizations of the receptors and add new insights to the yet only partially 

deciphered subcellular localizations of Vps10p-D receptors. They demonstrate localization of 

all Vps10p-D receptors in the CGN and TGN. As all Vps10p-D receptors are sorted to the plasma 

membrane through the secretory pathway they necessarily traverse the CGN and the TGN. 

Yet, the localization of SorLA in the CGN was relatively low in comparison to other Vps10p-D 

receptors. The mentioned earlier studies found similarly low levels or missing localization of 

SorLA in the CGN (Andersen et al., 2005; Offe et al., 2006). Thus, SorLA possibly traverses the 

CGN in a rapid fashion making its detection in this compartment difficult. My data also 

presents localization of all Vps10p-D receptors but SorCS1b to different endosomes like EEs in 

fixed immortalised cell lines and primary hippocampal neurons and under live imaging 

conditions. As SorCS1b is the only Vps10p-D receptor lacking internalization motifs like an AP-

2 binding site, all other Vps10p-D receptors are internalized and subsequently present in EEs. 

Sortilin and SorLA directly interact with retromer subunits and, accordingly, show a relatively 

high co-localization with the retromer subunit VPS35. As the retromer complex confers the 

retrograde transport from endosomes to the TGN and is therefore localized to those 

compartments colocalization with VPS35 was also found for SorCS1c-α, SorCS2 and SorCS3. 

As Rab9 plays a role in the LE to endolysosome and LE to TGN transition it is expressed mainly 

in LEs. We demonstrate especially high co-localization with Rab9 for Sortilin, SorLA and 

SorCS1c-α and lower co-localization for SorCS2 and SorCS3. As described earlier, Sortilin and 

SorLA have AP-1 and GGA interaction motifs and play important roles in targeting proteins 

towards lysosomes, whereas proteins of the SorCS subfamily do not interact with GGAs and 

are so far believed to rather facilitate endocytosis of proteins at the plasma membrane. Lower 

co-localization with Rab9 could be due to targeting of the receptors for lysosomal degradation 

or the low Rab9 presence in EEs. The similarly high co-localization of Rab9 with SorCS1c-α as 

with Sortilin and SorLA might also be a hint to its involvement in trafficking processes of 

proteins in LEs. Lysosomal localization of the tagged Vps10p-D receptors, however, is relatively 
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low. These localization results demonstrated the functional sorting of the fluorophore tagged 

Vps10p-D receptors, which is dependent on their sorting motifs in their cytoplasmic domains. 

Further functional dimerization of the fluorophore tagged SorCS subfamily, which is facilitated 

by their leucine rich domain (Januliene et al., 2017b; Leloup et al., 2018) was tested with 

tagged SorCS2 as an example. Thus, SorCS2-tdTomato was successfully co-

immunoprecipitated using SorCS2-mVenus. To confirm that these effects were dimerization-

dependent and not due to indirect interactions fluorescence lifetime microscopy (FLIM) 

experiments were performed. During FLIM a lifetime reduction of the acceptor protein can 

only be observed by very close proximity of the acceptor to the donor fluorophore as found 

in direct protein interactions. This lifetime reduction of mVenus in cells expressing SorCS2-

mVenus and SorCS2-tdTomato was observed when comparing it to cells expressing SorCS2-

mVenus and Sortilin-tdTomato. Sortilin lacks a leucine rich domain and, therefore, is not 

dimerizing with SorCS2. The represented functional dimerization of fluorophore tagged 

SorCS2 validates functionality of the leucine rich domains adjacent to the inserted tags in the 

established fluorophore tagged SorCS subfamily proteins.  

Excitingly, cells expressing either tagged Vps10p-D receptor except SorCS1b revealed a TrkB-

independent co-transport of GFP labelled BDNF in live imaging experiments and an 

internalization of biotin labelled mBDNF. In fluorophore tagged SorCS1b expressing cells 

BDNF-GFP or mBDNF-biotin accumulated at the plasma membrane where SorCS1b is localized. 

These findings are in line with the demonstrated lack of endocytic trafficking of SorCS1b and 

suggest an interaction of all Vps10p-D receptors with BDNF. The TrkB independency was 

demonstrated by immunoblotting lysates of the used cell lines using an antibody against a 

TrkB. BDNF is a neurotrophin (NT) that is expressed in nearly all brain regions (Hofer et al., 

1990; Yan et al., 1997). In the Golgi complex BDNF is found as a progenitor form containing a 

propeptide that, like the propeptide of the Vps10p-D receptors, can be cleaved off by furin in 

the TGN, by regulated convertases in secretory vesicles or even extracellularly to form mature 

BDNF (Kowiański et al., 2018). In neurons BDNF secretion is highly activity dependent and 

depending on the secreted isoform it binds varying neurotrophic receptors that activate 

specific signal cascades with opposed final effects (Conner et al., 1997; Dieni et al., 2012; Yang 

et al., 2009). The functional signalling pathways of neurotrophic factors are of major 

importance and its disruptions have been linked to several disorders like Huntington’s disease 
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(Simmons, 2017), PD, AD (Allen et al., 2013; Lübke et al., 2021) and depression (Castrén and 

Monteggia, 2021; Levy et al., 2018). Secreted mBDNF binds to dimerized TrkB, which promotes 

cell survival, neuronal plasticity, synaptogenesis, proliferation, cell growth and LTP (Khalin et 

al., 2015). Interaction of TrkB with p75NTR increases mBDNF affinity, which increases cell 

survival (Hempstead et al., 1991). On the other hand, p75NTR also forms a trimeric complex 

with pro-BDNF and Sortilin or SorCS2 to promote apoptotic signalling (Glerup et al., 2014; 

Leloup et al., 2018; Nykjaer et al., 2004; Teng et al., 2005). Leloup et al. demonstrated that 

SorCS2 interacts with NTs as well as with p75NTR through its Vps10p-D (Leloup et al., 2018). 

Sortilin, SorCS2 and SorCS3 additionally have been shown to bind the NTs pro-NGF and mNGF 

(Deinhardt et al., 2011; Glerup et al., 2014; Leloup et al., 2018; Nykjaer et al., 2004; Teng et 

al., 2005; Westergaard et al., 2005). Therefore, all Vps10p-D receptors have been suspected 

to generally interact with NTs, but experimental examination remained absent. The results of 

my experiments, therefore, do not only show the functionality of the Vps10p-D in the 

fluorophore tagged receptors, but also indicate for the first time an interaction of all Vps10p-

D receptors with BDNF independent of TrkB. Specifically, the interaction of mBDNF is shown, 

because mBDNF-biotin was internalized by all cells expressing tagged Vps10p-D receptors and 

accumulated at the surface of tagged SorCS1b expressing cells. In the live imaging experiments, 

the co-cultured cells expressed full length BDNF-GFP and therefore, it cannot be excluded 

whether the observed internalization included also secreted unprocessed pro-BDNF. In the 

performed experiments with mBDNF-Biotin, however, saturating amounts of BDNF were 

applied. Thus, no statement about the affinity of the proposed interactions can be made. For 

such affinity estimations and the question, whether all Vps10p-D receptors also interact with 

pro-BDNF further experimental validation is required.  

Overall, the here established fluorophore tagged Vps10p-D receptors show functional protein 

folding and domain properties. They can be used for further analysis of Vps10p-D receptor 

dependent protein trafficking pathways by live imaging. We also demonstrate that they 

can be applied in FRET-FLIM based interaction studies. The fluorophore tagged Vps10p-D 

receptors can further be introduced by gene editing methods to overcome overexpression 

effects. Moreover, the fluorophore tags can also be exchanged by other tags like pH-sensitive 

fluorophores to observe their localizations in more acidic compartments or by protein 

purification tags.  
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7. Conclusions 
 

In the here presented work I demonstrate that an ablation of either CLN3 or Pen2 result in 

similar deficits of the autophagy-lysosome system. This includes deficits in lysosomal 

degradation, a reduced number of lysosomes and an increased autophagy induction with a 

functioning autophagic flux. The further comparison of the different NCL subtypes with AD 

revealed surprising links underlying intracellular protein trafficking deficits in neurons 

especially in the autophagy-lysosome system. These findings support the hypothesis that the 

primary cause underlying AD is not the toxicity of amyloid plaques but rather previous 

intracellular impairments in protein trafficking and degeneration that cause excessive amyloid 

generation, a defective cellular energy metabolism and amyloid exposure to the extracellular 

space by neuronal disruption. The Vps10p-D receptor and AD risk factor SorLA is shown to 

interact through the last three amino acids of its cytoplasmic tail with the PDZ protein PICK1. 

This suggests that the endocytosis and trafficking of SorLA is at least partially regulated by 

PICK1 and that they maybe in concert regulate trafficking of other PICK1 interactors. SorLA is 

part of the Vps10p-D receptor family which facilitate various neuronal protein sorting 

mechanisms. Dysregulations in these mechanisms have been shown to be highly involved in 

impaired functionalities of the brain. Thus, as Vps10p-D receptors are genetic risk factors in 

several neurological and psychiatric diseases their investigation is of major importance. 

Therefore, I established functional internally tagged versions of all Vps10p-D receptors as a 

powerful tool to investigate their involvement in protein trafficking in live assays. I 

demonstrate their precise subcellular localizations to different endosomal compartments and 

investigate their trafficking in live cell experiments. I demonstrate the localization and 

trafficking of all Vps10p-D receptors through the Golgi-complex and early endosomes and high 

localization of Sortilin, SorLA and SorCS1c-α in late endosomes. I further demonstrate 

functional dimerization of the fluorophore tagged SorCS2 receptors and show for the first time 

that all Vps10p-D receptors interact with BDNF. This interaction with BDNF suggests the 

involvement of all Vps10p-D receptors in trophic and apoptotic signalling which yet has only 

been proposed for Sortilin and SorCS2. 
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