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1. Kurzfassung/Summary 

1.1 Kurzfassung 
Während in Hefe ein einziges autophagy-related (Atg) 8 (Atg8) Gen exprimiert wird, haben 

sich daraus in Menschen zwei Unterfamilien entwickelt. Die microtubule-associated protein 1 

light chain 3 (MAP1LC3- oder kurz LC3-)Unterfamilie besteht aus LC3A, LC3B, LC3B2 und 

LC3C, während die γ-aminobutyric acid type A receptor-associated protein 

(GABARAP-)Unterfamilie aus GABARAP, GABARAP-like 1 (GABARAPL1) und 

GABARAP-like 2 (GABARAPL2) besteht. Mitglieder beider Unterfamilien weisen eine 

ubiquitinähnliche Tertiärstruktur auf und besitzen somit eine hohe interfamiliäre 

Strukturhomologie. Unter den vielfältigen Funktionen, die für humane ATG8-Proteine bereits 

beschrieben wurden, ist ihre Beteiligung an der Autophagie am besten charakterisiert. 

Autophagie bezeichnet einen evolutionär konservierten Abbauprozess, der durch 

Nährstoffmangel aktiviert wird und während dessen eine Zelle zytoplasmatische 

Bestandteile in einer Doppelmembran einschließt. Die resultierenden Vesikel werden als 

Autophagosomen bezeichnet. Diese maturieren durch Fusion mit Lysosomen zu 

Autophagolysosomen. Im sauren Milieu dieses Organells wird die eingeschlossene 

zytoplasmatische Fracht schließlich abgebaut. Die resultierenden recycelten Bausteine 

können anschließend genutzt werden, um das Zellüberleben sicherzustellen. Während jedes 

Schrittes der Autophagie, inklusive ihrer Initiierung, der Autophagosomen-Biogenese, deren 

Wachstum, Transport sowie ihrer Fusion mit Lysosomen ist eine Beteiligung von Proteinen 

der GABARAP-Unterfamilie beschrieben. Große Fortschritte wurden hinsichtlich der 

Entschlüsselung der autophagiebezogenen Funktionen, besonders in Bezug auf Proteine 

der GABARAP-Unterfamilie, erzielt. 

Ursprünglich wurden GABARAP und seine Paraloge jedoch im Zusammenhang mit ihrer 

Beteiligung an vesikulären Transportprozessen und der Gruppierung von 

Zelloberflächenrezeptoren beschrieben. Aufgrund ihrer hohen strukturellen Ähnlichkeit ist die 

exakte Beteiligung der gesamten GABARAP-Unterfamilie und ihrer individuellen Mitglieder 

während dieser Prozesse noch nicht vollständig geklärt. Das Ziel dieser Arbeit war daher die 

Identifizierung einzigartiger Funktionen von Proteinen der GABARAP-Unterfamilie während 

autophagieunabhängiger Transportprozesse. 

Um dies untersuchen zu können, wurde die CRISPR/Cas9-Methode zur Genomeditierung 

angewendet, um Knock-outs (KOs) individueller GABARAP Gene sowie Zweifach-

Kombinationen derer bis hin zur Ausschaltung der gesamten Unterfamilie in zwei 

verschiedenen Zelltypen zu erzeugen. Auf diese Weise konnten Zelllinien generiert werden, 

die eine Defizienz für jedes Unterfamilienprotein einzeln, Kombinationen von zweien oder 

eine komplette Defizienz für die gesamte Unterfamilie aufweisen. Diese Zelllinien leisteten 
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einen Beitrag zu einer Publikation, die einen institutseigenen GABARAP-spezifischen 

Antikörper für Immunfluoreszenz (IF-)Messungen beschreibt. Hier konnte gezeigt werden, 

dass die Validierung von Antikörpern für jede Anwendung individuell durchgeführt werden 

sollte, da kommerziell erhältliche Antikörper, die zwar für die Anwendung bei 

Immunoblotting-Experimenten validiert wurden, nicht in der Lage waren GABARAP während 

IF-Experimenten spezifisch zu detektieren. Von größerer Wichtigkeit in Bezug auf die 

vorliegende Dissertation war jedoch, dass die generierten KO-Zelllinien den Grundstein für 

die nachfolgenden Untersuchungen der biologischen Funktionen der GABARAP-

Unterfamilie während des vesikulären Transports von Zelloberflächenproteinen bildeten. 

Da bereits beschrieben wurde, dass einzelne Proteine der GABARAP-Unterfamilie eine 

Rolle bei der Oberflächenlokalisierung bestimmter Oberflächenrezeptoren spielen, stellte 

sich die Frage nach einem generelleren Einfluss auf deren Transport. Um dies zu 

analysieren, wurden Plasmamembran (PM-)ständige oberflächenexponierte Proteine von 

triple KO (dreifach KO, TKO-)Zellen, denen die ganze GABARAP-Unterfamilie fehlt, und 

Wildtyp (WT-)Zellen mit Biotin markiert und extrahiert. Die resultierenden Oberflächen-

Proteome von TKO- und WT-Zellen wurden in Zusammenarbeit mit dem Molecular 

Proteomics Laboratory der Heinrich-Heine-Universität Düsseldorf mittels 

Massenspektrometrie identifiziert und quantifiziert. Vergleichende Datenanalysen 

offenbarten eine Untergruppe an Proteinen mit veränderter Oberflächenabundanz zwischen 

TKO- und WT-Zellen. Diese beinhalteten bereits bekannte GABARAP-Interaktoren, wie etwa 

den Transferrin-Rezeptor, aber auch potentiell neuartige Zielproteine, wie etwa eine 

Untergruppe bestehend aus Transport- und Kanalproteinen. 

In einem gemeinsamen Projekt konnte zusätzlich gezeigt werden, dass TKO-Zellen einen 

beeinträchtigten vesikulären Transport von fluoreszenzmarkierten Lipiden und ein 

fragmentiertes Golgi-Netzwerk aufweisen. Beide Beobachtungen tragen wahrscheinlich zu 

den beobachteten Unterschieden der Zusammensetzung der Oberflächen-Proteome 

zwischen TKO- und WT-Zellen bei. Zusammenfassend bildet diese Arbeit einen Rahmen zur 

Identifizierung und Charakterisierung neuer Zielproteine, deren vesikulärer Transport von 

noch näher zu definierenden GABARAP/L1/L2-Funktionen abhängt. Außerdem zeigt sie die 

Notwendigkeit auf, autophagieabhängige und -unabhängige Auswirkungen der GABARAP-

Unterfamilie während der Analyse ihrer Funktionen zu berücksichtigen. 

Weil der unvoreingenommene Ansatz des vergleichenden Oberflächen-Proteoms intrinsisch 

keine profunden mechanistischen Einblicke zulässt, musste schließlich ein Modellsystem 

gefunden werden, das die Analyse des Einflusses der GABARAP-Unterfamilienproteine auf 

den endosomalen Transport und die Degradierung von Rezeptorproteinen ermöglicht. Der 

epidermale Wachstumsfaktor (EGF-)Rezeptor (EGFR) wurde schlussendlich identifiziert, alle 

nötigen Kriterien eines solchen Modellsystems zu erfüllen, da er bereits gut untersucht und 
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die notwendigen Werkzeuge zur Untersuchung seines intrazellulären Transports dadurch 

unmittelbar vorhanden waren. Zudem waren in der Literatur bereits Verknüpfungen zu 

GABARAP-Proteinen bekannt. 

Durch die Anwendung von KO-Zelllinien und der Kombination von molekularbiologischen 

und biochemischen Techniken wurde eine neue und einzigartige Rolle von GABARAP 

während des intrazellulären Transports des EGFR sowie dessen Degradierung und 

Recycling entdeckt. Die bloße Abwesenheit von GABARAP, nicht aber eines der beiden 

anderen Paraloge, führte zu einer beschleunigten EGF-induzierten EGFR-Degradierung in 

zwei unabhängigen Zelllinien. Zudem waren die Signaltransduktion, die EGF-Aufnahme über 

die Zeit und die Genexpression von Zielgenen verringert. Weiterhin konnte gezeigt werden, 

dass GABARAP und EGFR während Co-Immunopräzipitationsexperimenten miteinander 

assoziieren. Um die Relevanz von GABARAP für den EGFR-Transport in lebenden Zellen 

zu untersuchen, wurde die codierende Sequenz für ein grünes fluoreszierendes Protein 

(GFP) mittels der CRISPR/Cas9-Methode zur Genomeditierung vor den GABARAP 

Genlokus eingebracht. Die resultierende knock-in (KI-)Zelllinie (GFP-GABARAP KI) 

exprimiert die Sequenz für ein GFP-GABARAP-Fusionsprotein unter der Kontrolle der 

endogenen regulatorischen Elemente und somit auf physiologischem Niveau. Erstmals 

wurden solche GFP-GABARAP KI-Zellen benutzt, um in einem Kooperationsprojekt zu 

zeigen, dass fluoreszenzmarkiertes EGF und GFP-GABARAP in lebenden Zellen transient 

dynamisch komigrieren. 

Schlussfolgernd lässt sich sagen, dass die vorliegende Promotionsarbeit neuartige Einblicke 

in die autophagieunabhängigen Funktionen der GABARAP-Unterfamilie bietet. Zudem 

wurde eine einzigartige Funktion für GABARAP während des intrazellulären Transports und 

der Degradierung des EGFR identifiziert.  
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1.2 Summary 
While in yeast a single autophagy-related 8 (Atg8) gene is expressed, two subfamilies have 

evolved from it in humans. The microtubule-associated 1 protein light chain 3 (MAP1LC3 or 

short LC3) subfamily consists of LC3A, LC3B, LC3B2 and LC3C, while the γ-aminobutyric 

acid type A receptor-associated protein (GABARAP) subfamily consists of GABARAP, 

GABARAP-like 1 (GABARAPL1) and GABARAP-like 2 (GABARAPL2). Members of both 

subfamilies exhibit an ubiquitin-like fold and thus high cross-family structural similarity. 

Among the diverse functions described for human ATG8 proteins, their involvement during 

autophagy is best characterized. Autophagy designates an evolutionarily conserved 

degradation process activated by nutrient deficiency, during which a cell encloses 

components of the cytoplasm within a double membrane. The resulting vesicles contain 

cytoplasmic cargo and are termed autophagosomes. Autophagosomes mature by fusion 

with lysosomes into autolysosomes. The cytoplasmic cargo is degraded within the acidic 

environment of this organelle, whereupon the resulting building blocks are used to ensure 

cell survival. GABARAP subfamily proteins have been described to be involved in every step 

of autophagy initiation as well as autophagosome biogenesis, transport and their fusion with 

lysosomes. Much progress has been made in deciphering these autophagy-related 

functions, particularly for GABARAP. 

Originally, however, GABARAP and its paralogs were recognized for their involvement in 

vesicular transport processes and the clustering of cell surface receptors. Due to the high 

structural redundancy, the exact involvement of the whole GABARAP subfamily and its 

individual members is not yet entirely clear for any of these processes. The aim of this work 

was therefore to identify unique and non-redundant functions of GABARAP subfamily 

proteins during autophagy-independent processes. 

To achieve this, CRISPR/Cas9-mediated genome editing was applied to generate gene 

knockouts (KOs) of individual GABARAP subfamily members and combinations thereof, up 

to deletion of the complete subfamily, in two different cell lines. The resulting cell lines 

contributed to a publication describing an institute’s own novel antibody specific for 

GABARAP during immunofluorescence (IF) measurements. Here, it could be shown that 

validation of antibodies should be performed for every application individually, as 

commercially available antibodies, which were readily validated for immunoblotting, failed to 

specifically detect GABARAP during IF. More importantly for the scope of the presented PhD 

thesis, the panel of KO cell lines generated laid the groundwork for subsequent analyses 

investigating biological functions of GABARAP subfamily proteins during vesicular trafficking 

of cell surface proteins. 
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Because GABARAP subfamily proteins had been described to be of importance for the 

surface abundance of individual surface receptors, the question of whether they had a more 

general impact on cell surface protein trafficking arose. To address this, plasma membrane 

(PM) located surface-exposed proteins of triple KO (TKO) cells lacking the whole GABARAP 

subfamily and wildtype (WT) cells were labelled by biotinylation and extracted. The resulting 

surface proteomes (surfaceomes) of TKO and WT cells were identified and quantified by 

mass-spectrometry in cooperation with the Molecular Proteomics Laboratory of the Heinrich-

Heine-Universität Düsseldorf. Comparative data analysis revealed a subset of cell surface 

proteins with altered PM abundance between TKO and WT cells. These included already 

known GABARAP interactors such as transferrin receptor and novel hits such as e.g. a 

subgroup of transport and channel proteins. In a joint project, TKO cells were further shown 

to display impaired anterograde vesicular trafficking of fluorescently labelled lipids and a 

dispersed Golgi apparatus network morphology. Both observations likely contribute to the 

changes in surfaceome composition observed for TKO cells compared to WT controls. 

Taken together, this work provides a framework to identify and characterize novel targets of 

GABARAP subfamily-dependent vesicular trafficking and highlights the necessity to consider 

autophagy-independent functions during analysis of any of the functions of the GABARAP 

subfamily. 

Since the unbiased surfaceome approach inherently cannot provide profound mechanistic 

insights, a model system to study the impact of GABARAP subfamily proteins on endosomal 

trafficking and degradation of receptor proteins in more detail had to be identified. Finally, 

the epidermal growth factor (EGF) receptor (EGFR) was identified to meet the criteria of 

such an optimal model system, as it was already well studied and provided the necessary 

tools to investigate its intracellular trafficking, and some links to GABARAP proteins had 

already been established in the literature. 

By employing KO cell lines and combining molecular biological and biochemical techniques, 

a novel and unique role for GABARAP during EGFR trafficking and degradation was 

revealed. The mere absence of GABARAP, but not of any of the other GABARAP subfamily 

proteins, was shown to result in accelerated EGF-induced receptor degradation in two 

independent cell lines. This was accompanied by reduced signal transduction, EGF uptake 

over time and target gene expression. Furthermore, it could be shown that GABARAP and 

EGFR associate together during co-immunoprecipitation experiments. To investigate the 

relevance of GABARAP during EGFR trafficking in living cells, the coding sequence for a 

green fluorescent protein (GFP) was knocked in upstream of the GABARAP gene locus via 

CRISPR/Cas9-mediated genome editing. The resulting knock-in (KI) cell line expresses the 

sequence for a GFP-GABARAP fusion protein under control of endogenous regulatory 

elements at physiological expression levels. For the first time such a GFP-GABARAP KI cell 
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line was employed in a joint project to show transient dynamic comigration of fluorescently 

labelled EGF and GFP-GABARAP in living cells. 

In summary, this work provides novel insights into autophagy-independent functions of the 

GABARAP subfamily and identified a unique function for GABARAP in mediating 

intracellular trafficking and degradation of the EGFR.  
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2. Introduction 

2.1 The GABARAP subfamily of human ATG8 proteins 
While in yeast there is only a single autophagy-related 8 (Atg8) gene expressed, two 

subfamilies of human Atg8 (ATG8) have evolved. The microtubule associated protein 1 light 

chain 3 (MAP1LC3 or short LC3) subfamily consists of LC3A, LC3B, LC3B2 and LC3C 

whereas the γ-aminobutyric acid type A receptor (GABAAR)-associated protein (GABARAP) 

subfamily consists of GABARAP and its paralogs GABARAP-like 1 (GABARAPL1) and 

GABARAP-like 2 (GABARAPL2) [1]. GABARAP is 14 kDa of size and exhibits a C-terminal 

ubiquitin-like fold, placing it in the superfamily of ubiquitin-like modifiers [2]. It shares high 

sequence and structural similarity with its paralogs GABARAPL1 and GABARAPL2 but also 

with members of the LC3 subfamily [3-7]. While at low, i.e. < 100 µM, concentrations 

GABARAP was found to be monomeric, higher order linear homopolymers at higher 

concentrations have also been reported [2, 8]. 

Subfamily members of human ATG8 proteins (from here on collectively referred to as 

LC3/GABARAP) have numerous protein-protein interactions via conserved interaction motifs 

[9]. While the LC3-interacting region (LIR), or Atg8-family interacting motif (AIM), has been 

described to mediate interactions for all subfamily members, more recently a specific 

GABARAP interaction motif (GIM) has been described which mediates protein interactions 

preferably with the GABARAP subfamily [10, 11]. The LIR concept has further been 

extended by the discovery of a non-canonical LIR motif involving an additional binding 

pocket within GABARAP [12], as well as by an extended LIR (xLIR) motif referring to 

negatively charged amino acids in neighborhood to the core LIR motif which positively 

influence interactions [13]. In addition, a motif closely related to the ubiquitin-interacting motif 

(UIM) binding to a different site on the LC3/GABARAP proteins was described [14]. Given 

the fact that the consensus core LIR motif (W/F/Y)-X-X-(L/I/V) (where X may be any amino 

acid) is only four amino acids long, it is eminent that a huge number of potential protein 

interaction partners exist. 

Atg8 was originally discovered in the yeast Saccharomyces cerevisiae as an essential 

protein in the degradative autophagy pathway [15]. Autophagy will thus be introduced in the 

following chapter and the impact of LC3/GABARAP proteins, especially the GABARAP 

subfamily, on this process will be highlighted. 

 

2.1.1 GABARAP subfamily proteins in macroautophagy 
The term autophagy is composed of the two Greek words αυτος (autos: he/himself) and 

φαγειν (phagein: eating). It describes a cellular degradation process during which cytosolic 
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components are engulfed by a double membrane and targeted for degradation within 

lysosomes. The expression was coined by Christian De Duve at the Ciba Foundation 

Symposium on Lysosomes in 1963 [16]. Macroautophagy is a rather unselective degradative 

process occurring under nutrient starvation [17]. Autophagosome formation can be roughly 

divided into three steps:  

1) Initiation of autophagosome biogenesis 

2) Elongation, growth and closure of autophagosomes 

3) Fusion of mature autophagosomes with lysosomes, resulting in degradation of the 

former inner membrane and breakdown of autophagosomal cargo [18]. 

Although LC3/GABARAP proteins have originally been identified to act downstream of 

autophagy initiation [19], more recent data provides evidence that LC3/GABARAP subfamily 

proteins are influencing events during every step of autophagosome formation [20]. In the 

following chapters the involvement of particularly the GABARAP subfamily during these 

steps will be highlighted. 

 

2.1.1.1 Initiation of autophagosome biogenesis 
Three macromolecular complexes are involved in the initiation of autophagosome biogenesis 

and they act in a hierarchical manner. The most upstream complex involved is the 

mammalian target of rapamycin complex 1 (mTORC1) which is a sensor for extra- and 

intracellular nutrient levels and thus a master regulator of starvation-induced autophagy [21]. 

Under nutrient-rich conditions, mTORC1 associates with the UNC51-like kinase 1 

(ULK1/ATG1) complex, consisting of ATG13, ATG101, ULK1 and focal adhesion kinase 

(FAK) family-interacting protein of 200 kDa (FIP200), causing its inactivation by 

phosphorylation of ULK1 and ATG13 [22, 23]. Upon nutrient starvation, mTORC1 

dissociates from the ULK1 complex, resulting in reduced inactivating phosphorylation of 

ULK1 and ATG13, and subsequent activation of the complex which leads to induction of 

autophagy [22, 23]. Activated ULK1 complex locates to the autophagosome initiation site via 

vesicular trafficking [24, 25]. The current consensus is that autophagosome biogenesis is 

initiated near contact sites of the endoplasmic reticulum (ER) and mitochondria, which are 

termed omegasomes due to their characteristic appearance in fluorescence microscopy [26]. 

GABARAP was recently reported to be tethered to the Golgi-apparatus resident 130 kDa cis-

Golgi matrix protein (GM130) and released by WW domain-containing adaptor with coiled-

coil activity in response to starvation to subsequently localize to omegasomes to activate the 

ULK1 complex and promote autophagy [27]. Recent data further reported a direct interaction 
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between ULK1, ATG13 and LC3/GABARAP family proteins to either enhance (GABARAP) 

or downregulate (LC3B) autophagy by directly modulating ULK1 complex activity [28]. 

At the omegasome, the class III phosphatidylinositol 3 (PI3)-kinase (PI3KC3) complex 

(PI3KC3-C) is recruited. This complex is comprised of a core of PI3K catalytic subunit type 3 

(PIK3C3/hVps34) and PI3K regulatory subunit 4 (PIK3R4) which, by association with Beclin-

1 (BECN1), form the class 1 PI3KC3 (PI3KC3-C1) [29-32]. BECN1 is a central protein during 

autophagy initiation as it is phosphorylatable by a multitude of interaction partners to 

subsequently induce or suppress autophagy by various downstream interactions [33]. 

Autophagy-suppressing BECN1 interactors include e.g. apoptosis regulatory B-cell 

lymphoma 2 (BCL2) proteins [34], RUN domain BECN1-interacting and cysteine-rich 

domain-containing protein (RUBICON) [29] and activated epidermal growth factor (EGF) 

receptor (EGFR) [35]. In response to starvation, autophagy is promoted by interactions 

resulting in release of BECN1 from BCL2 [36, 37]. Free BECN1 subsequently associates 

with ATG14 and within this complex both proteins are phosphorylated by ULK1 to initiate 

autophagy by enhancing activation of the PI3KC3-C1 and recruiting it to omegasomes 

[38-44]. Phosphorylation of activating molecule in BECN1-regulated autophagy protein 1 

(AMBRA1) by ULK1 further facilitates translocation of PI3KC3-C1 to omegasomes [45]. 

PIK3C3/hVps34 is the only class III PI3K known in humans and phosphorylates PI3 within 

membranes to produce PI3-phosphate (PI3P) [46, 47]. Local PI3P is essential for 

autophagosome biogenesis and mediates recruitment of downstream effector molecules to 

the initiation site [48]. Intriguingly, preferably GABARAP proteins also interact with 

PIK3C3/hVps34, BECN1 and ATG14 of the PI3KC3-C1 directly through LIR motifs, 

potentially acting as scaffolds to ensure efficient autophagosome biogenesis [49]. Figure 1 

illustrates these early events of autophagy initiation and shows GABARAP interactions with 

their key players. 
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Figure 1: Regulation of starvation-induced autophagy by GABARAP interactions during early key events. 
Under nutrient-rich conditions, the mTORC1 inactivates the ULK1 complex by phosphorylation of ULK1 and 

ATG13. BCL2 binds and inhibits BECN1, while GM130 binds and inhibits GABARAP at the Golgi apparatus. In 

response to nutrient starvation or inhibition of mTORC1, the ULK1 complex localizes to the omegasome. Here 

GABARAP, potentially by acting as a scaffold protein, interacts with and activates ULK1 and ATG13 to enhance 

ULK1 autophagy-promoting activity. ULK1 further phosphorylates ATG14, BECN1 (both free and in complex with 

ATG14) and AMBRA1 to recruit PIK3C3/hVps34 and PI3KR4 to the omegasome where they interact with BECN1 

and ATG14 to form the PI3KC3-C1. PIK3C3/hVps34 PI3-kinase activity results in local production of PI3P which 

is essential for initiation of autophagosome biogenesis. GABARAP furthermore interacts with components of the 

PI3K3C1, probably to stabilize the complex and facilitate initiation of autophagosome biogenesis. P = 

phosphorylated amino acid residue. 

 

2.1.1.2 Elongation, growth and closure of autophagosomes 
In order to engulf cytosolic cargo, the formation of fully closed autophagosomes is necessary 

for ultimate lysosomal cargo degradation. Growth of autophagosomes involves two ubiquitin-

like conjugation systems. The first important step is the conjugation of ATG12 to ATG5 

which is mediated by the E1- (E1L) and E2-like (E2L) enzymes ATG7 and ATG10 [50-52]. 

The resulting ATG12-ATG5 conjugate subsequently forms large tetrameric complexes with 

ATG16L which are associated with growing phagophores but absent from mature 

autophagosomes [53]. 

The second ubiquitin-like conjugation system during autophagosome biogenesis involves the 

conjugation of LC3/GABARAP subfamily proteins. They are cleaved at their C-terminus by 

ATG4 proteases to generate LC3/GABARAP-I, conjugated to the E2L protein ATG3 by E1L 
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activity of ATG7, followed by transfer to phosphatidylethanolamine (PE) to generate 

membrane associated LC3/GABARAP-II which is thus incorporated into growing 

autophagosomes during all stages of elongation and growth [54-56]. Especially 

accumulation of lipid-conjugated (lipidated) LC3B-II is therefore widely used as a marker for 

autophagosome formation and as a general readout for autophagy [57]. It has been shown 

that the ATG12-ATG5-ATG16L complex is recruited to omegasomes by the PI3P effector 

WD-40 repeat containing protein that interacts with PtdIns (WIPI) 2 (WIPI2), where it 

mediates attachment of LC3/GABARAP to PE via E3-like (E3L) activity [58, 59]. 

Subsequently, the ATG12-ATG5-ATG16L complex together with LC3/GABARAP forms a 

mesh-like layer with stabilizing properties on autophagic membranes [60]. Lipidation of 

LC3/GABARAP was also described to depend on the membrane curvature sensing 

properties of ATG3, thereby promoting membrane incorporation directly at the growing tips 

of autophagosomes [61]. Lipid-associated LC3/GABARAP proteins and their incorporation 

into membranes was further reported to alter properties and curvature of membranes directly 

[62]. 

Several membrane sources for growing autophagosomes were suggested in the past. They 

were believed to be either derived from an existing organelle (maturation model) or 

assembled from different lipid sources at their initiation site (assembly model) and evidence 

was reported to support both models [63]. Several studies reported autophagosomes to be 

positive for post-Golgi associated membrane sources such as lectins [64, 65]. Also 

mitochondria [66], ER exit sites [25, 67], ER-Golgi intermediates as well as the ER-Golgi 

fusion machinery [68, 69], recycling endosomes [70-72] and the PM [73] have been 

described to contribute membranes to autophagosome biogenesis. This illustrates that 

autophagy may utilize a multitude of membrane sources, probably depending on the cellular 

metabolic state. The transmembrane protein ATG9 seems to play a special role in this 

context, as cycling of ATG9-positive vesicles was described to not only be necessary for 

initiation, but also to transport membranes to omegasomes to promote autophagosome 

growth [74, 75]. 

How autophagosomes are finally closed, e.g. by membrane scission [76], is not fully 

understood yet [77], although PI3P phosphatases have been implicated to regulate 

autophagosome levels by negatively regulating local PI3P levels [78, 79]. Interestingly, the 

presence of LC3/GABARAPs is necessary to form fully sealed autophagosomes [80], 

potentially due to their ability to mediate membrane fusion processes during autophagosome 

biogenesis [81]. Importantly, a recently published study established a direct and essential 

role for GABARAP in autophagosome closure by interaction with ATG2A/B and WIPI4, 

whereas disruption of this interaction resulted in a block of autophagy [82]. Figure 2 
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highlights the involvement of GABARAP subfamily proteins during autophagosome growth 

as described within this chapter. 

 

 

Figure 2: GABARAP is anchored into autophagic membranes by an ubiquitin-like conjugation system 
and is involved in autophagosome elongation, growth and closure. (A) ATG12 is conjugated to ATG5 by a 

ubiquitin-like conjugation process involving E1L activity of ATG7 and E2L activity of ATG10. The resulting 

ATG12-ATG5 conjugate subsequently forms a complex with ATG16L. (B) GABARAP family members are pre-

processed by cleavage at C-terminal G by ATG4 protease activity and subsequently conjugated to 

phosphatidylethanolamine (PE) in a second ubiquitin like conjugation reaction involving E1L activity of ATG7 and 

E2L activity of ATG3 to generate membrane-associated GABARAP-II. LC3 family members represented by LC3B 

are conjugated to PE after C-terminal pre-procession analogously. (C) The E3L ATG12-5-16L complex is 

targeted to the omegasome by the PI3P-binding protein WIPI2 to mediate incorporation of GABARAP/LC3-II into 
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growing autophagosomes which are thereby tethering and recruiting lipids derived from various membrane 

sources including but not limited to ATG9-containing vesicles, mitochondria and ER. (D) Autophagosome closure 

is not yet fully understood but accomplished by an interaction involving GABARAP and ATG2 which is tethered to 

the ER by WIPI4 during autophagosome growth. 

 

2.1.1.3 Transport of autophagosomes and their fusion with lysosomes 
Fully closed autophagosomes are finally released from ER contact sites by regulation of 

local Ca2+ levels due to activity of vacuole membrane protein 1 (VMP1) [83]. Afterwards, free 

autophagosomes are transported along microtubules by dynein-mediated minus-end 

transport to encounter lysosomes which are concentrated in the perinuclear region [84, 85]. 

Proteins of the Ras-related in brain (RAB) family link both autophagosomes and lysosomes 

to microtubule transport by simultaneous binding to motor protein-linked adaptors [86]. In 

general, microtubule plus-end transport of vesicles is mediated by kinesin, while minus-end 

transport is mediated by dynein [87]. In this context, RAB7 both regulates minus- and plus-

end transport of autophagosomes and lysosomes by interacting with e.g. FYVE and coiled-

coil (CC) domain-containing protein 1 (FYCO1) [88], RAB7-interacting lysosomal protein 

(RILP) [89] and oxysterol-binding protein-related protein 1L (ORP1L) [90]. This bidirectional 

transport enables the control of autophagic flux by regulated encounter of autophagosomes 

and lysosomes. Since FYCO1 also interacts with LC3/GABARAP and kinesin to mediate 

plus-end transport, it was suggested to target pre-autophagosomal membranes to cytosolic 

target sites of cargo engulfment [91]. While FYCO1 was reported to preferentially associate 

with LC3 subfamily proteins [92, 93], it might in principle also bind to GABARAP subfamily 

members. Although LC3/GABARAP proteins have additionally been suggested to regulate 

autophagosome transport in a more direct manner, e.g. by microtubule-binding via their N-

termini [94], experimental evidence to support such models is largely lacking. 

After autophagosomes and lysosomes meet, their membranes fuse to form 

autophagolysosomes, resulting in degradation of intra-autophagosomal cargo and the inner 

membrane of the former autophagosome [95, 96]. This fusion step includes numerous 

anchor/tether molecules and protein complexes, among which the homeotypic fusion and 

protein sorting (HOPS) complex is best described. It shares a core with the class C core 

vacuole/endosome tethering (CORVET) complex and either of these complexes is then 

formed by addition of two unique subunits [97-99]. While the CORVET complex is 

responsible for tethering and facilitating endosome-endosome fusion, the HOPS complex 

tethers endosomes and other vesicles to lysosomes and mediates their fusion by recruiting 

effector proteins [97-99]. The HOPS complex interacts with RAB7 on late endosomes (LEs) 

and autophagosomes and is tethered via pleckstrin homology domain-containing protein 
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family member 1 (PLEKHM1) and simultaneous RAB7 and LC3/GABARAP binding to 

autophagosomes [100, 101]. 

Autophagosome-lysosome (AL) fusion is enabled by binding of the HOPS complex to the 

soluble N-ethyl-maleimide-sensitive factor (NSF) attachment protein (SNAP) receptor 

(SNARE) syntaxin17 (STX17) and its interaction with the lysosomal SNARE vesicle-

associated membrane protein 8 (VAMP8) via SNAP29, enabling lipid mixing and fusion by 

bringing the two organelles in close proximity [102, 103]. Oligomeric ATG14 further stabilizes 

the STX17, VAMP8, SNAP29 interaction to facilitate AL fusion [104]. Importantly, the BIR 

repeat-containing ubiquitin-conjugating enzyme (BRUCE) has been shown to directly 

interact with GABARAP, STX17 and SNAP29 to facilitate AL fusion [105]. 

SNARE-mediated membrane fusion in general is based on the presence of distinct SNARE 

proteins associated to either of the vesicles about to fuse: one v-SNARE (vesicular SNARE) 

and two or three t-SNAREs (target SNAREs) bind to form a trans-SNARE complex bringing 

the two lipid bilayers in close enough proximity to overcome the energetic barrier and enable 

lipid mixing and finally fusion without organelle lysis [106]. Afterwards, the resulting cis-

SNARE complex binds NSF and a specific SNAP to disassemble the SNARE complex under 

ATP consumption [107]. Additionally, PI3K3C3-C2, consisting of PIK3C3/hVps34, PI3KR4, 

BECN1 and UV radiation resistance-associated gene (UVRAG) protein, facilitates fusion by 

enhancing HOPS complex and RAB7 activity [32, 108]. GABARAP was recently reported to 

recruit phosphatidylinositol 4-kinase IIα (PI4KIIα) to mature autophagosomes and due to 

subsequent local phosphatidylinositol 4-phosphate (PI4P) production mediate AL fusion 

[109]. Within the resulting autophagolysosome, the inner membrane, including 

LC3/GABARAP, of the former autophagosome is degraded by acidic phospholipases 

[110, 111]. Subsequently, autophagosomal cargo is degraded by acidic proteases such as 

cathepsins [112]. The catabolites resulting from lysosomal breakdown of macromolecules 

are then exported via specific catabolite exporters to the cytoplasm where they can be 

reutilized to maintain cellular homeostasis [113]. 

Notably, the ATG8 conjugation machinery was described to be necessary not only for 

correct closure of autophagosomes, but also for the degradation of the former inner 

autophagosome membrane within lysosomes, although fusion itself was not affected [96]. 

Figure 3 illustrates the events described in this chapter and highlights involvement of 

GABARAP subfamily proteins during AL fusion. 
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Figure 3: GABARAP is involved in autophagosome transport and fusion of autophagosomes with 
lysosomes. (A) Fully closed autophagosomes are released from ER contact sites by VMP1 activity. (B) 

Transport of autophagosomes along the microtubule network involves simultaneous binding of the effector 

protein RILP to RAB7 on autophagosomes as well as the motorprotein dynein, resulting in movement of 

autophagosomes along the microtubule minus-end. Microtubule plus-end transport is mediated analogously and 

involves interaction of RAB7, FYCO1 and kinesin. (C) GABARAP recruits PI4KIIα to autophagosomes, potentially 

to recruit effectors needed for fusion with lysosomes by local PI4P production. GABARAP subfamily proteins 

facilitate fusion of autophagosomes with lysosomes by interacting with the tethering factors PLEKHM1 and 

BRUCE to enable SNARE interaction. 

 

2.1.2 GABARAP proteins in selective autophagy 
In addition to canonical bulk degradation of cytoplasmic content via macroautophagy, 

several highly selective forms of autophagy exist. They result e.g. in degradation of 

(damaged) organelles, protein aggregates, lipid droplets but also exogenous material such 

as viruses, bacteria and parasites [114, 115]. Macroautophagy and selective autophagy 

mainly utilize the same set of proteins for autophagosome biogenesis and AL fusion, 

including LC3/GABARAP subfamily proteins, but substantially differ in their mode of cargo 

recognition which is highly specific in case of selective autophagy. Another important 

difference is the recruitment of the initiation machinery (2.1.1.1), including ULK1 complex, 
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which, in case of selective autophagy, is recruited only after cargo recognition and binding in 

an mTORC1 independent manner [116-118]. 

The current understanding of the cargo selection process is that oligomeric selective 

autophagy receptors (SARs) simultaneously bind to proteins marked by polyubiquitination 

and LC3/GABARAP proteins via LIR motifs, thereby targeting cargo into growing 

autophagosomes [114]. The first mechanistic observations of selective targeting of proteins 

into autophagosomes in mammalian cells described the targeting of polyubiquitinated protein 

aggregates to autophagosomes by oligomeric sequestosome-1 (SQSTM1/p62) through 

simultaneous binding to LC3/GABARAP proteins [119, 120]. Autophagic clearance of 

peroxisomes was also shown to be SQSTM1/p62-dependent [121]. 

Subsequently, the role of LC3/GABARAP proteins involved in the selective degradation of 

mitochondria, termed “mitophagy”, was established [80, 122]. In general, the mitochondrial 

serine/threonine-protein kinase PINK1 accumulates at the outer mitochondrial membrane 

(OMM) of damaged mitochondria and phosphorylates ubiquitin which causes recruitment of 

the SARs optineurin and nuclear dot 52 kDa protein, which in turn direct the ULK1-

containing autophagosomal initiation machinery to compromised mitochondria [123, 124]. 

Subsequent depolarization of mitochondrial membranes leads to the relocalization of the 

inner mitochondrial membrane (IMM) resident proteins NipSnap homolog 1 and 2 which 

enhance selective mitophagy by binding to LC3/GABARAPs and SARs [125]. In addition, 

forms of mitophagy involving LC3/GABARAP proteins, independent of PINK1, by further 

SARs in response to different stressors have been described [126-128]. Particularly 

interesting is the involvement of AMBRA1 as a SAR in this regard [129] because AMBRA1 

was found to preferably bind to GABARAP subfamily proteins [130]. As described in chapter 

2.1.1.1, AMBRA1 is also involved in initiation of mTORC1-dependent autophagy which might 

provide another link of involvement of GABARAP during the process. 

The turnover of the ER, termed “ER-phagy”, is another form of selective autophagy involving 

LC3/GABARAP proteins and several distinct forms have been described depending on the 

inducing factor and/or ER component to be degraded [131-133]. Further forms of selective 

autophagy involving LC3/GABARAP proteins exist, following the same general principle as 

described for aggrephagy, mitophagy and ER-phagy (they are reviewed e.g. in [114]). 

 

2.1.3 GABARAP proteins in surface receptor trafficking 
Although most of the recent studies focus on autophagy-related functions of the GABARAP 

subfamily, it was originally discovered in mammalians for its role in surface receptor 

trafficking. The eponymous GABAAR negatively regulates signals in GABAergic neurons and 

GABARAP was discovered as a binding protein simultaneously interacting with the 
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receptor’s γ2 subunit and the cytoskeleton to promote receptor cluster formation and surface 

expression [134-136]. Simultaneous association with GABAAR and tubulin was also 

described for GABARAPL1 [137]. GABARAP was further shown to promote trafficking of 

GABAAR-containing vesicles by binding to the motor protein kinesin-1 family member 5 A 

[138]. Because GABARAP itself was not found in high abundance at the synapse, it was 

later suggested to influence GABAAR clustering by mediating its trafficking via interaction 

with NSF [139]. Prior to this finding, GABARAPL2 was already reported to interact with NSF 

and enhance its ATPase activity, thereby promoting vesicular trafficking at the Golgi 

apparatus [140]. Later, GABARAPL1 was also reported to interact with NSF [141]. In 

contrast, NSF interaction has not been assigned to any of the LC3 family proteins to date. 

This feature thus discriminates the GABARAP from the LC3 subfamily and highlights the 

potentially unique role of GABARAP proteins during vesicular (receptor) trafficking. 

GABARAP and GABARAPL1 were also reported to interact with the splicing variant PX-

RICS of Rho GTPase-activating protein (RICS) containing a phosphoinositide-binding (PX) 

domain, which is involved in ER to Golgi transport of a N-cadherin/β-catenin complex [142] 

and GABAAR trafficking [143]. Interaction of GABARAP with the transferrin receptor (TFRC) 

has been reported [5], but no mechanistic function for this interaction has been assigned to 

date. In contrast, GABARAP proteins have been reported to be associated with several cell 

surface receptors and to promote their surface expression. Interaction of GABARAP with 

transient receptor potential cation channel subfamily V member 1 (TRPV1) was found to 

directly influence its kinetics [144], illustrating the physiological relevance of the interaction. 

GABARAP further interacts with the angiotensin 1 receptor (AT1R) to enhance its surface 

expression and positively modulate its signaling activity [145]. Consistently, deficiency for 

GABARAP was reported to result in increased levels of solute carrier family 34 member 1 

(SLC34A1) at the renal brush border membrane, causing decreased urinary Pi levels in 

GABARAP KO mice [146, 147]. GABARAPL1 was reported to interact with κ-opioid receptor 

(KOR) and increase its surface expression [148]. Additionally, it was found to be required for 

increased surface expression of the EGFR, but only under hypoxic conditions [149]. 

Recently, GABARAPL2 has been described to interact with parkin-associated endothelin 

receptor-like receptor (PAELR) and to reduce its levels upon overexpression [150]. 

In summary, involvement of GABARAP subfamily proteins has been described for a variety 

of cell surface receptor proteins and while presence of a distinct GABARAP was often 

reported to be associated with increased surface expression of the analyzed receptor, also 

downregulation of receptors was reported. Notably, autophagic turnover of tumor necrosis 

factor receptor superfamily member 12 A (TNFRSF12A) is mediated by GABARAP 

subfamily proteins with GABARAP and GABARAPL2 fulfilling different roles in the process 

[151]. In general, degradation of proteins via autophagy contributes to their turnover and 



31 
 

thereby directly regulates cellular homeostasis [152]. Table 1 summarizes the known effects 

of GABARAP subfamily proteins on cell surface receptor trafficking. Despite these isolated 

observations, general models of how GABARAP and its paralogs influence cell surface 

protein trafficking are rather limited. Therefore, systematic analyses are necessary to shape 

a better understanding of the underlying processes. 

 

Table 1: Reported interactions of GABARAP subfamily proteins with surface receptor proteins. 

Surface 
receptor 

GABARAP subfamily 
protein 

Function 

AT1R GABARAP 
Direct interaction modulates surface 

expression and signaling activity 

SLC34A1 GABARAP 
Deficiency results in increased receptor 

levels at brush border membrane  

TFRC GABARAP Direct interaction with unknown function 

TRPV1 GABARAP 
Direct interaction influences receptor 

kinetics and surface expression 

GABAAR GABARAP/GABARAPL1 
Direct interaction promotes receptor 

clustering 

KOR GABARAP/GABARAPL1 
Direct interaction increases surface 

expression 

TNFRSF12A GABARAP/GABARAPL2 
Selective regulation of turnover via 

autophagy 

EGFR GABARAPL1 
Necessary for increased surface expression 

in response to hypoxia 

PAELR GABARAPL2 Overexpression reduces receptor levels 
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2.2 The endolysosomal system explained by epidermal growth factor 
receptor trafficking 
The involvement of GABARAP subfamily proteins in both anterograde surface receptor 

trafficking as well as their autophagic turnover (2.1.3) illustrates how the functions of the 

GABARAP subfamily during (selective) autophagy are interconnected with functions directly 

related to (vesicular) receptor trafficking. Both autophagy and the endosomal system indeed 

share a subset of key proteins and therefore naturally overlap at a number of nodes. The 

endolysosomal system will thus be introduced in the following chapter with the example of 

EGF-induced EGFR intracellular trafficking. Selected proteins involved in both processes are 

highlighted. 

 

2.2.1 The epidermal growth factor receptor 
The EGFR belongs to the superfamily of ErbB receptors [153, 154]. It consists of an 

extracellular part with four domains, one single transmembrane domain, a small 

juxtamembrane segment, an intrinsically inactive kinase domain consisting of a C-lobe and a 

N-lobe as well as a flexible regulatory cytoplasmic tail containing several phosphorylatable Y 

residues (figure 4) [155-158]. It is thus a receptor tyrosine kinase (RTK) localized at the PM 

and as such responsible for receiving extracellular inputs and transducing them into 

intracellular signals to promote e.g. development, growth, cellular homeostasis, regeneration 

and proliferation [159, 160]. The inputs for such signals are provided by a variety of ligands, 

some of which bind to and activate several ErbB family members [161]. The eponymous 

EGF binds exclusively to the EGFR [162] and will thus be used in the following chapters to 

describe EGFR activation, signaling, subsequent internalization and trafficking within the 

endosomal system leading either to the receptor’s recycling back to the PM or degradation 

within the lumen of lysosomes. 
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Figure 4: Structural composition of monomeric EGFR. The EGFR consists of an extracellular ligand-sensing 

domain, a single transmembrane segment which is connected by a small juxtamembrane segment to the kinase 

domain. The kinase domain is autoinhibited under conditions of ligand-unavailability and consists of two distinct 

lobes termed C and N lobe, respectively. Adjacent to the kinase domain, EGFR contains a cytoplasmic regulatory 

C-terminal tail which contains several phosphorylatable Y residues. Adapted and modified according to [157]. 

 

2.2.2 Epidermal growth factor receptor activation and signaling 
Under steady-state conditions, ligand-unbound EGFR is present at the PM either as a 

monomer or as a preformed symmetric dimer [163-165]. The affinities of EGF for either a 

single monomer (220 pM) or a monomer within a symmetric dimer (190 pM) are basically 

equivalent, indicating that both are functionally relevant in living cells [166]. Upon EGF 

binding, the extracellular domains form a pocket like structure, the orientation of the C- and 

N-lobes change, which, in case of preformed dimers, results in an asymmetric dimer through 

rotation and the thus activated kinase domain of the EGF bound monomer auto-

phosphorylates Y residues in the cytoplasmic regulatory tail of the unoccupied monomer 

[157, 167, 168]. Additionally, ligand-bound monomers associate with unoccupied monomers 

to form asymmetric dimers [169]. Notably, due to conformational changes, the affinity of EGF 

for the unoccupied monomer in an asymmetric dimer is approximately ten-fold (2.9 nM) 

lower compared to single monomers or monomers in preformed symmetric dimers (negative 

cooperativity) [166, 170]. The resulting double occupied dimers are rather unstable and tend 
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to separate, which results in two ligand-bound single monomers [166]. These ligand-bound 

EGFR monomers are then free to recruit unoccupied monomers, phosphorylating their C 

regulatory tails and thus laterally propagate the signal to subsequently recruit downstream 

effector proteins of diverse signaling pathways [166, 171]. At saturating concentrations of 

EGF (i.e. ≥ 10 ng/ml), however, relative levels of double ligand-bound symmetric dimers 

accumulate, resulting in phosphorylation of the remaining cytoplasmic regulatory tail of the 

initially EGF-bound EGFR monomer [166, 172]. Figure 5 summarizes binding kinetics of 

EGF to EGFR in such a model of negative cooperativity. 

EGFR also forms higher state oligomers, thereby increasing local EGFR concentration and 

signaling activity through enhanced relative levels of cytoplasmic tail phosphorylation by 

oligomerization of activated kinase domains [172, 173]. Oligomerization of EGFR is ligand-

dependent and thus explains how different ligands mediate different signaling outcomes 

through stabilization of distinct homo- or hetero-dimers and/or oligomers [174, 175]. 

Downstream of receptor oligomerization, several signaling pathways are activated and 

include PI3K/protein kinase B (PKB/AKT) and mitogen-activated protein kinase/extracellular-

signal regulated kinase (MAPK/ERK) signaling which subsequently promote cell growth, 

motility, differentiation and proliferation via activation of downstream targets [176-180]. 
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Figure 5: EGF:EGFR binding in a model of negative cooperativity. Under ligand-free conditions, EGFR is 

present at the PM either as a single monomer or as a symmetric homodimer. Upon EGF stimulation, both 

monomeric and homodimeric EGFR bind EGF with high affinity. Subsequently, asymmetric homodimers are 

either formed by ligand-induced dimerization in case of EGF bound monomeric EGFR or by rotation in case of 

preformed homodimeric EGFR. Within asymmetric EGFR dimers, the kinase domain of the EGF bound monomer 

is activated due to conformational changes and trans-phosphorylates Y residues in the regulatory tail of the 

unbound monomer within the dimer. The affinity of EGF to the unoccupied EGFR monomer within an asymmetric 

single-occupied dimer is approximately ten-fold lower compared to unoccupied symmetric dimers or unoccupied 

monomers which leads to rapid dissociation of double-bound asymmetric dimers, thereby laterally propagating 
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EGF-induced signaling by formation of additional asymmetric dimers with unoccupied monomeric EGFR. Active 

kinase domains are depicted by red margins. P = phosphorylated Y residues. Adapted and modified according to 
[166]. 

 

2.2.3 EGFR internalization, endosomal trafficking and degradation 
To prevent sustained activation and uncontrolled signal transduction, the EGFR is 

internalized via endocytosis and sorted within the endolysosomal system, resulting either in 

recycling back to the PM or degradation within lysosomes [181]. 

Internalization in response to EGF binding and activation can be mainly divided into two 

different branches: at low EGF concentrations (i.e. < 10 ng/ml), the receptor is internalized 

via clathrin-coated pits by clathrin-mediated endocytosis (CME), whereas higher EGF levels 

promote clathrin-independent endocytosis (CIE) [182, 183]. The question of how receptors 

translate low and high EGF concentration into distinct cellular responses has evoked the 

concept of low and high affinity EGFR subsets [184]. However, the model of negative 

cooperativity for EGFR indicates that these subsets are based on the lowered binding affinity 

of EGF to the unoccupied monomer in an asymmetric dimer (2.2.2) [166]. “Lowly activated” 

receptors are thus likely represented by asymmetric dimers where only one EGFR 

cytoplasmic tail is phosphorylated in response to low concentrations of EGF which trigger 

lower levels of oligomeric EGFR species and thus lower net activation of receptors [173]. 

These receptors are internalized via CME and primarily sorted within RAB5-positive 

endosomes. As described, EGFR activation leads to recruitment of PI3K/AKT (2.2.2) which 

produces phosphatidylinositol-3,4,5-triphosphate (PIP3) which acts as an effector molecule 

to recruit RAB5 via binding of early endosomal antigen 1 (EEA1) [185]. RAB5 tethered to 

early endosomes by EEA1 subsequently recruits the CORVET complex to trigger fusion of 

RAB5-containing endosomes [186, 187]. RAB5 has further been described to interact with 

the effector fused toes (FTS)-hook-FTS and hook-interacting protein to mediate dynein-

driven transport of early endosomes to the microtubule minus-end which directs endosomes 

towards the perinuclear region [188, 189]. Here, phosphatases of the protein tyrosine 

phosphatase (PTB) family reside at the ER [190, 191] and prototypic PTB1B 

dephosphorylates EGFR, thereby shutting down its signaling activity [191, 192]. The 

resulting vesicles containing inactivated EGFR mature into RAB11-positive recycling 

endosomes and are trafficked back to the PM, where recycled receptors again can react to 

extracellular stimuli [193-195]. Roughly two thirds of EGFRs internalized by CME are 

recycled back to the PM, the rest is degraded [196]. 

In contrast, highly activated, i.e. double phosphorylated oligomeric, receptors are 

internalized more rapidly via CIE and mainly undergo a different fate: here, approximately 
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85 % of the internalized receptors are targeted for degradation and only approximately 15 % 

are recycled [196, 197]. In this context, hyperubiquitination mediated by the E3 ubiquitin-

protein ligase CBL in response to EGF stimulation serves as a sorting signal for endosomal 

trafficking towards degradation [198-200]. Vesicles containing hyperubiquitinated EGFR also 

acquire RAB5, fuse with other endosomes accordingly and travel towards the perinuclear 

region. However, in case of highly activated and ubiquitinated receptors, these vesicles 

mature into RAB7-positive LEs [201]. This is facilitated by dephosphorylation of RAB7 by 

phosphatase and tensin homolog (PTEN) on endosomes and subsequent recruitment of the 

vacuolar fusion protein MON1 homolog A-Vacuolar fusion protein/CCZ1 homolog complex 

which acts as an activator of RAB7 and mediates its incorporation into endosomal 

membranes [202]. Subsequently, LEs fuse and their membranes are invaginated to form 

multivesicular bodies (MVBs). In order to mature into intraluminal vesicles (ILV) of such 

MVBs, ubiquitinated receptors are dephosphorylated by PTBs and ILV formation is mediated 

by endosomal sorting complexes required for transport (ESCRT) activity. ESCRT protein 

complexes act hierarchically: ESCRT-0 recognizes and clusters ubiquitinated EGFR, 

ESCRT-I and ESCRT-II take over and bend LE membranes which are finally processed by 

ESCRT-III to generate ILVs devoid of ESCRT complexes but containing EGFR [203]. 

Successful maturation of EGFR-containing MVBs has also been reported to be dependent 

on proteasome-mediated deubiquitination [204]. 

To finally target EGFR for degradation, RAB7 recruits the effector proteins ORP1L and RILP 

to LEs/MVBs to drive microtubule minus-end transport to ensure their trafficking towards the 

perinuclear region [205]. In parallel, RAB7-RILP interaction on lysosomes facilitates their 

trafficking to the perinuclear region where both vesicular compartments meet [89]. Finally, 

LEs/MVBs fuse with lysosomes and form endolysosomes [206]. The mechanism mediating 

endosome-lysosome fusion involves recruitment of HOPS complex, PLEKHM1, RAB7 and is 

similar to AL fusion (2.1.1.3). Within the lysosomal lumen, acidic hydrolases finally degrade 

both EGF and EGFR and the resulting amino acids can be repurposed by the cell [207]. 

Figure 6 shows a simplified schematic representation of the events described in this chapter. 
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Figure 6: Scheme depicting trafficking of EGFR within the endolysosomal system. Upon extracellular 

ligand binding, EGFR is internalized via CME or CIE. Internalized EGFR is sorted via the endosomal system 

within RAB5-positive early endosomes and either targeted for recycling by RAB11-positive endosomes (preferred 

under low ligand availability) or degradation via RAB7-positive LEs/MVBs (enhanced under high ligand 

availability). Prior to lysosomal degradation, EGFR is deubiquitinated by proteasome-associated deubiquitinases 

which is a prerequisite for its engulfment into MVBs through ILVs. MVB = multivesicular body, LE = late 

endosome, PTBs = protein tyrosine phosphatases.  
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2.2.4 Interconnections between autophagy and the endolysosomal system 
As described (2.1.1, 2.2.3), some general aspects, such as the trafficking of 

autophagosomes and endosomes along the microtubule network and their fusion with 

lysosomes obviously depend on similar mechanisms in both pathways. Furthermore, several 

proteins initially thought to be involved in only one of them, fulfill specific roles during both 

processes. 

Apart from its role during endosomal trafficking, RAB5 has additionally been described to 

interact with PIK3C3/hVps34 and BECN1 during initiation of macroautophagy [208]. RAB5 

was also found to be involved in closure of autophagosomes [209] via interaction with 

ESCRT proteins [210]. Furthermore, RAB11-positive compartments associated with 

endosomal recycling have been reported to additionally function as sites of autophagosome 

assembly [211]. As outlined in chapters 2.1.1.3 and 2.2.3, RAB7 facilitates fusion of both 

autophagosomes and LEs/MVBs with lysosomes. It also regulates their directed transport 

towards each other by acting as a link between motor proteins and autophagic, endosomal 

as well as lysosomal vesicles by interaction with e.g. FYCO1, RILP and ORP1L to mediate 

transport along the microtubule network. Finally, the HOPS complex is involved in tethering 

factors necessary for fusion between autophagosomes and lysosomes as well as 

endosomes and lysosomes. Intriguingly, endosomes and autophagosomes frequently fuse 

with each other to form amphisomes [212]. This clearly indicates that both processes 

represent closely related mechanisms to maintain cellular homeostasis and great caution 

needs to be exercised when interpreting experiments with focus on only one pathway. 

Notably, two distinct pathways employing components of the core autophagic machinery 

during endo- and phagocytosis have been described. During LC3-associated phagocytosis 

(LAP), LC3 is recruited to single membrane phagosomes containing pathogens and targets 

them for killing by fusion with lysosomes [213, 214]. Quite recently, LC3-associated 

endocytosis (LANDO) has been described to facilitate clearance of β-amyloid aggregates, 

which are a hallmark of neurodegenerative diseases, by endocytosis of LC3-positive 

endosomes and subsequent lysosomal degradation [215]. These two examples show that 

LC3/GABARAP proteins are potentially able to be targeted to single membranes and 

subsequently facilitate fusion with lysosomal compartments to target e.g. pathogens for 

degradation. Intriguingly, GABARAP lipidation was found to be not necessary for its 

coexistence with PI4KIIα on cytoplasmic vesicles, providing direct experimental evidence for 

recruitment of GABARAP to single lipid bilayer membranes independent of lipidation [216]. 

However, in contrast to the hierarchical recruitment of proteins of the GABARAP subfamily, 

which is well studied in the case of autophagy-related processes, the mechanism(s) and 

importance of their association with single lipid bilayer membranes are incompletely 

understood. 
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2.3 Methodological obstacles during identification of non-redundant 
GABARAP subfamily protein functions 
As described in chapter 2.1, GABARAP subfamily proteins exhibit high sequence and 

structural homology. They also bind to protein interaction partners through the same or 

similar interaction motifs (LIR/GIM) and were thus suggested to exhibit a high degree of 

functional redundancy. From the perspective of cellular homeostasis, a certain level of 

redundancy, especially during essential processes such as autophagy, is indeed favorable 

and thus very likely. However, studies which performed unbiased approaches and identified 

binding of only one or two subfamily members to a protein of interest (e.g. [145]), strongly 

suggest the existence of non-redundant functions of individual paralogs in parallel. However, 

at the start of this PhD project, there were several methodological constraints which had to 

be overcome in order to allow dissection of the non-redundant functions of GABARAP 

subfamily proteins at all. 

These included the issue of antibody specificity which is a prerequisite for reliable 

discrimination between GABARAP, GABARAPL1 and GABARAPL2, e.g. during 

immunoblotting (IB) and immunofluorescence (IF) imaging experiments. It was described 

that use of polyclonal antibodies raised against either GABARAP or GABARAPL1 could not 

distinguish between the two, implying that any polyclonal antibody targeting one subfamily 

member likely cross-reacts with other paralogs [57, 137, 217-219]. 

One possible solution to deal with this situation is the use of transient or stable 

overexpression of fluorescent-protein (FP)-tagged individual GABARAP subfamily proteins 

[51]. Unfortunately, a variety of detrimental side effects exist which might strongly affect any 

results obtained. The use of different transfection reagents was reported to be associated 

with a change in cellular gene expression which was mainly caused by introduction of 

exogenous DNA, such as empty vector controls alone, thereby potentially masking the effect 

of the protein of interest [220-222]. To further complicate matters, alterations in protein 

abundance as a result of plasmid transfection are cell type specific [223]. Induction of 

autophagy by transfection procedures [224] represents another important confounding 

factor, because it likely interferes with analysis of any of the functions of GABARAP 

subfamily proteins. Other potential side effects of transient or stable gene overexpression 

include cytotoxicity [225, 226], activation of immune response and cytokine production 

[227, 228], modulation of growth rates depending on the used reporter or plasmid backbones 

[229], protein aggregation [230], mutagenicity [231], epigenetic instability [232], random 

integration of plasmid DNA in the genome [233, 234] and alteration of cellular signaling 

caused by non-physiological amounts of the protein of interest [235]. 
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Another possibility is the use of RNA interference to knock down undesired members of the 

GABARAP subfamily and thus only analyze the remaining paralog(s) [217]. However, 

transiently introducing exogenous RNA sequences interferes with the endogenous cellular 

RNA machinery which was reported to result in its saturation and cause undesired side 

effects [236, 237]. Additionally, delivery by transfection was reported to alter lipid metabolism 

of primary and hepatocyte-derived liver cells [238, 239] which likely interferes with analysis 

of vesicular trafficking and/or autophagy. 

In summary, the potentially high number of possible confounding factors complicates 

interpretation of such experiments and illustrates the need for techniques requiring as little 

manipulation as possible within a given experiment. As described (2.2.4), the involvement of 

GABARAP subfamily proteins in interdependent processes such as autophagy and 

(vesicular) protein trafficking further complicates analysis of non-redundant functions in 

specific processes. 

 

2.3.1 CRISPR/Cas9-mediated genome editing 
In order to address unique non-redundant functions, tools are needed to establish analyses 

without interference of other GABARAP subfamily members. One way to achieve this is the 

use of genome engineering to generate KO cells lacking a protein of interest or KI cells 

which, e.g., express the coding sequence of a fluorescent protein under control of 

endogenous regulatory elements of the gene of interest. 

The clustered regularly interspaced short palindromic repeats/CRISPR-associated 

endonuclease Cas9 (CRISPR/Cas9) system, which was originally discovered as a type of 

adaptive immunity in bacteria, provides that [240-243]. Here, foreign DNA, e.g. from invading 

bacteriophages, is cleaved by bacterial endonucleases at distinct recognition sites and 

fragments of approximately 25 to 50 nucleotides (nt) length are inserted into the bacterial 

genome at distinct (proto)spacer sequences [244, 245]. Upon reinfection, these sequences 

are transcribed into small CRISPRRNAs (crRNAs) which are assembled with the 

endonuclease Cas9 via a trans-activating crRNA and directed to the DNA sequence of the 

invading bacteriophage where the target DNA is cleaved by Cas9 endonuclease activity 

[245-248]. 

This mechanism was adapted to mammalian cells and enables to direct a conjugate of Cas9 

and a single guide RNA (sgRNA) consisting of a 20 nt target sequence to a specific genomic 

locus by binding of complementary nucleotides to perform genome editing [249-251]. 

Targeting additionally requires a protospacer adjacent motif (PAM) which precedes the 

targeting sequence on the target genome side and determines Cas9 cleavage activity [252]. 
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Upon targeting of Cas9 to a specific genomic locus via the guide sequence, endonuclease 

activity of Cas9 results in cleavage of genomic DNA and subsequently in DNA double-strand 

breaks (DSBs). Because compromised DNA integrity represents a major threat to any cell 

[253-256], repair mechanisms have evolved. Among these, fast and efficient non-

homologous end-joining (NHEJ) is mainly employed to ligate ends of DNA double-strands 

whereupon the DSB is closed [257-259]. Alternatively, sequences as present in single-

stranded overhangs on breakage ends, serve as matrices for a ligase complex closing the 

gap with nucleotides [260]. Rather rarely in case of compatible overhangs and more often in 

case of incompatible overhangs, NHEJ results in imprecise repair and small insertions or 

deletions (indels) of nucleotides [261]. Such indel mutations can cause frameshifts and result 

in premature stop codons or aberrant amino acid sequences and thus loss of functional 

protein [250]. The endonuclease Cas9 is constitutively targeted to intact recognition 

sequences by its associated sgRNA. DNA cleavage is therefore also constitutive as long as 

the target sequence remains intact. Thus, imprecisely repaired genomic DNA accumulates 

and targeting of Cas9 consequently only stops when the target sequence is altered due to 

erroneous repair. Because of the high efficiency of Cas9 to introduce DSBs into the genome, 

care must be taken to prevent off-target effects resulting in undesired genomic mutations 

[262]. Besides usage of advanced systems, e.g. endonucleases from different sources 

requiring alternative PAMs [263] or double nickase systems [264], this can be achieved by 

sgRNA selection via advanced computational off-target prediction models [265]. 

The second main mechanism for repair of double-strand breaks is the homology-directed 

repair (HDR) pathway which is relatively slow and occurs less frequently compared to NHEJ 

[259, 266]. With regards to CRISPR/Cas9-mediated genome editing, the DSB can be 

repaired using a co-transfected engineered DNA template containing homology arms 

adjacent to the DSB site which can be used by the cellular repair machinery as a template 

for repair via homologous recombination [250, 267, 268]. Because HDR is rather error-free, 

it can be used to knock in specific sequences at desired genomic loci [269]. The KI of DNA 

sequences enables small introductions of a few nucleotides of length, or introduction of 

larger constructs, e.g. of fluorescent tags such as green fluorescent protein (GFP), which 

enable live-cell imaging of the protein of interest at physiological levels under control of the 

endogenous regulatory elements of the targeted gene [270-272]. Figure 7 shows a 

schematic representation of the application of CRISPR/Cas9-mediated genome editing. 

 



43 
 

 

Figure 7: CRISPR/Cas9-mediated genome editing. A sgRNA sequence of 20 nt of length targets the 

associated endonuclease Cas9 to a specific genomic locus preceded by a distinct PAM. Here, Cas9 

endonuclease activity results in DNA DSBs which are either repaired by NHEJ or HDR. In the former case, DSBs 

occur as long as the sequence is repaired correctly, resulting in stochastic accumulation of small indel mutations 

which, in some cases, result in premature stop codons in the coding region of the targeted gene and subsequent 

loss of functional protein. In case of HDR, simultaneous introduction of an artificial repair template containing 

homologous regions neighboring the cleavage site and a sequence, e.g. coding for a fluorescent protein, can 

result in repair by homologous recombination and insertion of the desired sequence. 
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3. Aims 
Although research is mostly focused on the whole subfamily rather than individual proteins, 

the involvement of the GABARAP subfamily during autophagy is relatively well-investigated. 

In contrast, their impact on (surface) protein trafficking is largely neglected. Identification of 

non-redundant functions in either context is further complicated by the high degree of 

structural similarity between GABARAP subfamily members, their supposed high degree of 

functional redundancy and their involvement in the general process of autophagy. Given the 

role of individual GABARAP subfamily proteins during intracellular trafficking and 

anterograde transport of cell surface receptors described in the literature, the question arises 

whether the GABARAP subfamily fulfills a more general role during these processes. The 

aim of this work was therefore to investigate the role of the GABARAP subfamily in surface 

protein biology and dissection of unique functions of individual family members. 

After establishing genome-edited cell lines lacking one, two or all three GABARAP subfamily 

proteins, this question should be addressed by employing a general unbiased approach. 

Quantitative surfaceome analysis represents such a method and should first be applied to 

cells deficient for the whole GABARAP subfamily. The surfaceome consists of all PM-located 

proteins at a given time point and thus under steady-state conditions represents the basal 

surface proteome. By comparative analysis of cells lacking the GABARAP subfamily and WT 

cells, proteins with altered surface abundance under basal conditions should be identified. 

Upon their identification, analysis should be conducted to identify potential subgroups within 

these proteins, based on e.g. functionality, membrane protein type, secretion pathway and 

involvement in disease. 

While the surfaceome approach is suitable to identify proteins whose basal cell surface 

localization might be dependent on one, two or all three members of the GABARAP 

subfamily, it inherently cannot provide detailed information on the mechanistic role of 

GABARAP subfamily proteins on individual trafficking processes. Hence, a model system of 

surface receptor trafficking allowing for the investigation of single intracellular trafficking 

steps such as internalization, recycling and degradation should be identified and employed 

to investigate the role of individual GABARAP subfamily proteins within distinct phases of 

cell surface protein trafficking. Such model system should essentially be well-studied, 

meaning that reliable established tools such as antibodies and qPCR primers should be 

available. It should be possible to activate it in a specific and controllable manner, provide a 

clear readout and its subcellular localization should be traceable during live-cell microscopy. 

Further desirable characteristics of such a model system include a potential direct interaction 

of the respective protein candidate with GABARAP subfamily proteins, e. g. through an 
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interaction motif, ubiquitous expression levels in several cell types to ensure generalizability 

and ideally a basis of evidence already linking GABARAP subfamily proteins to its fate. 

Once the ideal surface protein candidate had been identified, molecular biological and 

biochemical methods should be used to investigate the impact of individual GABARAP 

subfamily proteins on its intracellular trafficking under conditions not inducing autophagy. 

The greater aim of such analysis is to identify unique and non-redundant functions of 

GABARAP subfamily proteins and thus substantially enhance our knowledge of their 

autophagy-independent functions. 
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4. Results 

4.1 The highly GABARAP specific rat monoclonal antibody 8H5 
visualizes GABARAP in immunofluorescence imaging at endogenous 
levels 
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4.2 Lack of GABARAP-Type Proteins Is Accompanied by Altered Golgi 
Morphology and Surfaceome Composition 
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4.3 Deficiency of GABARAP but Not Its Paralogs Causes Enhanced EGF-
Induced EGFR Degradation 
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5. Summary and Conclusion 
The involvement of the GABARAP subfamily has been suggested for numerous cellular 

processes. Among those, their role during autophagy is by far best described and detailed 

analyses thereof are steadily increasing. Although GABARAP subfamily proteins were 

originally identified to be involved in the trafficking of cell surface receptors, detailed analysis 

on that matter has been relatively scarce. In both cases, analysis is often restricted to the 

whole subfamily and a high degree of functional redundancy between individual subfamily 

members is assumed. However, comparative analysis between individual subfamily proteins 

is largely lacking. Such task is complicated by high sequence and structural similarity 

between GABARAP subfamily proteins which represents a major obstacle in deciphering 

unique and non-redundant functions of individual family proteins. 

Therefore, the need for a toolbox enabling investigation of individual GABARAP subfamily 

proteins and combinations of them without interference from the others is obvious. 

CRISPR/Cas9-mediated genome editing allows for generation of each desired KO 

combination due to specific targeting of the endonuclease Cas9 to distinct genomic loci. It 

was applied during this PhD work to lay the groundwork of addressing scientific questions 

about GABARAP subfamily protein biology. 

 

5.1 CRISPR/Cas9 genome-edited cell lines allow for systematic analysis 
of GABARAP subfamily specific functions 
At the start of the present thesis, human KO cell lines of individual proteins or combinations 

of GABARAP subfamily members, mediated by genome editing via CRISPR/Cas9, had not 

been published and were not available within the “Atg8” scientific community. 

Such KO cells provide an essential tool for evaluation of processes which are dependent on 

a specific GABARAP subfamily protein and thus impaired after loss of a certain paralog. 

Additionally, redundancy can also be assessed by analysis of double and triple deficient cell 

lines. The demand for such tools was consequently high. Importantly, the introduction of an 

efficient CRISPR/Cas9 workflow in our institute was successfully completed as an essential 

part of this PhD project and thus set the foundation for any subsequent analysis of 

autophagy-independent roles of the GABARAP subfamily and individual proteins thereof. 

The successful generation of single KO (SKO) cell lines of individual family members, double 

KO (DKO) combinations thereof and triple KO (TKO) cells lacking the whole subfamily was 

achieved for HEK293 cells. These HEK293-based SKO clonal lines, first published in this 

work (4.1), were employed to validate specificity of commercially available anti-GABARAP, 

anti-GABARAPL1 and anti-GABARAPL2 antibodies for IB. Although these antibodies were 
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specifically and readily validated within this PhD project for IB, a related PhD project 

demonstrated that such validation is not directly applicable to other techniques such as IF 

imaging [273]. This is probably due to the fact that when experimental conditions differ, 

particularly considering native (IF) versus denatured (IB) antigens, antibodies may show 

cross-reactivity with other subfamily members or no reactivity at all. 

This comprehensively illustrates the necessity to validate antibodies always in an 

application-specific manner to avoid false positive results. Use of antibodies also enables to 

check whether transient or stable artificial overexpression of proteins alters their native 

subcellular localization which is a major issue, e.g. during overexpression of GFP-tagged 

proteins of interest [274]. 

While the focus of this publication (4.1) was mainly on describing a novel GABARAP-specific 

antibody with the focus on staining autophagic structures as part of a related project within 

the institute, the successful implementation of CRISPR/Cas9-mediated genome engineering 

in our institute was a key step for this PhD project and laid the basis for the following 

analyses of autophagy-independent roles of the GABARAP subfamily (4.2) and individual 

members thereof (4.3). 

 

5.2 GABARAP subfamily proteins are involved in maintenance of Golgi 
apparatus morphology and influence surfaceome composition 
In contrast to autophagy research, there are comparatively few studies which investigate the 

role of GABARAP subfamily proteins during cell surface protein trafficking. Most of them 

describe association of individual GABARAP subfamily proteins with receptors 

[5, 134, 137, 146, 275] or only cover two GABARAP subfamily proteins [141]. Because 

systematic analyses of e.g. the proteome of autophagosomes [276] or the interactome of 

autophagy-related proteins [277] already existed, it was obvious that an equally systematic 

analysis of the impact of GABARAP subfamily proteins on general cell surface protein 

trafficking and biology was overdue. 

Because a certain degree of functional redundancy within the GABARAP subfamily is likely, 

an unbiased analysis to identify potentially influenced proteins involving cells lacking the 

whole subfamily represents the optimal approach. Based on this notion, the within this PhD 

project generated HEK293 TKO cells were used as a model system to identify cell surface 

proteins which are potentially dependent on one, two or all three members of the GABARAP 

subfamily (4.2). 

The comparative surfaceome analysis between TKO and WT cells as applied within this PhD 

project allows for a more general view on the involvement of GABARAP subfamily proteins 

on cell surface protein trafficking. Apart from analysis of the influence of individual 
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GABARAP subfamily proteins on the trafficking of specific surface receptors known from the 

literature, these results expand the landscape of cell surface proteins potentially influenced 

by GABARAP subfamily proteins. The unbiased identification and quantification of 

surfaceome composition has major advantages: 

1.) Previously unknown potential GABARAP subfamily-interacting proteins might be 

identified and can be analyzed in detailed downstream analysis to decipher the 

involvement of individual subfamily members and the nature of such interactions. 

2.) The nature and function of the differentially abundant surface-located proteins gives 

insight into which processes might be generally affected when the whole GABARAP 

subfamily is lacking. Because the proteins which were identified by this approach are 

rather diverse in terms of function, and include e.g. transporter/channel proteins, 

receptors, cell adhesion molecules and proteins involved in immunity, a widespread 

impact on intracellular homeostasis can be expected. 

3.) It can intrinsically confirm previously described GABARAP subfamily-interacting 

proteins and may hint towards a mechanistic role. For example, the TFRC was 

among the proteins with higher surface abundance in TKO cells. While the 

association of GABARAP and TFRC is long known [5], mechanistic and functional 

insights are largely lacking. Its identification within this work could be used to develop 

new hypotheses regarding the mechanistic relevance of this interaction. For 

example, its degradation might depend on presence of any of the GABARAP 

proteins. Altered glycosylation patterns or reduced anterograde Golgi to PM 

trafficking are additional possibilities. 

However, altered surface expression might be based on a variety of factors and not 

necessarily be a primary outcome due to lack of GABARAP subfamily protein interaction. 

Together with the data of a related PhD project which is included in the manuscript (4.2), it 

could be shown that lack of individual GABARAP proteins, especially GABARAP and 

GABARAPL2 significantly altered Golgi apparatus morphology. Analysis of the transport of 

fluorescently labelled ceramide could further show that lack of the GABARAP subfamily 

resulted in strongly decreased PM transport of this lipid. Conclusively, altered degradation 

and/or recycling of the respective proteins, Golgi bypass secretion, mislocalization or 

perturbation of general homeostasis, e.g. by influencing the autophagy pathway, potentially 

add with different strengths to the outcome of surface protein localization and abundance. 

Additionally, altered surface abundance cannot directly be pinned down to an individual 

member or combinations of the GABARAP subfamily, as one, two or all three members 

might be causative for the observed effects or even act antagonistically. 
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In summary, the identified alterations of surfaceome composition of TKO compared to WT 

cells provides a framework to identify cell surface proteins which might be influenced by 

each individual or all of the GABARAP subfamily proteins regarding their trafficking already 

under steady-state conditions. 

 

5.3 GABARAP, but none of its paralogs, slows down EGF-induced EGFR 
degradation 
As illustrated in the aims of the present thesis (3), to further address the scientific question of 

whether and how the GABARAP subfamily or an individual protein thereof may be involved 

in intracellular trafficking events required identification and employment of an ideal model 

system. 

The EGFR fulfilled all of the defined requirements for such a model system: it is by far the 

most extensively studied RTK and thus a huge variety of materials and methods, including 

specific and sensitive antibodies, expression plasmids and qPCR primers, were available. It 

is activated by several extracellular ligands which include the eponymous EGFR-specific 

EGF. Effects of stimulation with EGF are well-studied (2.2.1 – 2.2.3) and the activation of 

downstream signaling pathways is well-defined which allows for a direct readout of EGFR 

activation and its degradation upon high ligand concentrations. EGF is also available 

conjugated to a fluorescent dye, allowing live-cell studies of EGF uptake and intracellular 

EGF/EGFR trafficking. 

In addition, all of the desirable optional requirements were met: EGFR exhibits potential LIR 

motifs in its cytoplasmic tail, enabling analysis of a putative direct interaction with GABARAP 

subfamily proteins. Furthermore, it is ubiquitously expressed in most cell types and tissues 

and although expression levels vary greatly between cell types [278], this infers a certain 

degree of generalizability of observed phenotypes. Finally, several facts at the initiation of 

the project already hinted at GABARAP subfamily proteins taking part in intracellular 

trafficking and degradation of the EGFR. GABARAPL1 was described to be important in 

increased EGFR surface expression under hypoxic but not basal conditions [149]. This 

hinted at GABARAP subfamily proteins being involved during (stress)-induced trafficking of 

receptors. Further suggestions were given by the fact that PLEKHM1 was described to 

simultaneously bind to LC3/GABARAP proteins and the HOPS complex and to mediate 

EGF-induced lysosomal degradation of EGFR independent of autophagy [100]. These 

characteristics rendered the EGFR as an optimal model system for investigating every 

aspect of intracellular trafficking, recycling and degradation events. Taken together, EGFR 

was a promising candidate to analyze the involvement of individual GABARAP subfamily 

proteins during autophagy-independent intracellular trafficking (4.3). 
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Because endogenous EGFR expression levels are relatively low in HEK293 cells compared 

to other cell types [279], liver-derived Huh7.5 cells were additionally subjected to genome 

editing to generate clonal KO cell lines of GABARAP subfamily members. Systematic 

analysis of all available KO combinations in these two independent cell types consistently 

revealed that lack of GABARAP either alone or in combination with GABARAPL2 results in 

accelerated EGF-induced EGFR degradation. 

On the basis of this observation, the implications of accelerated EGFR degradation and the 

underlying mechanisms were analyzed in Huh7.5 GABARAP SKO cells and revealed that 

EGFR downstream signaling and target gene expression were strongly reduced, although 

activation of the receptor was initially even enhanced in GABARAP SKO cells. Further 

analysis clarified that EGFR total and surface levels as well as gene expression levels were 

unaltered, indicating that GABARAP influences steps downstream of gene expression, 

protein translation and anterograde transport of the receptor to the PM. Consistently, EGF 

uptake was initially not influenced by GABARAP deficiency, but significantly reduced over 

time as measured in a FACS-based EGF uptake assay. Consequently, EGF uptake over 

time as analyzed by a pulse-based uptake assay in parallel within a related project was also 

reduced. 

Within the present PhD project, a GFP-GABARAP KI cell line was generated enabling live-

cell analysis of FP-tagged GABARAP under control of endogenous regulatory elements. 

This cell line was consequently used during live-cell imaging within the institute and it could 

be shown that GABARAP and EGF transiently comigrate in highly dynamic vesicular 

structures. These included large GABARAP-positive ring-like structures of up to 3 µm in 

diameter which exhibited dynamic changes in local GABARAP concentrations where EGF-

containing vesicles fused and budded off. 

Supporting a direct interaction, co-immunoprecipitation experiments performed within this 

PhD project revealed association of GABARAP and EGFR in living cells. Related to that, 

work within the institute could show that GABARAP binds to synthetic LIR-containing 

peptides derived from the EGFR cytoplasmic tail. However, the obtained binding affinities for 

both the phosphorylated and unphosphorylated peptide were up to 1930-fold lower 

compared to e.g. binding of GABARAP to an ULK1-derived LIR-containing peptide described 

by a recent study [280]. Increase in GABARAP and/or EGFR, e.g. by clustering of either 

protein, could nonetheless result in locally sufficient concentrations to allow interaction by 

the LIR analyzed in this work. Whether other determinants such as additional LIRs or an UIM 

within the receptor’s cytoplasmic tail further contribute to, or even solely mediate, interaction 

of GABARAP and EGFR in vivo needs to be further investigated. 
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Taken together, the results obtained within this project under conditions not inducing 

autophagy, clearly demonstrate a direct influence of GABARAP during intracellular cell 

surface protein trafficking independent of autophagy (4.3). 

 

5.4 Conclusion 
Although autophagy-inhibiting peptides binding to LC3/GABARAP proteins exhibiting much 

higher affinity for the GABARAP compared to the LC3 subfamily have recently been 

described [281], binding to members of the LC3 subfamily cannot be excluded, possibly 

interfering with any function specifically assigned to GABARAP subfamily proteins. 

Therefore, specific deletion of individual GABARAP subfamily proteins by genome editing, 

as performed within this PhD project, is better suited to dissect individual protein functions. 

During the course of this PhD work, several other working groups applied CRISPR/Cas9-

mediated genome editing in human cell lines to investigate functions of LC3 and GABARAP 

subfamily proteins. 

Apart from LC3B2, the working group of Lazarou generated cells lacking the complete LC3 

and GABARAP subfamily in Henrietta Lacks (HeLa) cells [80]. They analyzed TKO cells of 

both subfamilies and hexa KO cells lacking all six remaining LC3/GABARAP proteins and 

concentrated their analysis on mitophagy. Based on reconstitution experiments of hexa KO 

cells with individual proteins of both subfamilies, they identified the GABARAP subfamily as 

a main organizer of PINK1-mediated mitophagy and mediator of lysosomal fusion. 

Interestingly, they found autophagosome biogenesis in hexa KO cells to be delayed and 

resulting autophagosomes were much smaller in size compared to WT cells. Later, Harper et 

al. also analyzed HeLa-based LC3 and GABARAP TKO as well as hexa KO cells focusing 

on autophagy [282]. In accordance with Lazarou et al., they found the lack of the GABARAP 

subfamily resulting in lysosomal fusion defects and reduced autophagic flux. They also used 

a proteomics approach to identify proteins with differential abundance in autophagosomes 

lacking the whole GABARAP subfamily after chloroquine treatment to enrich 

autophagosomal structures. Finally, Kim et al. also analyzed cells deficient for either one or 

both subfamilies and performed reconstitution experiments with individual LC3/GABARAP 

proteins to identify LC3B and LC3C as negative as well as GABARAP and GABARAPL1 as 

positive regulators of ULK1 activity and thus early steps of autophagy initiation [28]. 

Despite exhibiting a certain degree of overlap, especially in terms of methodology, major 

differences exist compared to this PhD thesis. Importantly, analysis conducted in this thesis 

was focused on individual GABARAP subfamily members, while all other three studies using 

KO cell lines published so far, focused analysis on the LC3 and GABARAP subfamily in 

comparison to each other. In contrast to the presented PhD thesis which focused analysis 
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strictly on conditions not inducing autophagy, all three described publications investigated 

the role of LC3 and GABARAP subfamily proteins on processes directly related to 

autophagy. In addition, the generation of cells expressing GFP-GABARAP under 

endogenous promoter and other regulatory elements is a major strength of this thesis and to 

date the only published use of GFP-GABARAP KI cells. Minor differences include use of 

different cell lines and/or different CRISPR/Cas9 targeting strategies. 

Taken together, the present PhD thesis adds further complexity to the biological functions of 

GABARAP subfamily proteins by emphasizing on non-redundant and autophagy-

independent roles of individual subfamily members for cell surface protein biology including 

anterograde transport, intracellular trafficking and degradation. Figure 8 summarizes the 

scientific significance of the novel aspects of GABARAP subfamily functions discovered 

within this PhD project. 

 

 

Figure 8: Summary of the novel aspects of autophagy-independent functions of GABARAP subfamily 
proteins identified within this PhD thesis. (1) Each GABARAP subfamily protein was identified to be involved 

in Golgi apparatus maintenance, while (2) the whole GABARAP subfamily was found to act in positive regulation 
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of anterograde secretory vesicle trafficking. (3) These novel aspects in concert may explain the observed 

influence of GABARAP subfamily proteins on surfaceome composition. (4) Deficiency of GABARAP but not its 

paralogs resulted in accelerated EGF-induced EGFR degradation. GABARAP thereby potentially acts as a 

positive regulator of endosomal recycling and/or a negative regulator of degradation. 
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6. Outlook 
GABARAP and its paralogs seem to share most of their direct interaction partners, at least 

during in vitro interaction studies [277]. Nonetheless, a novel and potentially non-redundant 

role of GABARAP in EGFR trafficking was revealed during this work (4.3). How GABARAP 

subfamily proteins may achieve individual specificity thus needs to be addressed in the 

future. One possibility is that subcellular localization differs between GABARAP paralogs 

under different intracellular conditions. Endogenous intracellular levels of FP-tagged 

GABARAP subfamily proteins as enabled by CRISPR/Cas9-mediated genome editing (4.3) 

can help clarify this point in all of those cases where the applied tagging strategy does not 

influence the protein activity to be analyzed. Use of small tags such as e.g. hemagglutinin 

(HA)-tags should be considered, as e.g. during mitophagy GFP-tagged GABARAP did not 

localize to mitochondria [123], while HA-tagged GABARAP did [80]. However, for live-cell 

imaging experiments, FP-tagged GABARAP remains the optimal solution as it can be 

visualized without further staining and in living cells. To circumvent potential functional 

impairment by N-terminal FP-tagging, alternative constructs could be applied. Conjugation-

deficient GABARAP [283] might be C-terminally FP-tagged and conjugated to WT 

GABARAP, thereby forming a dimer with each one free N- and C-terminus which would then 

be able to engage in endogenous interactions.  

Another possibility to achieve individual specificity could be differential gene expression 

and/or protein levels of GABARAP subfamily proteins between different tissues and cell 

types or in response to different stimuli. This can be further addressed by promoter analyses 

in case of gene expression and quantitative proteomics in case of protein abundance. 

Interestingly, GABARAPL1 but not GABARAPL2 protein levels were found to be increased in 

GABARAP SKO cells (4.3), suggesting at least some degree of compensatory regulation 

which might additionally contribute to any observed SKO phenotype. 

The dependence on GABARAP lipidation status is another important issue. Whether 

lipidation and thus covalent membrane association is necessary for GABARAP subfamily 

proteins to influence endosomal trafficking of the EGFR can be analyzed by using lipidation-

deficient GABARAP mutants, ideally via KI to maintain endogenous regulation of expression 

levels.  

LC3 subfamily proteins may also be important in understanding the interplay between, and 

the necessity of, both subfamilies. Interestingly, in cells deficient for the whole GABARAP 

subfamily, lipidation of LC3B was shown to be enhanced [80]. This was also shown for 

GABARAP knockdown in response to starvation [109], indicating either accumulation within 

autophagosomes due to reduced autophagic flux or compensatory upregulation of total 

LC3B levels. 
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As discussed in work published as part of this PhD thesis (4.3), a fairly large number of 

LC3/GABARAP-interacting proteins which were already described to be involved particularly 

in EGFR trafficking and degradation, exist. To clarify which of these interactions contribute to 

GABARAP-mediated EGFR trafficking remains to be elucidated in future studies.  

The targeting of PI4KIIα by GABARAP to autophagosomes in response to nutrient starvation 

[109] could be an additional link between GABARAP, autophagy and endosomal trafficking. 

This kinase and its reaction product PI4P have already been described to regulate 

endosomal trafficking of receptors, in particular degradation of EGFR [284, 285]. Targeting 

of PI4KIIα to endosomes by GABARAP is therefore easily imaginable and could represent a 

switch to regulate local production of lipid messengers such as PI4P on distinct vesicles in 

response to starvation and/or other stimuli such as EGF binding to EGFR. Colocalization of 

GABARAP and PI4KIIα on cytosolic vesicles has also been reported to be independent of 

GABARAP lipidation [216]. Such membrane association would allow for a fast and transient 

local increase in GABARAP concentration, enabling rapid recruitment of effector molecules 

for vesicular fusion. It is thus conceivable that, e.g. dependent on cell type and cellular 

metabolic state, distinct GABARAP (and/or LC3) subfamily proteins may define vesicular 

identity by local protein gradients. In support with this idea, Leidal et al. could recently show 

a role for LC3B during cargo loading into EVs [286]. In parallel, work from a related PhD 

project performed within our institute demonstrated the secretion of GABARAP within EVs 

[287]. Interestingly, at least in vitro, LC3/GABARAP proteins were also described to be 

attached to phosphatidylserine [288] which would further increase the possibilities of 

LC3/GABARAP proteins to define membrane identity. 

GABARAP might not only be involved in vesicle fusion, but also fission. The highly dynamic 

local increase in GFP-GABARAP observed at ring-like structures during live-cell imaging 

(4.3) with the associated EGF-containing vesicle budding events bears a striking 

resemblance to a certain recycling-associated process. The recently reported ER-associated 

endosomal fission mediated by transmembrane and coiled-coil domains protein 1 (TMCC1) 

positively regulates recycling of late endosomal cargo [289]. Interestingly, TMCC1 contains 

several xLIR motifs which might link GABARAP to such fission events. Following this line of 

thought, the GABARAP-positive ring-like structures might indeed be sorting endosomes. 

Clarification of their identity will thus be an exciting and important task. 

Taken together, GABARAP subfamily proteins are involved in a steadily increasing number 

of different processes, some of which are described in this PhD project (4.2, 4.3). These add 

to their functions during autophagy-related processes and include e.g. disease [275] and 

killing of intracellular pathogens [290]. Together with different modes of their association to 

single or double lipid bilayer membranes, either dependent or independent of lipidation, this 

exhibits a striking resemblance to another small protein modifier, namely ubiquitin. 
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Attachment of ubiquitin to amino acid side chains of proteins (ubiquitination) was initially, and 

still is, mainly associated with tagging proteins intended for proteasomal degradation 

[291-293]. Actually, ubiquitination affects almost any cellular process, including e.g. cell 

cycle control [294], DNA DSB repair [295] targeting of proteins for endosomal sorting [296], 

regulation of immune response [297] and modification of kinase activity [298]. 

Whether the versatility of GABARAP subfamily proteins will indeed reach the level of 

ubiquitin will thus be, at least in my opinion, one of the most exciting aspects in the future. 
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8. Appendix 
Additional Supplementary Data for manuscript 4.2: 

 Supplementary Table S1 containing raw mass spectrometry data can be found online 

(https://www.mdpi.com/1422-0067/22/1/85/s1) or on the enclosed compact disc. 

Additional Supplementary Data for manuscript 4.3: 

 Movies S1 and S2 can be found online (https://www.mdpi.com/2073-

4409/9/5/1296/s1) or on the enclosed compact disc. 
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