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1. Kurzfassung/Summary

1.1 Kurzfassung

Wahrend 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, wahrend die y-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
ubiquitindhnliche Tertiarstruktur auf und besitzen somit eine hohe interfamilidre
Strukturhomologie. Unter den vielfaltigen Funktionen, die fir humane ATG8-Proteine bereits
beschrieben wurden, ist ihre Beteiligung an der Autophagie am besten charakterisiert.
Autophagie bezeichnet einen evolutionar konservierten Abbauprozess, der durch
Nahrstoffmangel aktiviert wird und wahrend dessen eine Zelle zytoplasmatische
Bestandteile in einer Doppelmembran einschlie3t. 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 schliellich abgebaut. Die resultierenden recycelten Bausteine
kénnen anschlieffiend genutzt werden, um das Zelliberleben sicherzustellen. Wahrend 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. GrolRe Fortschritte wurden hinsichtlich der
Entschlisselung der autophagiebezogenen Funktionen, besonders in Bezug auf Proteine
der GABARAP-Unterfamilie, erzielt.

Ursprunglich wurden GABARAP und seine Paraloge jedoch im Zusammenhang mit ihrer
Beteiligung an  vesikuldren  Transportprozessen und der Gruppierung von
Zelloberflachenrezeptoren beschrieben. Aufgrund ihrer hohen strukturellen Ahnlichkeit ist die
exakte Beteiligung der gesamten GABARAP-Unterfamilie und ihrer individuellen Mitglieder
wahrend dieser Prozesse noch nicht vollstandig geklart. Das Ziel dieser Arbeit war daher die
Identifizierung einzigartiger Funktionen von Proteinen der GABARAP-Unterfamilie wahrend
autophagieunabhangiger Transportprozesse.

Um dies untersuchen zu kénnen, 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 fir jedes Unterfamilienprotein einzeln, Kombinationen von zweien oder

eine komplette Defizienz fir die gesamte Unterfamilie aufweisen. Diese Zelllinien leisteten
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einen Beitrag zu einer Publikation, die einen institutseigenen GABARAP-spezifischen
Antikérper fur Immunfluoreszenz (IF-)Messungen beschreibt. Hier konnte gezeigt werden,
dass die Validierung von Antikdrpern fir jede Anwendung individuell durchgefiihrt werden
sollte, da kommerziell erhaltliche Antikorper, die zwar fur die Anwendung bei
Immunoblotting-Experimenten validiert wurden, nicht in der Lage waren GABARAP wahrend
IF-Experimenten spezifisch zu detektieren. Von gréRerer Wichtigkeit in Bezug auf die
vorliegende Dissertation war jedoch, dass die generierten KO-Zelllinien den Grundstein flr
die nachfolgenden Untersuchungen der biologischen Funktionen der GABARAP-
Unterfamilie wahrend des vesikularen Transports von Zelloberflachenproteinen bildeten.

Da bereits beschrieben wurde, dass einzelne Proteine der GABARAP-Unterfamilie eine
Rolle bei der Oberflachenlokalisierung bestimmter Oberflachenrezeptoren spielen, stellte
sich die Frage nach einem generelleren Einfluss auf deren Transport. Um dies zu
analysieren, wurden Plasmamembran (PM-)standige oberflachenexponierte 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 Oberflachen-
Proteome von TKO- und WT-Zellen wurden in Zusammenarbeit mit dem Molecular
Proteomics Laboratory der Heinrich-Heine-Universitat Dusseldorf mittels
Massenspektrometrie identifiziert und quantifiziert. Vergleichende Datenanalysen
offenbarten eine Untergruppe an Proteinen mit veranderter Oberflachenabundanz 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 zusatzlich gezeigt werden, dass TKO-Zellen einen
beeintrachtigten vesikuldaren Transport von fluoreszenzmarkierten Lipiden und ein
fragmentiertes Golgi-Netzwerk aufweisen. Beide Beobachtungen tragen wahrscheinlich zu
den beobachteten Unterschieden der Zusammensetzung der Oberflachen-Proteome
zwischen TKO- und WT-Zellen bei. Zusammenfassend bildet diese Arbeit einen Rahmen zur
Identifizierung und Charakterisierung neuer Zielproteine, deren vesikularer Transport von
noch naher zu definierenden GABARAP/L1/L2-Funktionen abhangt. AulRerdem zeigt sie die
Notwendigkeit auf, autophagieabhangige und -unabhangige Auswirkungen der GABARAP-
Unterfamilie wahrend der Analyse ihrer Funktionen zu berticksichtigen.

Weil der unvoreingenommene Ansatz des vergleichenden Oberflachen-Proteoms intrinsisch
keine profunden mechanistischen Einblicke zuldsst, musste schlief3lich ein Modellsystem
gefunden werden, das die Analyse des Einflusses der GABARAP-Unterfamilienproteine auf
den endosomalen Transport und die Degradierung von Rezeptorproteinen ermdglicht. Der
epidermale Wachstumsfaktor (EGF-)Rezeptor (EGFR) wurde schlussendlich identifiziert, alle

noétigen Kriterien eines solchen Modellsystems zu erfillen, da er bereits gut untersucht und
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die notwendigen Werkzeuge zur Untersuchung seines intrazellularen Transports dadurch
unmittelbar vorhanden waren. Zudem waren in der Literatur bereits Verknipfungen 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
wahrend des intrazelluldren Transports des EGFR sowie dessen Degradierung und
Recycling entdeckt. Die bloRe Abwesenheit von GABARAP, nicht aber eines der beiden
anderen Paraloge, fuhrte zu einer beschleunigten EGF-induzierten EGFR-Degradierung in
zwei unabhangigen Zelllinien. Zudem waren die Signaltransduktion, die EGF-Aufnahme Uber
die Zeit und die Genexpression von Zielgenen verringert. Weiterhin konnte gezeigt werden,
dass GABARAP und EGFR wahrend Co-Immunoprazipitationsexperimenten miteinander
assoziieren. Um die Relevanz von GABARAP fir den EGFR-Transport in lebenden Zellen
zu untersuchen, wurde die codierende Sequenz flir ein grines fluoreszierendes Protein
(GFP) mittels der CRISPR/Cas9-Methode zur Genomeditierung vor den GABARAP
Genlokus eingebracht. Die resultierende knock-in (Kl-)Zelllinie (GFP-GABARAP KiI)
exprimiert die Sequenz fir ein GFP-GABARAP-Fusionsprotein unter der Kontrolle der
endogenen regulatorischen Elemente und somit auf physiologischem Niveau. Erstmals
wurden solche GFP-GABARAP Kl-Zellen benutzt, um in einem Kooperationsprojekt zu
zeigen, dass fluoreszenzmarkiertes EGF und GFP-GABARAP in lebenden Zellen transient
dynamisch komigrieren.

Schlussfolgernd lasst sich sagen, dass die vorliegende Promotionsarbeit neuartige Einblicke
in die autophagieunabhangigen Funktionen der GABARAP-Unterfamilie bietet. Zudem
wurde eine einzigartige Funktion fir GABARAP wahrend des intrazellularen 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 y-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 ATGS8 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-Universitat Dusseldorf. 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 ATGS8 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 y-aminobutyric acid type A receptor (GABAsR)-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 uM, 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 autog (autos: he/himself) and

@ayelv (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 Il phosphatidylinositol 3 (PI3)-kinase (PI3KC3) complex
(PIBKC3-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 PISBKC3-C1 to omegasomes [45].
PIK3C3/hVps34 is the only class Il 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 mMTORC1, 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 PI3BKC3-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-Il 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.
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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-Il 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 Ca** 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 Ilysosomes 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-SNARESs (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, PISBK3C3-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 lla (Pl4Klla) 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 Pl4Klla 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, AMBRAT1 is also involved in initiation of mMTORC1-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 y2 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/B-catenin complex [142]
and GABAAQR 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 (AT;R) 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 P; levels in
GABARAP KO mice [146, 147]. GABARAPL1 was reported to interact with k-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
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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 GABARAP subfamily

Function
receptor protein

Direct interaction modulates surface
AT{R GABARAP . : . -

expression and signaling activity

Deficiency results in increased receptor
SLC34A1 GABARAP

levels at brush border membrane
TFRC GABARAP Direct interaction with unknown function

Direct interaction influences receptor
TRPV1 GABARAP

kinetics and surface expression

Direct interaction promotes receptor
GABAAR GABARAP/GABARAPLA1 .

clustering

Direct interaction increases surface
KOR GABARAP/GABARAPLA1

expression

Selective regulation of turnover via
TNFRSF12A GABARAP/GABARAPL2

autophagy

Necessary for increased surface expression
EGFR GABARAPL1 _ .

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. 210 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
RABS5-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-Ill 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 kiling by fusion with lysosomes [213, 214]. Quite recently, LC3-associated
endocytosis (LANDO) has been described to facilitate clearance of B-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 Pl4Klla 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 Kl 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 Kl 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.
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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
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© Thomas Zobel®, Jochen Dobner!, Nicole Bleffert?, Silke Hoffmann? & Dieter Willbold (%

¢ The determination of unique functions of GABARAP (gamma-aminobutyric acid type A receptor-

associated protein), amember of the highly conserved protein family of mammalian autophagy-related
8 protein (MATG8), within diverse cellular processes remains challenging. Because available anti-
GABARAP antibodies perform inadequate, especially within various microscopy-based applications,

we aimed to develop an antibody that targets GABARAP but not its close orthologs. Following the

latest recommendations for antibody validation including fluorescence protein tagging, genetic
and orthogonal strategies, we characterized the resulting anti-GABARAP (8H5) antibody during

. confocal immunofluorescence imaging in-depth. We compared the antibody staining pattern with that
. obtained for flucrescence protein tagged GABARAF, GABARAPL1 or GABARAPL2 each ectopically
. expressed in GABARAP knockout cells. Furthermore, we imaged cells expressing all mATGS family

members at endogenous levels and checked GABARAP knockout cells for unspecific staining under

: fed or macroautophagy-inducing conditions. Finally, we simultaneously stained cells for endogenous

GABARAP and the common autophagosomal marker LC3B. Summarized, the presented antibody

* shows high specificity for GABARAP without cross-reactivity to other mATG8 family members in

immunofluorescence imaging making it a valuable tool for the identification of unique GABARAP

. functions.

Autophagy-related 8 (ATG8) proteins form a highly conserved eukaryotic protein family, which generate
small-sized products of approximately 15 kDa with high overall structural similarities'. Contrary to the situa-
tion in yeast which has one single Afg8 gene, mammalian genomes code for several ATGS8 paralogs. The respec-
tive proteins are divided in two subfamilies: the microtubule-associated protein 1 light chain 3 (MAP1LC3)
subfamily (referred to as LC3s) including LC3A, LC3B, LC3B2, LC3C, and the GABARAP (~-amino-butyric
acid receptor-associated protein) subfamily (referred to as GABARAPs) with GABARAP, GABARAPL1/
GECI1 (GABARAP-like 1/Glandular epithelial cell protein) and GABARAPL2/GATE-16 (GABARAP-like 2/
Golgi-associated ATPase enhancer of 16kDa) in humans. Mammalian (m)ATG8s show ubiquitous expression

. patterns, although for some family members increased expression levels are documented in certain tissues and

their expression underlies regulation through various mechanisms”,

The broad action spectrum of these adaptor-like proteins with partially overlapping features is far from being
completely understood®. First described to participate in the trafficking of type-A receptors for the neurotrans-
mitter gamma-aminobutyric acid (GABA) in neurons?, GABARAP, the prototype of the GABARAP subfamily,
is implicated in a variety of intracellular transport processes including the shipping and correct organization
of further receptors®” as well as in autophagy, an evolutionarily highly conserved process essential for cellular
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homeostasis®. Like all ATG8s, GABARAP can undergo lipidation by an ubiquitin-like conjugation system®!®
promoting its association to autophagosomal membranes'"* but likely also to (tubule)vesicular structures in
GABARAP-mediated protein trafficking”. Meanwhile, functional divergences between the divers ATG8s became
obvious, like their action at different stages of autophagosome biogenesis as well as during autophagosomal cargo
recruitment, where specific interactions with divers scaffolding proteins or autophagic receptors are formed in
selective autophagy™'*. Within the mATG8s, LC3B is considered as an established and widely accepted marker
for autophagosomes'®. In this context, recent studies point towards a crucial role of the GABARAP subfamily
members especially in autophagosome and lysosome fusion'®. Under nutrient rich conditions, GABARAP was
shown to accumulate in the pericentriolar material from which it can be translocated to forming autophagosomes
during starvation'”'*,

Despite this apparent progress, elucidation of unique roles for individual ATG8 members within a specific
process remains to be a challenging task. Although fluorescent protein (FP)-tagged ATG8 reporters, which are
widely used to study autophagy as well as ATG8s’ functions, delivered multiple new insights, their application
might be accompanied by artifacts resulting from overexpression or steric hindrance due to the bulky FP-tag. In
parallel, available antibodies against diverse ATG8 family members often show cross-reactivity, and are frequently
not sufficiently validated in a transparent manner for the user, especially regarding their performance within
diverse applications. As long as such information is lacking, every ATG8-targeted antibody result has to be inter-
preted with caution unless specificity of the antibody in use has clearly been demonstrated for the application and
the ATG8 member chosen'®.

In this study, we performed an in-depth characterization of an in-house generated rat monoclonal antibody
(mAD) against human (h)GABARAP (anti-GABARAP (8H5) antibody) by taking the latest recommendations
for antibody validation into account’. Thereby, we focused on immunofluorescence (IF) staining, and included
genetic (knockout (KO) cell-based), orthogonal (autophagosome counting under growth factor depleted con-
ditions), tagged-target protein expression and independent antibody-based (commercial anti-GABARAP and
anti-LC3B) strategies as validation pillars. Our analysis revealed that the anti-GABARAP (8H5) antibody shows
high specificity for GABARAP without cross-reactivity for GABARAPLI, -L2 or LC3 subfamily members in
our set-up. With the help of this antibody we investigated the colocalization of GABARAP and LC3B under
endogenous conditions. To our knowledge, anti-GABARAP (8H5) antibody outperforms so far available anti-
body resources during localization studies in fixed cells, and thus reasonably enlarges our current tool box that
is needed to identify unique GABARAP activities with high quality and consistency in an unambiguous manner.

Results

Anti-GABARAP (8H5) antibody discriminates between purified recombinant GABARAP, -L1,
and-L2. Inorder to generate a monoclonal GABARAP antibody that is able to discriminate GABARAP from
its various related ATG8 family members, rats were immunized with full-length hGABARAP fused to GST (glu-
tathione S-transferase) (GST-GABARAP). After fusion of their immune spleen cells with the myeloma cell line
P3X63-Ag8.653, the resulting hybridoma supernatants were collected and confirmed to react with immobilized
GST-GABARAP by ELISA (enzyme-linked immunosorbent assay) (data not shown). Next, selectivity of in total
38 reacting supernatants was assessed using the dot blot technique. To this end, recombinant purified GABARAP,
-L1, -L2 as well as the LC3s A, B, and C were spotted as target. Approximately 80% of the tested GABARAP-
reactive supernatants failed this quality check, because, besides GABARAP, they also bound to its closest relative,
GABARAPLLI, as exemplarily shown for the supernatant corresponding to clonal line 8E5 (Fig. 1A, top panel).
A few, among them anti-GABARAP (8H5) and anti-GABARAP (15A11) mAb containing supernatants, showed
selective binding to GABARAP demonstrating their high specificity in this application (Fig. 1A, mid and bottom
panels). Finally, binding specificity of anti-GABARAP (8H5) and (15A11) antibodies was confirmed by ELISA
(Fig. 1B) and western blot analysis (Fig. 1C), respectively. Again, immunoreactivity could exclusively be detected
for GABARAP but not the other family members in both applications. Besides its good selectivity, particularly
anti-GABARAP (8H5) antibody revealed a very good signal-to-noise ratio of the GABARAP-related ELISA sig-
nal, assuming a considerably high affinity of anti-GABARAP (8H5) antibody to its given antigen, a promising
feature for immunostaining applications with fixed cells.

Anti-GABARAP (8H5) antibody recognizes the GABARAP amino-terminal region. To iden-
tify the binding epitope of anti-GABARAP (8H5) antibody which was raised against full-length GABARAP, an
array-based oligo-peptide scanning was performed. In total 54 dodecapeptides (12mers) with a peptide-peptide
overlap of 10 amino acids, which represent the complete sequence of hGABARAP, were spotted on a cellulose
membrane. Anti-GABARAP (8H5) antibody showed a strong signal with the fourth 12mer and weak signals with
the adjacent 12mers three and five, suggesting that the epitope recognized by anti-GABARAP (8HS5) antibody
is formed by the GABARAP residues ranging from position 7 to 18 (Fig. 2A). The alignment of GABARAP, -L1,
and -L2 shows that the epitope forming region is highly similar between GABARAP and GABARAPLI, with 10
out of 12 positions being conserved (GABARAPL2: 7/12). In contrast, this region is much more variable when
GABARAP is compared with the LC3s (Fig. 2B). Structurally, the identified epitope overlaps with the second half
of helix a1 and first half of helix o2 (Fig. 2C), which N-terminally extend the ubiquitin-like fold that is highly
conserved between all hATG8s. With K13 and $16 both non-conserved epitope residues between GABARAP and
GABARAPLI (and also -L2) expose their sidechains for antibody binding (Fig. 2D), suggesting that K13 and 516
define binding specificity of anti-GABARAP (8H5) antibody.

Anti-GABARAP (8H5) antibody specifically stains YFP-GABARAP but not YFP-GABARAPL1 and
CFP-GABARAPL2 in HAP1 GABARAP-KO cells by IF staining. In order to study if anti-GABARAP
(8H5) antibody successfully stains GABARAP in IF application in fixed cells, YFP (yellow fluorescent
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Figure 1. Anti-GABARAP (8H5) antibody does not react with LC3s and discriminates between GABARAP,
GABARAPL1 and GABARAPL2. (A) Dot blots analysis using three different hybridoma supernatants to detect
GABARAP binding and putative cross-reactivity to the other ATG8 family members. Purified recombinant
proteins (10 uM each) were transferred to a cellulose nitrate membrane. Short (s.) and long (1.) exposure times
of one representative blot each (n = 2) are given. (B) ELISA using anti-GABARAP (8H5) and anti-GABARAP
(15A11) antibodies to confirm binding specificity and to assess the signal-to-noise ratio as a measure for

mADb binding strength. Purified recombinant proteins (700 ng each) were coated on a 96-well plate and were
incubated for 1h at room temperature (RT) before antibody detection. Primary antibody containing hybridoma
supernatants anti-GABARAP (8E5) and anti-GABARAP (15A11) and secondary goat anti-rat IgG-HRP
antibody were incubated for 1h at RT, respectively (n = 2). (C) Purified recombinant proteins (1 pg each) were
subjected to SDS-PAGE in duplicate and were stained with Coomassie brilliant blue (CBB) to visualize the input
or were used for immunoblotting with anti-GABARAP (8H5) mAb followed by HRP-coupled mouse anti-rat
IgG2a antibody detection. Uncropped versions of (A) and (C) are given in Supplementary Fig. S3A,B.

protein)-GABARAP or YFP alone were transiently overexpressed in HAP1 GABARAP knockout (KO) cells. To
do so, cells were incubated in growth factor-depleted medium in the presence of Bafilomycin Al (BafAl). This
macrolide antibiotic drug inhibits the vacuolar type H*-ATPase (adenosine triphosphatase) and thereby blocks
the autophagic flux by preventing the fusion between autophagosomes and lysosomes®?!. Under these condi-
tions, the lipidated form of YFP-GABARAP is well known to be associated to the inner and outer lipid bilayer of
mature autophagosomes, which under BafA1 treatment accumulates within the cytoplasm, and can be visualized
easily as bright puncta in confocal imaging applications'2. As expected, in the channel used for YFP detec-
tion, punctate YFP-GABARAP accumulations and a faint cytoplasmic stain were observed within the transfected
HAP1 GABARAP KO cells (Fig. 3A, top, red). Likewise, immunostaining of these cells with anti-GABARAP
(8H5) antibody and a secondary antibody conjugated with Cy5 produced many puncta (green) that showed a
near to perfect colocalization with the YFP-GABARAP signals obtained (merge). In contrast, transfection with
the YFP control vector produced fluorescence signals in the nuclear and cytoplasmic region solely in the channel
for YFP detection (Fig. 3A, bottom, red), confirming that anti-GABARAP (8H5) antibody was reacting with the
GABARAP part of the YFP-GABARAP fusion protein.

To further analyze the specificity of anti-GABARAP (8H5) antibody, plasmids encoding YFP-GABARAPL1
and CFP (cyan fluorescent protein)-GABARAPL2 were transfected in HAP1 GABARAP KO cells, respectively.
Transfected cells showed fluorescence exclusively in the channels for YFP or CFP detection, but not after staining
with anti-GABARAP (8H5) antibody (Fig. 3B), indicating that the antibody does not cross-react with its closest
relatives, GABARAPL1 and GABARAPL2, even under overexpressing conditions.

Anti-GABARAP (8H5) antibody detects endogenous GABARAP, but not its close relatives
-L1and-L2inIF. To further investigate if anti-GABARAP (8H5) antibody specifically stains endogenous
GABARAP, HAP1 parental control cells expressing all ATG8s at endogenous levels, and HAP1 GABARAP KO
cells, lacking GABARAP but expressing GABARAPLI and -L2 were stained. Before fixation and immunostaining
with anti-GABARAP (8H5) antibody, HAP1 cells were cultured in complete growth medium (IMDM + 10%
FCS) without BafA1 or under growth factor deprivation (IMDM w/o FCS) with BafA1 to accumulate autopha-
gosomes in the cells. As expected, we obtained a prominent cytoplasmic stain accompanied with some punc-
tate structures when staining parental HAP1 cells with anti-GABARAP (8H5) antibody under basal autophagic
conditions (Fig. 4A, top. left). After growth factor depletion and BafA1 treatment, anti-GABARAP (8H5) anti-
body staining revealed an accumulation of many bright GABARAP-positive puncta (Fig. 4A, top, right). Only
a weak background stain was obtained with anti-GABARAP (8H5) antibody when cells lacking GABARAP but
expressing all the other ATG8s at endogenous levels were used (immunoblot (IB) results of GABARAPLI, -L2 in
HAP1 KO cells: please refer to Supplementary Fig. $1). A quantitative analysis of in total 513 parental cells and
460 GABARAP KO cells from 5 separate stains imaged under growth factor depletion and BafAl treatment is
given in Fig. 4B, confirming the selectivity of anti-GABARAP (8H5) antibody for GABARAP at high significance
(p < 0.0001).

In parallel, we also tested three commercially available anti-GABARAP antibodies. Each of them selec-
tively detects GABARAP in immunoblotting upon SDS-PAGE (see Supplementary Fig. S1B). Interestingly,
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Figure 2. Anti-GABARAP (8H5) antibody binds an amino-terminally located epitope within GABARAP.

(A) Peptide scanning was performed using a cellulose membrane loaded with 12mer peptides representing

the complete sequence of human GABARAP and overlapping by 10 amino acids, respectively. Bound anti-
GABARAP (8H5) antibody was detected using HRP-coupled mouse anti-rat IgG2a secondary antibody. Shown
is one representative result. For reason of clarity peptide spot positions are boxed. Figure S3C includes source
blots and membranes. (B) Sequence alignment of the GABARAPs (top) and of GABARAP with the LC3 family
members (bottom) using Clustal Q*?. Regular secondary structure elements are depicted above the GABARAP
sequence. The identified anti-GABARAP (8H5) antibody epitope is colored green within the GABARAP
sequence. Identical residues in the sequences of the homologs listed are depicted in green, while highly similar
residues are highlighted in light green. (C) Illustration of the anti-GABARAP (8H5) antibody epitope on the
GABARAP structure (PDB ID: 1KOT) shown as combined ribbon and surface diagram using PyMOL (v1.860).
Residues forming the epitope are shown in green, those forming the hydrophobic pockets HP1 and HP2 are
colored dark and light yellow, respectively. In (D) the side chains of K13 and S16 are highlighted to illustrate
their surface exposure and availability for anti-GABARAP (8H5) antibody binding.

the same antibodies showed pronounced unspecific staining in GABARAP KO cells during IF in our hands
(see Supplementary Fig. S2), justifying the need for an in-depth application-based antibody character-
ization, and impressively illustrating that specificity features of antibodies should not be transferred between
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Figure 3. Anti-GABARAP (8H5) antibody detects YFP-GABARAP, but not YFP-GABARAPLI and CFP-
GABARAPL? in immunofluorescence. HAP1 GABARAP KO cells were transfected with YFP-GABARAP and
YFP-empty vector (A) or YFP-GABARAPLI and CFP-GABARAPL2, respectively (B). After 48 h cells were
incubated for 3h with 100 nM Bafilomycin A1 (BafA1l) in growth factor depleted medium (w/o FCS). Fixed cells
(4% PFA) were immunolabeled with anti-GABARAP (8H5) antibody. Colocalization of GABARAP (green) and
YEP (red) is indicated by yellow puncta. Nuclei were counterstained with DAPIL

different applications without separate experimental proof. In addition, we examined the performance of the
anti-GABARAP (8H5) antibody in tissue sections in a preliminary manner. Therefore, two brain regions (motor-
cortex, hippocampus) derived from mice with a GABARAP /" background were applied to IF. In contrast to
the negative control clear intracellular staining of different intensities could be obtained only in presence of
anti-GABARAP (8H5) antibody (Supplementary Fig. $4). Thus, this anti-GABARAP antibody might also be
applicable for IF-labelling of tissue sections.

Anti-GABARAP (8H5) antibody distinguishes LC3B*/GABARAP* from LC3B*/GABARAP~
vesicular structures in two-color IF.  Finally, we tested anti-GABARAP (8H5) antibody performance in
two-color IF applications and chose LC3B as the second hATG8 to be targeted (to our knowledge, GABARAPL1
and -L2 trustworthy antibody-based analysis tools for IF are yet still lacking). We used anti-LC3B mAb clone
5F10 (anti-LC3B (5F10)), because this antibody reliably detects LC3B only and not the other LC3 family mem-
bers*?. LC3B is a common marker for autophagosomal structures™, and consequently, anti-LC3B (5F10) antibody
(Fig. 5A in red) stained a multitude of autophagosomes coated with endogenous LC3B under growth factor deple-
tion and BafA1 treatment, regardless whether HAP1 parental or HAP1 GABARAP KO cells were imaged. Overall,
anti-GABARAP (8H5) antibody (green) stained a smaller number of punctate structures compared to anti-LC3B
(5F10) antibody in the parental cell line. Clearly, magnification and intensity plot (Fig. 5B) revealed that several
of the imaged bright puncta are positive for LC3B but are negative for GABARAP under the conditions used. A
comparable staining pattern, but with less GABARAP positive puncta after starvation, could also be observed in
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Figure 4. Anti-GABARAP (8H5) antibody specifically detects endogenous GABARAP in immunofluorescence.
(A) HAP1 parental and GABARAP KO cells were incubated for 4h in complete growth medium (IMDM -+ 10%
FCS) and growth factor depleted medium (IMDM w/o FCS) with 100nM Bafilomycin A1 (BafAl), respectively.
Fixed cells were immunolabeled with anti-GABARAP (8H5) antibody. Nuclei were counterstained with DAPIL

(B) Counted GABARAP puncta per cell in HAP1 cells. HAP1 cells grown under growth factor deprivation and
BafA1 incubation (A) were analyzed. GABARAP puncta per cell from five individual experiments were measured
in parental (n=513) and GABARAP KO (n =460) cells by Fiji analysis tool in combination with an in-house
developed macro for puncta analysis. Error bars represent mean + SD. Significance was determined using unpaired
one-tailed t-test with Welch’s correction (*#%p < 0.0001).

human embryonic kidney 293 (HEK293) cells (Supplementary Fig. S5). This is consistent with the common view
that LC3s and GABARAPs have concerted but also can exhibit distinct, non-overlapping intracellular localiza-
tions, which is accompanied with at least partial functional divergences®! 6222425,

Discussion

Antibodies rank amongst the most widespread tools in basic life science research. Concurrently, an extensive dis-
course regarding antibody performance is ongoing with the task to guard against misleading conclusions drawn
from experiments that included insufficiently validated antibodies'*. A validated antibody must show specific-
ity, selectivity, and reproducibility in the context of its application. But antibody validation beyond the datasheet
knowledge can be tedious, is frequently underestimated, and thus is widely ignored in project scheduling. By
comparing antibody-based IF stains with their respective fluorescence protein (FP)-tagged antigen location, a
recent report impressively demonstrates the high error rates of inadequately validated polyclonal antibodies dur-
ing IF applications under high throughput conditions®.

Autophagy as well as the characterization of mATGS function, one of the key players in this process, is
subject of intensive studies. Because autophagy is proven to take part in several human e.g. neurodegenera-
tive diseases*®?’, deciphering the common and the unique features of individual ATG8 family members would
contribute to our understanding of their underlying molecular mechanisms. Antibodies specific for each sin-
gle mATG8 would improve the toolbox needed to elucidate the unique ATG8s functions. GABARAP, -L1, and
-L2 are closely related, short-sized proteins with 117 aa (or 116 aa post processing through ATG4) in length.
They, per se, display a limited number of epitopes, and cross-reactivity with antibodies that originally had been
raised against one of their relatives, have frequently been observed in the past'>. However, some of the available
anti-GABARAP, -L1, and -12 antibodies exhibit a specific performance with denatured proteins, e.g. in west-
ern blotting (Supplementary Fig. S1). To our knowledge, no single antibody with proven specificity during IF
has been described in the literature yet. The reason for this may be that the number of exposed linear epitopes,
and thus the chance of targeting a unique epitope (as basis for antibody specificity), is generally higher under
denaturating than under native or semi-native conditions. Conversely, discontinuous epitopes are destroyed by
denaturation, but are exposed under native or semi-native conditions, e.g. as prevailing during dot blot, ELISA or
after mild cross-linking used in bio-imaging.

In this study, we positively-screened almost 40 cell clones, which generate monoclonal antibodies against
hGABARAP. Out of them, we established and characterized clone 8H5 in particular with the aim to validate
its performance especially during IF. In sum, hybridoma supernatants containing anti-GABARAP (8H5) anti-
body showed high specificity for GABARAP without cross-reactivity for the other (recombinant and purified)
ATG8 homologues GABARAPLI, -L2 or LC3A4, -B, and -C both in dot blot (Fig. 1A) and in western blotting
(Fig. 1C). In addition to its good selectivity anti-GABARAP (8H5) antibody was our best performer during
ELISA regarding binding strengths (Fig. 1B). Notably, anti-GABARAP (8H5) antibody failed to detect endoge-
nous, SDS-PAGE-separated GABARAP from mammalian cell lysates during subsequent IB in our hands. Possible
reasons are the low abundance of GABARAP in cell lysates compared to the applied amount of purified recom-
binant protein samples in Fig. 1C and/or the denaturation of the epitope recognized by 8H5 during western
blotting™*', Interestingly, epitope mapping of anti-GABARAP (8HS5) antibody revealed that it interacts with the
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Figure 5. Anti-GABARAP (8H5) antibody detects endogenous GABARAP within some but not all LC3B*
structures. (A) HAP1 parental and GABARAP KO cells were incubated for 3h with 100nM BafAl in growth
factor depleted medium. HAP1 cells were fixed with 4% PFA and immunolabeled with anti-GABARAP (8H5)
and anti-LC3B (5F10) antibodies. Colocalization of LC3B (red) and GABARAP (green) is indicated by yellow
puncta. Nuclei were counterstained with DAPL (B) Intensity profiles of line segments (approx. 10um) drawn
across the z-section shown for each channel. Overlap of anti-LC3B (5F10) (red) and anti-GABARAP (8H5)
(green) antibodies’ fluorescence intensity profiles (arbitrary units, a.u.) indicates colocalization of GABARAP
with the autophagosomal marker LC3B.

a-helices 1 and 2 containing region (Fig. 2), suggesting that the existence of some a-helical secondary structure
supports its efficient binding. According to the GABARAP structure a proper positioning of the non-conserved
residues K13 and S16, which both are located within the binding epitope might be pivotal through acting as
a GABARAP-unique platform for antibody binding. Because the complete GABARAP protein was applied as
immunogen, it is likely, that under native conditions further parts of the GABARAP molecule contribute here by
delivering the required scaffold for an optimal epitope presentation.

Following the latest recommendations for antibody validation'?, we next characterized the performance of
anti-GABARAP (8H5) antibody during IF staining applications in-depth. We compared the anti-GABARAP
(8H5) antibody-based staining with that of FP-tagged GABARAP, GABARAPL1, and GABARAPL?2 ectopically
expressed in HAP1 cells lacking endogenous GABARAP (Fig. 3A,B). Next, we compared the staining pattern of
cells expressing all mATGS family members at endogenous levels with that of cells lacking GABARAP, both under
fed and growth-factor depleted/BafA1-treated conditions (Fig. 4). Furthermore, cells were simultaneously stained
with anti-GABARAP (8H5) antibody and an antibody specifically recognizing LC3B, which is a common and
independent marker for autophagosomes (Fig. 5).

Taken together, our results demonstrate that anti-GABARAP (8H5) antibody performs with high specificity
in IF experiments. To our knowledge, we hereby provide the first staining results of endogenous GABARAP with
an application- and target-specific in-depth validated antibody. In our opinion, this antibody can be very valu-
able for future studies that are aimed to resolve unique GABARAP functions in diverse cellular processes with
already proven or assumed GABARAP-participation including autophagy, protein trafficking or unconventional
secretion.
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Recently, fluorescence protein-tagged, peptide-based sensors that can target mATG8s in a (semi)-specific
manner have been published**. These sensors are based on peptides with LC3-interacting region (LIR) proper-
ties, showing selectivity, e.g. for GABARAP/GABARAPLI- or LC3B/LC3A-positive autophagosomes®, or even
for individual mATG8s*. Here, further engineering including the addition of domains for membrane recruit-
ment or oligomerization, was necessary to achieve both selectivity and sufficient affinity of these sensors. While
such sensors are very valuable for live-cell visualization of membrane-associated, lipidated mATGS8 forms, and
those ATGS8 populations without tightly complexed intracellular LIR-containing binding partners, they likely
fail to visualize both their soluble, unlipidated forms and their LIR-ligand complexed forms. We assume that
anti-GABARAP (8H5) antibody can react with unlipidated GABARAP, and - because its epitope is largely sepa-
rated from HP1 and HP2 - with such GABARAP molecules that are bound to an LIR-ligand. However, because
its epitope includes with K13 one of the two ubiquitination sites (K13, K23) that recently have been identified for
GABARAP", at least the K13-ubiquitinated GABARAP fraction will very likely not be stained by anti-GABARAP
(8H5) antibody. Since its epitope overlaps with the microtubule-binding domain (amino acid residues 1-22)
of GABARAP?, further work is needed that has to clarify how anti-GABARAP (8H5) antibody performs with
potentially microtubule-associated GABARAP molecules. Thus, anti-GABARAP (8H5) antibody not only dis-
criminates GABARAP from its relatives but also opens avenues to distinguish between distinct cellular pools of
GABARAP itself, a feature that can help to decipher distinct roles for the diverse variations of the same protein.
Finally, because mammalian GABARAP sequences display 100% conservation, anti-GABARAP (8HS5) antibody
can be broadly used across mammalian species. Even within orthologous proteins from less related vertebrate,
arthropode and nematode model organisms the anti-GABARAP (8H5) antibody epitope surrounding region is
highly conserved (Supplementary Fig. $6). Thus, this antibody will likely be useful also in non-mammalian spe-
cies. For improved results, the combination with anti-rat IgG2a subclass-specific secondary antibodies, especially
for multiple labeling methods, is recommended.

Methods

Eukaryoticplasmids. Genes for GABARAP, GABARAPL1 and GABARAPL2 were subcloned from GST-fusion
plasmids (Addgene IDs 73948, 73945 and 73518) by PCR amplification into the Xhol and BamHI sites of peYFP-C1 or
peCFP-Cl1(Clontech), yielding peYFP-C1/GABARAP, peYFP-C1/GABARAPLI and peCFP-C1/GABARAPL2.

Antibodies. The antibodies used throughout this study are listed in Supplementary Table S3.

Recombinant protein/antigen expression and purification. Cloning, expression and purification of
human GABARAP (aa 1-117), GABARAPLI1 (aa 1-117), GABARAPL2 (aa 1-117), MAP1-LC3A (aa 1-121),
MAPI-LC3B (aa 1-125) and MAP1-LC3C (aa 1-147) was performed as previously described***¢.

Antibody generation. Purified full length GABARAP protein N-terminally fused to glutathione-S-transferase
(GST) was used as antigen for immunization. Approximately 50 pg of antigen dissolved in phosphate-buffered
saline (PBS) was emulsified in an equal volume of incomplete Freund’s adjuvant (Sigma-Aldrich, Germany) and
5nmol CpG2006 (TIB MOLBIOL, Germany) and injected both intraperitoneally (ip) and subcutaneously (sc)
into Lou/C rats. After 6 weeks, the animals received a booster injection (sc and ip) with 50 ug of antigen without
Freund’s adjuvant. Fusion of the myeloma cell line P3X63-Ag8.653%" with immune spleen cells was performed
according to the standard procedure described by Kohler and Milstein™. After fusion, the cells were cultured in
96-well cluster plates in standard medium supplemented with 20% fetal calf serum (FCS), 2% HCS (Capricorn
Scientific, USA), and aminopterin (Life Technologies, Germany).

Hybridoma supernatants were tested in a solid-phase enzyme-linked immunoassay (ELISA). Plates were
coated overnight with mouse-anti GST antibody (5pg/ml) and after blocking with 2% FCS, GST-GABARAP
fusion protein was added at 0.7 pg/ml for 60 min. Irrelevant GST-fusion protein served as negative control.
Hybridoma supernatants (1:10 diluted) were added and GABARAP-bound antibodies were detected with a mix-
ture of horseradish peroxidase (HRP)-coupled mouse monoclonal antibodies against rat IgG heavy chains. The
secondary antibodies were visualized with 3,3',5,5'-tetramethylbenzidine (TMB) substrate (Thermo Scientific,
Germany) by measuring the absorbance at 650 nm with a microplate reader (Tecan, Switzerland). The IgG sub-
class was determined by ELISA with mouse anti-rat light chain antibodies as capture and HRP-coupled mouse
anti-rat IgG subclass-specific antibodies for detection. The hybridoma cells of clone 8H5 (IgG2ark) were stably
subcloned twice by limiting dilution.

Dot blot analysis. Purified ATGS family proteins (GABARAP, GABARAPL1, GABARAPL2, LC3A, LC3B
and LC3C) were adjusted to a final concentration of 10uM, respectively. 1l of each solution was transferred to
a cellulose nitrate membrane considering an adequate spacing between all spots. After 5 min, membranes were
blocked with tris-buffered saline-tween (TBS-T) (TBS, 0.1% Tween 20) including 5% nonfat-dried milk powder
(AppliChem) for 30 min at room temperature (RT). The membrane was subsequently incubated with the primary
antibody containing hybridoma supernatant (rat anti-GABARAP clone number 8H5) diluted in blocking buffer
(1:1). Incubation was performed overnight at 4 °C. After three washing steps with TBS-T, HRP-coupled secondary
antibody (mouse anti-rat-IgG2a-HRP; 1:1000) was applied for 1h at RT. After three further washing steps with
TBS-T, the membrane was incubated with the HRP substrate SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific, Germany) for 5 min at RT. Final quantification of immunosignal was performed using a
chemiluminescence detection system (ChemiDoc, Bio-Rad, Hercules, CA, USA).

ELISA (for assessing binding specificity of selected hybridoma supernatants). 96 well
Nunc-Immuno MicroWell Polysorp plates (Thermo Scientific, Germany) were coated with 700 ng of one
GABARAP family protein per well and incubated for 1 h at RT. Wells were subsequently blocked for 30 min at RT
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using TBS-T including 5% nonfat-dried milk powder (AppliChem, Germany). Hybridoma supernatant with pri-
mary antibody (rat anti-GABARAP clone 8H5) was diluted in blocking buffer (1:10) and was further transferred
to 7 wells, respectively. Each of these wells contained a distinct protein of the GABARAP family. Incubation was
performed for 1h at RT. After three washing steps using TBS-T, a suitable HRP coupled secondary antibody (goat
anti-rat IgG-HRP) was diluted (1:1000) and subsequently transferred to the wells. After 1h of incubation at RT,
each well was washed three times with TBS-T. The HRP substrate and TMB (Sigma-Aldrich, T5525, Germany)
was finally applied to all wells according to manufacturer’s instruction. Inmunosignal was quantified at 450 nm
(Fluostar Optima, BMG Labtechnologies GmbH, Germany).

Polyacrylamide gel electrophoresis and western blot analysis. Purified ATGS family proteins
(GABARAP, GABARAPL1, GABARAPL2, LC3A, LC3B and LC3C) were denatured at 95°C for 5 min in SDS
loading buffer (10% (v/v) glycerol, 2% (w/v) SDS, 2% (v/v) 2-mercaptoethanol, 50mM Tris, pH 6.8, 0.75 g/ bro-
mphenol blue). ATGS8 family proteins (1 pg respectively) were then applied to a 12% SDS-PAGE and separated
at 40mA for 45min. Gel staining was performed with coomassie staining solution (25% isopropanol, 10% acidic
acid, 0.5 g/l coomassie brilliant blue R-250) and the destaining was done in hot water.

For western blot analysis, proteins were transferred to a PVDF membrane (pore size 0.2 um) without preced-
ing gel staining. Protein transfer was performed in a semi dry system at 25V for 60 min. The membrane was
subsequently washed in TBS-T and then blocked in TBS-T including 2.5% milk powder for 30 min. The blot
was incubated with primary antibody containing hybridoma supernatant (rat anti-GABARAP (8H5) antibody)
diluted in TBS-T (1:4) over night at 4 °C. After washing (3 times for 5min, respectively) in TBS-T, the mem-
brane was incubated with HRP-conjugated secondary antibody (goat anti-rat-HRP, Jackson 112-035-068, diluted
1:2000 in TBS-T) at RT for 1 h. The blot was washed (3 times for 5 min, respectively) in TBS-T and immunoreac-
tivity was finally quantified as described for dot blot analysis.

Epitope mapping. Peptide scanning was performed using a cellulose membrane (Intavis AG, Germany)
loaded with 12mer peptides representing the complete sequence of hGABARAP and overlapping by 10 amino
acids, respectively. Every peptide was spotted on the membrane twice. Epitope mapping was done by washing the
membrane with TBS-T, followed by a blocking step using TBS-T/5% nonfat-dried milk powder. After another
washing step with TBS-T, primary antibody (rat anti-GABARAP (8H5) antibody hybridoma supernatant) was
diluted with TBS-T (1:5) and applied over night at 4°C. After 3 washing steps using TBS-T, HRP-coupled mouse
anti-rat IgG2a antibody was diluted with TBS-T (1:2000) and applied for 2 h at RT. After another 3 washing
steps with TBS-T, signal detection was performed by incubation with SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific, Germany) for 5 min at RT. Immunosignal was quantified using a chemilumines-
cence detection system (ChemiDoc, Bio-Rad, Hercules, CA, USA).

Cell culture and transfection.  P3X63-Ag8.653 cells were cultured at 37°C in a humidified 5% CO, incubator in
standard medium RPMI 1640 (Sigma-Aldrich, Germany) supplemented with 1% glutamine, 1% non-essential amino
acids, 1% sodium pyruvate, 1% penicillin/streptomycin (Sigma-Aldrich, Germany), and 2.5% FCS (Capricorn).

HAPI cells are adherent human fibroblast-like cells with a near-haploid karyotype that have been derived from
the male chronic myelogenous leukemia (CML) cell line KBM-7*°. HAP1 parental (C631) and HAP1 GABARAP
KO (HZGHC003054c004) cells were purchased from Horizon Discovery, UK. HAP1 cells were cultured at 37°C
in a humidified 5% CO, incubator in growth medium Iscove’s Modified Dulbecco’s Medium (IMDM - Gibco,
Thermofisher Scientific, Germany) supplemented with 1% penicillin/streptomycin (Sigma- Aldrich, Germany),
and 10% FCS (Sigma- Aldrich, Germany).

For transient transfection with peYFP-N1 empty vector (Clontech, USA), peYFP-GABARAP,
peYFP-GABARAPLI, and peCFP-GABARAPL2 constructs, 1 x 10° HAP1 cells were seeded on a poly D-Lysine
coated bottom dish (MatTek Corporation, MA, USA) and incubated in IMDM / 10% FCS, respectively. The next
day transfection with 1.5 ug total DNA using Turbofectin 8.0 (OriGene, USA) was performed according to man-
ufacturer’s instructions.

Immunofluorescence. HAPI cells (3 x 10°) were seeded on a poly D-Lysine coated glass bottom dish
(MatTek Corporation, MA, USA) and incubated in IMDM / 10% FCS. The next day, IMDM was removed and
HAPI cells were incubated for 3-4h in IMDM medium with 10% FCS only or IMDM without 10% FCS includ-
ing 100nM Bafilomycin A1 (Sigma-Aldrich, Germany). Fixation with 4% (w/v) paraformaldehyde in PBS at RT
for 10 min was followed by a washing step using PBS and addition of 0.2% TritonX-100 in PBS for 30 min at RT
to permeabilize the cell membranes. After three washing steps with PBS, surfaces were blocked with 1% bovine
serum albumin (BSA, Sigma-Aldrich, Germany) at RT for 60 min or overnight at 4-8 °C. Immunostaining was
performed by addition of 1 mL undiluted hybridoma supernatant including anti-GABARAP (8H5) antibody and
1 ug/mL mouse monoclonal anti-LC3B (5F10) antibody and incubation for 60 min at RT under smooth shaking,
Cells were washed three times for 5min with PBS followed by incubation of an appropriate 1:250 diluted fluo-
rescent labelled secondary antibody (goat anti-rat Alexa Fluor 488 for 8H5; goat anti-mouse Alexa Fluor 647 for
mAb LC3B) for 60 min at RT in the dark, followed by two washing steps for 5 min with PBS. YFP, YFP-GABARAP,
and YFP-GABARAPLI transfected HAP] cells were fixed 2 to 3 days after transfection. Fixing and staining pro-
cedure was done as described above, and a donkey anti-rat Cy5 secondary Ab (1:250) was used in combination
with anti-GABARAP (8H5) antibody.

Image acquisition. Images were acquired using ZEN black 2009 on a LSM 710 confocal laser scanning sys-
tem (Carl Zeiss Microlmaging Inc., Germany) with a Plan-Apochromat 63 x /1.40 Oil DIC M27 objective. The
cell nuclei (DAPI) were measured in the 405 nm channel (MBS -405/760+-). GABARAP puncta were detected
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in the 488 nm channel (MBS 488/543/633) and LC3B puncta in the 633 nm channel (MBS 488/543/633), respec-
tively. YFP was detected in channel 514 nm (MBS 458/514) and Cy5 in channel 633 nm (MBS 488/543/633).

Image evaluation. Image analysis was done using Image] / Fiji***'. For quantitative and unbiased evaluation
of anti-GABARAP (8H5) antibody a macro has been written and applied to images of parental and GABARAP
KO cells. Within the macro a maximum intensity projection and a defined threshold (70/255) was used. After
thresholding the images, a watershed algorithm was applied and puncta with a size >3 pixel were counted using
the Analyze Particles tool of Image]. The puncta were analyzed in single cells using manually annotated regions
of interest (ROIs) within the images. For better visibility in the print version, maximum intensity projections
and an adjustment of brightness (20), contrast (40) and intensity (60) was applied equally for every figure using
Corel DRAW 2017. For data analysis, GraphPad Prism Version 5.00 was used.

Data Availability Statement
No datasets were generated or analyzed during the current study.
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Supplementary Methods

Western blotting of mammalian cell lysates

For immunoblots depicted in figure S1, cells were washed once with warm PBS, dissociated with
Trypsin-EDTA (Cytogen, Wetzlar, Germany) for 5 min, resuspended in medium and centrifuged for
3 min at 4 °C and 900 g. Afterwards, cell pellets were washed once with cold PBS and resuspended in
lysis buffer (136 mM NaCl, 20 mM Tris-HCI, 10 % Glycerin, 2 mM EDTA, 50 mM B-
Glycerophosphat, 20 mM Na-Pyrophosphat, 0.2 mM Pefablock, 5 pg/ml Aprotinin, 5 pg/ml
Leupeptin, 4 mM Benzamidin, ] mM Na;VO,, 0.2 % SDS, pH 7.4) and frozen for 20 min at -20 °C.
Subsequently, samples were thawed, sonicated thrice for 15 seconds at 100 % on ice and centrifuged
for 15 min at 4 °C and 20 000 g to get rid of cell debris. Supernatants were transferred to fresh tubes
and protein content measured with Bradford protein assay (Biorad, California, USA). 40 pg of whole
cell protein lysates were then subjected to 12 % polyacrylamid SDS-PAGE. Proteins were then
transferred onto a PVDF membrane via Semi-Dry Western Blot. Membranes were blocked with either
5 % milk in TBS-T or 5 % BSA in TBS-T for 1 h at room temperature (RT), followed by three times
20 min washing with TBS-T at RT incubation with primary antibody overnight at 4 °C and secondary
HRP-coupled antibody for 1 h at RT. Blots were visualized by chemiluminescence (Western Lightning
Plus-ECL, Perkin Elmer, Massachusetts, USA) and documented using the ChemiDoc system (Biorad,
California, USA) or film (Amersham Hyperfilm ECL, GE, UK).

Generation of HEK293 knockout cell lines

HEK293 cells were nucleofected (Lonza, Basel, CH) with KO plasmids targeting GABARAP exon 1, -
L1 exon 2 and -L2 exon 2 coexpressing either GFP, CFP or mCherry. KO plasmids are based on
plasmid pSpCas9(BB)-2A-GFP (PX458), which was a gift from Feng Zhang (Addgene plasmid #
48138)". Clonal lines were created by growth of single cell sorted FP positive cells via fluorescence
activated cell sorting (FACS). Genomic mutations were validated via Sanger sequencing of PCR
amplificates of the sgRNA target region +/- 200 bp (table S1) and analysed by TIDE and Crisp-ID*?,
as listed in table S2.

Ethics statement

All animal experiments were performed in accordance with the German Law on the protection of
animals (TierSchG §§ 7-9) and with permit from the local ethic committee (Landesamt fiir Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV), North Rhine-Westphalia, Germany;
AZ 84-02.04.2015.A106 and AZ 84-02.04.2014.A423).
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Immunofluorescent analysis of mouse brain slices

Endogenous GABARAP in tissue sections was assessed by immunofluorescence analysis using 20 um
thick, sagittal sections of 20 weeks old mice divided by a cryostat (CM3050 S, Leica Biosystems
Nussloch GmbH, Wetzlar, Germany). Formalin embedded brain sections were fixed for 10 min with
4 % PFA, three times washed for 5 min with (Tris-buffered saline) TBS and treated for 10 min with
70 % formic acid for antigen retrieval, followed by another three 5 min washing steps with TBS. After
permeabilization with 1 % TBS-Triton-X (TBS-T) for 30 min, brain sections were blocked with 1 %
BSA in TBS over night at 4 °C. Incubation with anti-GABARAP (8H5) antibody was performed with
undiluted hybridoma supernatant for 2 h at RT. After three washing steps for 5 min with TBS, sections
were incubated for 1 h with a goat anti-rat [gG+IgM (H&L) Alexa Fluor 488 secondary antibody (112-
545-068, Dianova, 1:250 in 1 % BSA in TBS), followed by three 5 min washing steps with TBS. In
addition, the secondary antibody was applied in the absence of primary antibody, to assess the
specificity of the stain, and all residual staining was considered to be non-specific. Inmunofluorescent
sections were counterstained by DAPI (4,6-Diamidin-2-phenylindol) (Merck, Germany) and again
washed as described. Brain sections were mounted with Aqua Poly/Mount (18606, Polysciences, Inc.
Warrington, Pennsylvania, USA). Images were taken with a LSM 710 confocal laser scanning system
(Carl Zeiss Microlmaging Inc., Germany) equipped with a EC Plan-Neofluar 20x/0.50 M27a or a
Plan-Apochromat 63x/1.40 Oil DIC M27 objective.

Immunofluorescence

HEK?293 cells (3 x 10°) were seeded on a fibronectin (Sigma-Aldrich, Germany) coated glass bottom
dish (ibidi, Germany) and incubated in DMEM supplemented with 10 % FCS for 24 hours. The next
day, DMEM was removed and HEK293 cells were incubated for 3 h — 4 h in DMEM medium without
10% FCS or Earle’s Balanced Salts (EBSS, Sigma-Aldrich, Germany) including 100 nM
Bafilomycin A1 (Sigma-Aldrich, Germany). Fixation with 4 % (w/v) paraformaldehyde (PFA) in PBS
at RT for 10 min was followed by a washing step using PBS and addition of 0.2 % TritonX-100 in
PBS for 30 min at RT to permeabilize the cell membranes. After three washing steps with PBS,
surfaces were blocked with 1 % bovine serum albumin (BSA, Sigma-Aldrich, Germany) overnight at
4-8 °C. Immunostaining was performed by addition of 1 mL undiluted hybridoma supernatant
including anti-GABARAP (8H5) and 1 pg/mL mouse monoclonal anti-LC3B (5F10) antibody and
incubation for 60 min at RT under smooth shaking. Cells were washed three times for 5 min with PBS
followed by incubation of an appropriate 1:250 diluted fluorescent labelled secondary antibody (goat
anti-rat Alexa Fluor 488 for 8HS; goat anti-mouse Alexa Fluor 647 for mAb LC3B) for 60 min at RT
in the dark, followed by two washing steps for 5 min with PBS.

HAPI1 parental and GABARAP KO cells were cultured under growth factor deprivation with 100 nM
BafAl for 3 h. Cells were fixed with 4 % (w/v) PFA in PBS at RT or with 100 % methanol for 15 min

at — 20 °C, both followed by washing twice for 5 min. Cells were immunolabeled with polyclonal
3

61



101
102
103

104

105

(pAb) GABARAP (Proteintech 1:200, abgent 1:25) or monoclonal GABARAP (Cell Signaling E1J4E,
1:200) antibodies followed by staining with Alexa Fluor 555 (pAb — 1 (Proteintech)) and with Alexa
Fluor 488 (mAb (E1J4E) and pAb — 2 (abgent)).
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Supplementary Figure S1

A

HAP1:| _0 1 2 3 HEK293:| 0 __ - il -
WT|+ - + - - - WT| + - + - + - + -
GABARAPKO|- + - + + + GABARAP KO| - + - & - o i
- GABARAPL1 KO| - - - - - -
__3 E E hATG8 GABARAPL2KO| - - - - - - -+
input |- | |-' | |- | |‘ | hATGS

==~ =

Primary antibodies for detection (A and B):

|-—-——| |'-——| |—| |-'| B-actin

0: GABARAP rabbit pAb (#18723-1-AP, Proteintech)

1: GABARAP-E1J4E rabbit mAb (#13733, Cell Signaling)

2: GABARAPL1-D5R9Y rabbit mAb (#26632, Cell Signaling)

3: GABARAPL2-D1WIT rabbit mAb(#14256, Cell Signaling) input: p-actin-AC-15 mouse mAb (#ab6276, Abcam)

Supplementary Figure S1. Expression analysis of GABARAP, GABARAPLI, and GABARAPL2 in HAP1 (A) and
HEK293 (B) cell lysates. (B) KO-validation of the primary antibodies used in (A) demonstrating their target specificity
during immunoblotting applications. GABARAP TKO cells were created using the CRISPR/Cas9 system'. HEK293 KO cell
lines 1n (B) were used to validate specificity of the antibodies used against GABARAP, GABARAP-L1 and GABARAP-L2
during immunoblotting. “hATGS8” stands for the corresponding GABARAP-subfamily member, detected by the respective

antibody. The corresponding full-length blots are given in Supplementary Fig. S3.
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Supplementary Figure S2

o

DAPI DAPI DAPI DAPI DAPI
GABARAP pAb - 1 GABARAP mAb GABARAP pAb - 2 GABARAP pAb -1 GABARAP mAb

HAP1 parental
HAP1 parental

HAP1 GABARAP KO
HAP1 GABARAP KO

Supplementary Figure S2. Commercial antibodies fail to detect endogenous GABARAP in immunofluorescence in a
specific manner. HAP1 parental and GABARAP KO cells were cultured under growth factor deprivation with 100 nM
BafAl for 3 h. Fixed cells were immunolabeled with polyclonal (pAb) GABARAP or monoclonal GABARAP antibodies.
Under (A) a 4 % PFA fixation and a staining with Alexa555 (pAb — 1 (Proteintech)) and with Alexa488 (mAb (E1J4E) and
pAb — 2 (abgent)) was applied. Under (B) a fixation with 4 % PFA and a staining with Alexa488 (pAb) and a methanol-based
fixation protocol as recommended by the supplier for GABARAP mAb E1J4E with Alexa488 as secondary antibody was

used, respectively. Nuclei were counterstamed with DAPL
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Supplementary Figure S3

A

L
8E5 'g@
L

8H5
»

15A11

@t AR
TGN AN O A
OP‘GP‘%ZP&P‘

Dot blot - SOURCES:

...................

short exposure
@
.
°
-

ce e ® -

L e SR

2

x

“ee [5 ee

o » e :.
8E5

7

exp.

GABARAP GABARAPL1 GABARAPL2
O O O
(GABARAPL3)
O
LC3A LC3B Lcac
O O &

.................

.................

65



B

SDS-PAGE
- o
 — - = o
1B L‘I)
~r 9
3
9} ?\9’ 0'5‘>‘ 0’56 o'bo
e"g’ ® ?7&:‘*@
'MW (kDa) B
180 <
MW (kDa) 138— = (SOURCE)
SDS-PAGE | -
(SOURCE) ! 40 -
‘ 35 -
& | 25 - |
~h
- ~15
— — ‘.g ‘
',! ~10
?\,'5\ 0'5"* 050 050 ?\33?\%3‘?\3, 0’5"‘ 0'.”6 0’.‘:0
e\* "g} Pﬁ‘
129
130
Peptide scanning
cellulose membrane: blot:
replicate 1 (shown in Figure 2A)
.‘.
replicate 2
..-
131
132
133

66



134

135

136

137
138
139
140
141
142
143
144
145

O

o
Sw Sw
[$) e Q

g 0:: - h % goitrs L) lysate from HAP1:| _Q g, 2
ot = 8 3 —— WT| 7 = o s =
80‘,’ egm AT GABARAP KO| - + - + + +

El = & B
input
— " E ............ {é} e

. W _ = = =

28 i s

< -_. S e

93 82 BEamne.
—_— % T -0
TOow Taon

N

~w = EC "%

- S - » E i g

DR e, = g ¥ = : N

14 8 i ® A i 5 i e g
<0 e o g - Iy e oot
L a5 e e o R
g‘ <. + 0 o= Vened pe heeed
YdOF L 7]

lysate from HEK293:| _Q__ -
. wrl ¥ -
\‘7'“ i} GABARAPKO| - +

A4 GABARAPL1 KO| -
- 5% GABARAPL2 KO/ -

SOURCE
I-il‘
!
“t

input

(0) GABARAP (0) beta-aktin

£
w E=3
o w
T
8 gg boahbin
» —~x Vi 30 ~ =
%3 7 e _ i =
Yn
S w B o
o | ol
Sw a2l £ 2~ “io 7,
TR 5| B3 e o 73R 2g
‘Fmsoma o é"‘y" A .‘ﬁ" §§5"’
23 | 527 1o - W = 328
O G 3
- a + <
O —— ad57F
|
T 'SkDa
g OkDEw
w
m U 5%01‘1.?': —..-
<L ¢ [ioko:
=
3

Supplementary Figure S3. Full-length-blots. (A) Uncropped dot blots related to Figure 1A. Note: Each individual exposure
includes six blots incubated with one of six different hybridoma supernatants each. Only those incubated with GABARAP-
8ES, -8HS and -15A11 containing supernatants are highlighted. Beside purified GABARAP, -L1, -L2, LC3A, -B and —C the
hybridoma supernatants were also tested for their reactivity with GABARAPL3. Because GABARAPL3 is assumed to be a
“pseudogene”, it was excluded during further analysis. (B) Uncropped SDS-PAGE and western blot membrane related to
Figure 1C. (C) Uncropped cellulose membrane shown in Figure 2A used for epitope mapping of GABARAP-8HS.
Transillumination and blot are given for both replicates. (D, E) Uncropped western blot membranes related to Supplementary
Figure S1A, B.
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Supplementary Figure S4

vy

DAPI DAPI DAPI DAPI
negative control GABARAP-8H5 negative control GABARAP-8H5

A A

20 x magnification
Motorcortex

20 x magnification
Hippocampus

63 x magnification
Motorcortex

63 x magnification
Hippocampus

Supplementary Figure S4. Performance of anti-GABARAP (8HS) antibody during immunofluorescent analysis of
mouse brain slices. Representative immunofluorescence images of motorcortex (A) or the hippocampal regions (B) of 20
weeks old mice stained with a goat anti-rat IgG+IgM (H&L) Alexa Fluor 488 secondary antibody in the absence (left panels)
or presence of anti-GABARAP (8HS5) primary antibody (right panels). All residual staining visible in the left panels is
considered as non-specific, and likely represents blood vessels (white arrowheads). In the presence of anti-GABARAP (8HS5)
antibody a clear intra-cellular staining occurs (right panels). Interestingly, an antigen retrieval step as specified in the methods
section was obligatory for positive staining results. Note that mouse and human GABARAP sequences display 100 %
conservation. Counterstaining was performed with DAPI.
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Supplementary Figure S5
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Supplementary Figure S5. Performance of anti-GABARAP (8H5) in HEK293 cells. HEK293 wildtype and GABARAP
KO cells were incubated for 3 h in growth factor depleted medium (A) or in EBSS (B) both including 100 nM BafAl each.
Cells were fixed with 4 % PFA and immunolabeled with anti-GABARAP (8H5) and anti-LC3B (5F10) primary antibodies in
combination with goat anti-rat [gG+IgM (H&L) Alexa Fluor 488 and anti-mouse IgG Alexa Fluor 647 secondary antibodies,
respectively. Colocalization of LC3B (red) and GABARAP (green) is indicated by yellow puncta. Nuclei were
counterstained with DAPL

HEK293 GABARAP KO
EBSS + BafA1
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Supplementary Figure S6

human | YKEEHPFEKRRSEGEK
mouse 1 YKEEHPFEKRRSEGEK
chicken 1 LYKEEHPFEKRRQEGEK
zebrafish 1 YKEEHPFEKRRSEGEK
clawfrog 1

fruitfly 1 O]YKEEHI\FEKRREE GBIK
roundworm 1 WANSSAHN NP 9 3UAIHe]D)
consensus 1 *% *%xkk  kkkkk Kk &

Supplementary Figure S6. The epitope for anti-GABARAP (8HS) antibody shows high conservation between
GABARAP proteins from organisms of diverse phylogenetic classes. Aligned are the GABARAP residues 1 to 20 of
human GABARAP with those of selected vertebrate, arthropode and nemathode orthologs using Boxshade 3.2.3. UniProtKB
accession numbers of the entries used are: 095166 (Homo sapiens); Q9IDCD6 (Mus musculus); AOAILIRN8O (Gallus
gallus); Q6PSS4 (Danio rerio); Q6NUG7 (Xenopus laevis); QI9W2S2 (Drosophila melanogaster; protein name: Atg8a);
Q09490 (Caenorhabditis elegans; protein name: 1gg-1).
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Supplementary Table S1. Antibodies used throughout this study.

Antibody Company Species Catalog number
(antigen used for antibody production)

primary Abs:

anti-GABARAP clone in-house rat (GST-hGABARAP _aal-117)

8HS

anti-LC3B clone 5F10 Nanotools mouse  0231-100
(synthetic peptide from N-terminus of hLC3B)

anti-GABARAP pAb Proteintech rabbit 18723-1-AP
(GABARAP full-length protein)

anti-GABARAP clone Cell Signaling rabbit 13733

ELJ4E (synthetic peptide surrounding R40 of
hGABARAP)

anti-GABARAP pAb Abgent/antibodies- rabbit AP1821a/ABIN388564

clone RB11846 online (synthetic peptide between 1-31 aa from the N-
terminal region of GABARAP)

anti-GABARAPL1 Cell Signaling rabbit 26632

clone D5R9Y (synthetic peptide corresponding to residues near
the N-terminus of hGABARAPLI)

anti-GABARAPL2 Cell Signaling rabbit 14256

clone DIWOT (synthetic peptide corresponding to residues near
the C-terminus of hGABARAPL?2)

secondary Abs:

anti-rat [gG2a-HRP in-house mouse  (rat IgG 2a)

anti-rat-IgG-HRP Sigma goat AS037

anti-rat-IgG Alexa Fluor  Jackson goat 112-545-068

488 ImmunoResearch

anti-rat-IgG Cy5 Jackson donkey  712-175-153

ImmunoResearch

anti-mouse IgG Alexa Abcam goat abl50115

Fluor 647

anti-rabbit [gG Alexa Abcam donkey abl50074

Fluor 555

anti-rabbit IgG Alexa Abcam donkey abl50075

Fluor 647
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Abstract: GABARAP (y-aminobutyric acid type A receptor-associated protein) and its paralogues
GABARAPL1 and GABARAPL2 comprise a subfamily of autophagy-related Atg8 proteins. They are
studied extensively regarding their roles during autophagy. Originally, however, especially GABARA-
PL2 was discovered to be involved in intra-Golgi transport and homotypic fusion of post-mitotic
Golgi fragments. Recently, a broader function of mammalian Atg8s on membrane trafficking through
interaction with various soluble N-ethylmaleimide-sensitive factor-attachment protein receptors
(SNARESs) was suggested. By immunostaining and microscopic analysis of the Golgi network,
we demonstrate the importance of the presence of individual GABARAP-type proteins on Golgi
morphology. Furthermore, triple knockout (TKO) cells lacking the whole GABARAP subfamily
showed impaired Golgi-dependent vesicular trafficking as assessed by imaging of fluorescently
labelled ceramide. With the Golgi apparatus being central within the secretory pathway, we sought to
investigate the role of the GABARAP-type proteins for cell surface protein trafficking. By analysing
the surfaceome composition of TKOs, we identified a subset of cell surface proteins with altered
plasma membrane localisation. Taken together, we provide novel insights into an underrated aspect
of autophagy-independent functions of the GABARAP subfamily and recommend considering the
potential impact of GABARAP subfamily proteins on a plethora of processes during experimental
analysis of GABARAP-deficient cells not only in the autophagic context.

Keywords: Atg8; GABARAP; Golgi apparatus; surfaceome

1. Introduction

The autophagy-related 8 (Atg8) proteins, consisting of members of the microtubule-
associated proteins 1A /1B light chain 3 (MAP1LC3, hereafter LC3) subfamily and the
y-aminobutyric acid type A (GABA ) receptor-associated protein (GABARAP) subfamily,
are mainly recognised for their functions during autophagy.

In that context, the GABARAP-type proteins were shown to be involved in the later
steps, involving autophagosome closure [1] and autophagosome-lysosome fusion [2],
thereby enabling the autophagic degradation and recycling of cellular components. In-
terdependence of autophagy, endocytosis, and secretion pathways has been reported
by a growing number of studies (reviewed in [3]). Notably, the three members of the
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GABARAP family, GABARAF, GABARAP-like 1 (GABARAPL1), and GABARAP-like 2
(GABARAPL2), were initially discovered in the context of transport and trafficking pro-
cesses. Early studies described an association of GABARAP with the eponymous GABA 4
receptor [4], and subsequently with other receptors including, e.g., the transferrin receptor
(TERC) [5]. Participation of GABARAP in vesicular transport along microtubules has also
been reported [6,7]. Similarly, GABARAPLI was also found to associate with tubulin [8]
and to facilitate, e.g., k opioid receptor trafficking [9]. The third member of the GABARAP
family, GABARAPL2, was identified as an intra-Golgi transport modulator interacting both
with the N-ethylmaleimide-sensitive factor (NSF) and the Golgi v-SNARE GOS-28 [10,11],
and was reported to be required during post-mitotic Golgi reassembly [12]. In both pro-
cesses, GABARAPL?2 is deemed to act as a Golgi-SNARE protector [13]. Consistent with
this idea, recent reports show direct interactions of all LC3 and GABARAP proteins with
other types of SNARE proteins [14,15].

Furthermore, GABARAP was shown to interact with NSF [16] and 130 kDa cis-
Golgi matrix protein (GM130), which tethers a certain pool of GABARAP proteins to
the Golgi [17]. Other examples for Golgi-associated proteins interacting with GABARAP
include PX-RICS, a splicing variant of Rho GTPase-activating protein (RICS) containing a
phosphoinositide-binding (PX) domain that by interaction with GABARAP mediates ER-
to-Golgi transport [18], and optineurin, that interacts with various human Atg8 paralogues
and is involved in various cellular processes, including Golgi maintenance [19,20]

In non-mitotic mammalian cells, the Golgi apparatus consists of interconnected stacks
of cisternae [21,22]. During conventional protein transport and secretion, the Golgi serves
as a central trafficking organelle. After translation in the endoplasmic reticulum (ER),
respective proteins are loaded into coatomer protein complex-1I (COPII)-coated vesicles,
transported to an ER-Golgi intermediate compartment (ERGIC), and translocated in an
anterograde manner by passing the cis-, the medial-, and the trans-Golgi. Once a protein
has reached the trans-Golgi network (TGN), it is sorted by coat proteins for its destination,
for example the plasma membrane (PM) [23]. However, not only the transport of proteins,
but also that of lipids is a central Golgi function. One of these lipids is ceramide, which is
transported from the ER to the Golgi by ceramide transfer protein (CERT) [24]. Once it has
reached the Golgi, ceramide is metabolised by sphingomyelin synthases. Ceramide metabo-
lites are further transported to the PM or other membranes [25].

In this work, we employed various knockout (KO) cell lines to study the role and im-
portance of the GABARAP subfamily in maintaining Golgi morphology and on lipid trans-
port in a ceramide chase experiment. Finally, we comparatively analysed the surfaceomes
of wild-type (WT) cells and of cells deficient for the GABARAP subfamily. Taken to-
gether, we demonstrate that the GABARAP subfamily, additionally to its well-described
roles during autophagy, is involved in Golgi apparatus morphology maintenance, secre-
tory vesicular trafficking of lipids and cell surface proteins. We thus suggest considering
these autophagy-independent effects when analysing GABARAP-type protein function.

2. Results
2.1. GABARAP- andfor GABARAPL2-Deficient Cells Display Altered Golgi Morphology

To investigate the impact of individual GABARAP family members on Golgi mor-
phology, we used a panel of human embryonic kidney 293 (HEK293) KO cell lines which
exhibit a single KO (SKO), a double KO (DKO) combination, or a triple KO (TKO) of the
respective GABARAP-type protein gene locus [26,27]. Golgi morphology was studied
via visualisation of both the TGN by anti-TGN46 staining (Figure 1A) and the complete
Golgi by BODIPY-FL C5-ceramide staining (Supplementary Figure 51). For both markers,
consistent patterns for each of the analysed cell lines were observed, cross validating the
observed results. Next, because of its more distinct staining profile, we categorised the
signal obtained for TGN46 as compact (I), partly compact (II), and dispersed (IIT) Golgi
pattern (Figure 1B), technically always considering all individual planes of each recorded
z-stack during analysis. As summarised in Figure 1C, the vast majority of the stains
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from WT cells, expressing all three GABARAP-type proteins, were classified as category
I or II. Hence, WT cells had a compact or partly compact Golgi morphology in most of
the cases (46% and 39%, respectively), while category III patterns indicating extensive
Golgi fragmentation were rare. Cells with a GABARAPL1%KC displayed only mild alter-
ations with a slight tendency towards lower Golgi compactness, but overall showed the
most WT-like phenotype of all genotypes analysed. In contrast, both GABARAPSKO and
GABARAPL2%KO cells showed category I patterns in less than 20% of the cases, and more
than 60% the fraction of category II was considerably increased compared to WT. However,
the percentage of category Il was similar between all the three SKO lines and thus also re-
sembled the WT situation. While SKO-like results were obtained for GABARAPL1/L2PKO
cells, GABARAP/L1PXC cells showed a further reduction of category I (to 8%), accompa-
nied with an increase of category II (to 71%). Strikingly, 36% of the GABARAP/ L2PKO cells
exhibited even more category I Golgi structures than GABARAP/L1/L2™C cells (33%)
and thus displayed the highest degree of disorganisation among all genotypes (Figure 1C).
Overall, there was a significant association between the genotype analysed and Golgi com-
pactness as calculated by Pearson’s chi-squared test (x% (14) = 414.62, p <0.001). Based on
the obtained standardised residuals (Figure 1D), which represent the standard deviation
of the actual from the expected count, lack of GABARAP or GABARAPL2 alone or in
combination with a lack of GABARAPL1 was associated with a shift from a compact
to a more dispersed Golgi morphology. Strikingly, GABARAP/L1PKC cells specifically
showed an enrichment of partly compact Golgi morphology, whereas GABARAP /12PKO
and GABARAP/L1/L2TKO cells showed an enrichment of dispersed Golgi morphology.
The representative 3D visualisations of the recorded confocal stacks after TGN46-staining
can be found in Supplementary Figure 52. Consistently, also staining of the cis-Golgi marker
protein GM130 (Figure S3A), followed by the categorization as applied for TGN46 staining
(Figure 1), revealed a shift from compact to partly compact and completely dispersed
Golgi morphology in GABARAP/L2PXC and GABARAP/L1/L2TK® cells compared to
WT (Figure S3B,C). The same was true for another marker of cis-Golgi, Golgi reassembly-
stacking protein of 65 kDa (GRASP65), which was analysed accordingly (Figure S3D-F).
Taken together, these results indicate that besides GABARAPL?2, at least also GABARAP
seems to be involved in Golgi maintenance.

2.2. GABARAP-Type Protein Deficiency is Accompanied by Impaired Ceramide Trafficking

As the Golgi plays a fundamental role in conventional protein secretion and PM-
directed transport [28], and because of the described transport-related functions of GABAR-
AP and its two paralogues [4,9,10], we hypothesised that a lack of all GABARAP subfamily
members at once should considerably impact membrane trafficking from the Golgi to the
PM. It is well known that ceramide, after being transported by CERT from the ER to the
Golgi apparatus, is converted to sphingomyelin, glucosylceramide, and more complex
glycosphingolipids before it reaches the PM, and can therefore be used to study lipid
metabolism and vesicle-mediated lipid transport from the Golgi to the PM [29]. Fluores-
cently labelled probes such as 6-((N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)Jamino)hexanoyl)S-
phingosine (NBD Cgs-ceramide) or BODIPY-FL Cs-ceramide are selective stains for the Golgi
in living and fixed cells [30] and therefore are applicable to study both Golgi morphology
and Golgi-related lipid transport.
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Figure 1. Influence of y-aminobutyric acid type A (GABA ) receptor-associated protein (GABARAP)-type protein defi-
ciency on trans-Golgi morphology. (A) Wild type (WT) cells or cells deficient for one (SKO), two (DKO), or all three (TKO)
GABARAP-type proteins (GBRPs) were fixed (4% PFA), immunolabelled with anti-human TGN46 antibody, and visualised
by confocal fluorescence microscopy. Nuclei were counterstained with DAPIL Scale bar, 20 um. (B) Scheme representing
the categorisation of a compact (I), partly compact (II), and dispersed (III) Golgi structure. (C) Heatmap of percentage
of cells per cell type assigned to Golgi category I, II, and IIL Per cell type, in total >188 cells from >5 individual experi-
ments were analysed. Cells were categorised by visual judgement. (D) Standardised residual values. Asterisks indicate
significant differences from the mean based on the standardised residual distribution with: z| > 2.58 ** (p < 0.01),

Izl > 329 (p < 0.001).

Thus, as schematically depicted in Figure 2A, we followed the subcellular distribution
of NBD Cg-ceramide over time in WT and GABARAP/L1/L2TKO cells in the presence
or absence of inhibitors of Golgi-related vesicular trafficking by live-cell fluorescence
microscopy. The respective results are summarised in Figure 2B. While after 30 min a
rather diffuse labelling of intracellular membranes was observed, after 90 min we noted an
increase in staining intensity in the perinuclear region of WT cells, likely representing the
Golgi apparatus. In GABARAP /L1/L2T© cells, on the other hand, the staining appeared
in more punctate or vesicular structures compared to WT cells, a pattern which became
even clearer after 24 h. Although WT cells also showed vesicular staining, they additionally
exhibited staining at the PM which was only very faint in GABARAP/L1/L2™© cells.
After 48 h, overall staining became less intense. At this timepoint, WT cells exhibited
faint PM staining and diffuse intracellular labelling, while in GABARAP/L1/ L2TKO cells,
still intensely labelled vesicular structures were found. When incubating the cells for 90 min
with 10 pM Brefeldin A (BFA), ceramide additionally labelled perinuclear rims probably
representing ER staining due to ER-to-Golgi fusion by BFA [31]. Interestingly, the overall
staining pattern appeared similar between WT and GABARAP/L1/L2TKO cells in the
presence of BFA. Since BFA only inhibits vesicular transport without affecting ER-to-Golgi
lipid transport by CERT [31], this indirectly suggests that GABARAP subfamily proteins
do not have an impact on non-vesicular ER-to-Golgi transport of ceramide.
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Figure 2. Intracellular ceramide distribution in WT and GABARAI’/’Ll/LZTKO cells. (A) Scheme
representing the putative intracellular trafficking of NBD Cq-ceramide (shown here in red) in WT
cells, including sites of action of BFA and Monensin. (B) Live cell confocal fluorescence microscopy
of WT and GABARAP/L1/12"KO cells labelled with NBD Cg-ceramide (shown here in grey scale).
After labelling for 1 h at 4 °C, the cells were further incubated at 37 °C for 30 min, 90 min, 24 h,
or 48 h in full medium, or 90 min in full medium containing 10 uM Brefeldin A (BFA), or 24 h in full
medium containing 10 uM Monensin. Nuclei were counterstained with Hoechst 33342. For each

condition, one representative image from 5 individual experiments is shown. Scale bar, 10 pm.
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Finally, incubation for 24 h with 10 uM Monensin, an ionophore known to cause disrup-
tion of the trans-Golgi apparatus [32], led to a similar phenotype in WT and GABARAP/L1/
L2TKO cells, resembling the ceramide distribution in GABARAP/L1/L2TXO cells after 24 h
without Monensin. Although, in principle, Monensin treatment can affect cell viability
by causing oxidative stress [33], after 24 h of staining, cell nuclei were still intact, indi-
cating that the cells were still viable. Taken together, these results hint towards a role
of the GABARAP subfamily at least in trans-Golgi-to-PM trafficking of ceramide and its
metabolites.

2.3. GABARAP-Type Protein Deficiency is Associated with Altered Surfaceome Composition

To investigate whether compromised Golgi integrity and impaired anterograde ce-
ramide transport in the absence of the GABARAP subfamily is accompanied by altered cell
surface protein expression, we finally analysed the surfaceome of GABARAP/L1/1.2TKC
cells in comparison to WT cells.

To compare their cell surface proteomes, cultures of WT and GABARAP/L1/L2TKO
cells were exposed to surface biotinylation, lysed, subjected to streptavidin pull-down,
and the protein pools obtained were processed by quantitative proteomics. Data were post-
processed (for details refer to material and methods section) and normalised protein levels
were analysed. As shown in Figure 3A (for raw data please refer to Supplementary Table
S1), a total of 2710 different proteins were identified by this approach. By concentrating
on already verified surface-located proteins, 216 of the initially identified hits were found
to be surface annotated with high confidence (verified or putative) according to the cell
surface protein atlas (CSPA, [34]). Notably, with 58 proteins, more than 25% of them
displayed significantly different abundances and were therefore examined in more detail.
Remarkably, 36 proteins displayed a significantly higher and 22 proteins displayed a
significantly reduced surface abundance in GABARAP/L1/L2TK® compared to WT cells.
Figure 3B shows hierarchical clustering of these proteins, thereby demonstrating the high
degree of conformity between individual replicates and the identity of the respective
associated proteins (for more detailed information please refer to Supplementary Table S2).

Among all differentially abundant surface annotated proteins, a gene ontology (GO)/
reactome pathway enrichment analysis revealed, among others, significant over-representation
of proteins belonging to the category of sodium ion membrane transport (—logl0 p = 3.18,
37.8-fold,) and cell adhesion (—log10 p = 1.41, 6.7-fold) as given in Figure 3C,D, respectively.

Most of the identified annotated surface proteins were single pass type I trans-
membrane proteins (32/58), but also single pass type II transmembrane proteins (4/58),
multi pass transmembrane proteins (13/58), and GPl-anchored membrane proteins (2/58)
were identified. Proteins with significantly higher abundance in GABARAP/L1/ L2TKO
compared to WT cells included those with described or predicted transporter/channel
activity or associated proteins thereof (CNNM4, CNNM2, SLC4A7, ASIC1, ABCC1, ANOS,
SLC39A14, ATP1B3, ATP1A1, SLC3A2, ITPRIP) as well as receptor or receptor-associated
proteins (ITGA7, ADAMI5, INSR, PTPRF, TYRO3, M6PR, TFRC), cell adhesion associated
proteins (PODXL2, KIRREL, NPTN, ALCAM/CD166, JAM3, CADM1), or proteins with
described involvement in immunity (CD59, ALCAM/CD166, NCR3LG1, CD276, CADM1).

Proteins with known ER and/or Golgi association (GGCX, TMED7, SMPDL3B, SEL1L)
were also identified within the group of higher surface abundance in GABARAP/L1/1.2TKO
cells. Proteins with significantly lower abundance at the PM of GABARAP/L1/L12TKO
compared to WT cells were functionally more dispersed and included proteins associ-
ated with immunity (HLA-A, HLA-C, CD46), autophagy (CAPNS1), Ca?" channel ac-
tivity (CACHD1), receptor proteins (EPHA4), adhesion (MCAM/CD146, EPCAM, F11R,
LGALS3BP), and proteins associated with ER and/or Golgi (RPN1, MIA3, EMC1, TMEM259,
STT3A).
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Figure 3. Comparative surfaceome composition analysis between WT and GABARAP/L1/ L2TKO cells, (A) Representation

of filtering and statistical testing workflow. Mass spectrometry of isolated cell surface proteins revealed 2710 proteins

of which 216 were surface annotated with high confidence (verified or putative) according to the cell surface protein
atlas (CSPA) [34]. Of these 216, 58 showed significantly different abundances between WT and GABARAP/L1/ L2TkKo
cells. (B) Heatmap visualising the hierarchical clustering of normalised abundances for the 58 proteins described in
(A) considering the individual replicates. (C,D) Relative enrichment of categories of identified proteins as determined
by Gene Ontology (GO)/reactome pathway enrichment analysis. (E) Scatter plot of independent t-test results of the
2710 proteins. Proteins with significantly higher abundance in GABARAP/L1/L2™C cells compared to WT cells are
marked in red and proteins with significantly lower abundance are marked in green. Proteins further addressed are

highlighted. In general, proteins are denoted by their gene names.

Finally, Figure 3E displays a scatter plot of the 2710 protein hits detected in this
study. Among those proteins with significantly increased abundance in cells lacking the
GABARAP-type proteins (red dots), we identified with TFRC one of the earliest described
GABARAP interactors [5]. Although the functional relevance of this association has not
been clarified to date, it is tempting to speculate that its surface trafficking and /or correct

glycosylation are dependent on any or all GABARAP-type proteins. Importantly, abun-

dance of the major histocompatibility I (MHC-I) subtypes HLA-A and HLA-C was found
to be reduced in GABARAP/L1/12TKO cells. This is intriguing, because macroautophagy
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has been implicated in MHC-I antigen presentation to the cell surface [35]. As a proof of
concept, we monitored TERC and HLA-A surface levels by IB of biotinylated and pulled
surface-enriched proteins and fluorescence-activated cell sorting (FACS), respectively. Sur-
face levels of TFRC were significantly increased (Figure S4A), while surface HLA-A levels
were significantly decreased (Figure S4B) in GABARAP/L1/L2"%C compared to WT cells,
which is in agreement with the MS data (Table 52 and related Figure 3B E).

A further interesting hit is the acid sphingomyelinase-like phosphodiesterase 3b
(SMPDL3B) which was described to regulate the levels of ceramide metabolites ceramide-
1-phosphate (C1P) and sphingosine-1-phosphate (S1P) [36]. SMPDL3B is a lipid raft
associated enzyme and thus involved in regulation of membrane fluidity [37]. Notably,
another member of the family of sphingomyelinases, the neutral sphingomyelinase 2 (nS-
Mase2), has been linked to LC3, which directly interacts with the nSMase2 regulator
FAN (factor associated with nSMase2 activation) to specify cargo loading, e.g., of hetero-
geneous nuclear ribonucleoprotein K (HNRNPK), into extracellular vesicles (EVs) [38].
Very recently, we detected HNRNPK also in GABARAP-containing EVs [39]. Intriguingly,
here we identified increased abundances of both SMPDL3B and HNRNPK in the absence
of GABARAP-type proteins. Whether HNRNPK secretion is directly influenced by the
GABARAP subfamily will thus be very interesting to determine in the future.

3. Discussion

In this work, we demonstrate that the lack of GABARAP, GABARAPLI, and GABARA-
PL2, both individually and combined (DKO, TKO), alter Golgi morphology, and that a
lack of the whole GABARAP subfamily influences important vesicle-mediated intracellular
trafficking events like ceramide distribution and surface protein expression. Our results
thus extend the current knowledge regarding GABARAP-type protein functions in Golgi-
related processes, which was limited to GABARAPL2 so far [13], to the two closely related
paralogues GABARAP and GABARAPLI1, which have not been investigated in this con-
text yet.

First, we show that in addition to the expected effect of GABARAPL? deficiency
on Golgi morphology, also a lack of GABARAP significantly impacts the Golgi, shift-
ing it from a compact to a more dispersed phenotype. Based on transcriptional data of
HEK293 cells [40], it can be assumed that both proteins are expressed at comparable levels,
thus suggesting that GABARAP and GABARAPL2 act in parallel to maintain the Golgi
structure. This notion is further supported by the fact that double deficiency for GABARAP
and GABARAPL?2 drastically increased the Golgi disorganisation observed in this study,
which would not be explainable if either protein was the only key player in this regard.
The minor effect seen for GABARAPLI1-deficient cells in this context might be based on
the lower abundance of this paralogue in HEK293 cells, which can also be assumed from
available gene expression data [40].

Golgi fragmentation and its functional impairment have been reported to be not
necessarily causative, as in many Golgi fragmentation phenotypes cell surface transport
processes function at normal kinetics [41-43]. Furthermore, it has been shown that Golgi
fragmentation induced by gold nanoparticles, although not compromising the viability
of individual cells, negatively affects cellular adhesion [44]. However, recently, DKO of
GRASP55 and GRASP65 was reported to result in Golgi fragmentation accompanied by
functional impairment [45]. Increased Golgi fragmentation has also been reported in
the context of, e.g., cancer and neurodegenerative diseases such as Parkinson’s disease
or amyotrophic lateral sclerosis (ALS) as reviewed in [46]. Notably, also a KO of the
GABARAP interactor GM130 led to a disruption of the Golgi, causing trafficking defects
in mice [47]. Therefore, it is conceivable that alterations in Golgi morphology caused by
a GABARAP-type protein deficiency as shown in this study might also have functional
implications.

In line with this notion, by studying fluorescently labelled ceramide as a well-character-
ised example for Golgi-mediated vesicular trafficking, we discovered impaired PM-directed
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transport of fluorescently labelled ceramide and its metabolites in cells deficient for all
three GABARAP-type proteins.

BFA treatment, which is known to inhibit vesicular ER-to-Golgi trafficking by fusion of
ER with Golgi, had no additional effect on TKO cells, indicating that non-vesicular transport
of ceramide by CERT seems to be unaffected in the absence of the GABARAP subfamily.

Strikingly, treatment of WT cells with the ionophore Monensin, which is known to
cause a disruption of the trans-Golgi apparatus [32], mimicked the effect of GABARAP/L1/
L2TKO on ceramide trafficking, indicating that GABARAP subfamily proteins play a
role during vesicular transport of ceramide and its reaction products. Furthermore,
in GABARAP/L1/L2™ cells we observed a dispersed fluorescence signal when stain-
ing not only the TGN marker TGN46, but also with the pan-Golgi marker BODIPY-FL
Cs-ceramide. We thus speculate that further Golgi compartments rely on the presence
of at least one GABARAP paralogue to maintain compactness. An obvious explanation
for these results is provided by a Golgi-SNARE protector function already suggested for
GABARAPL2 [13] which prevents uncontrolled (re-)fusion of Golgi-associated membranes,
and which may be redundant for GABARAP and /or GABARAPLI.

Another explanation might be given by the reported interaction of GABARAP with
the phosphatidylinositol 4-kinase Ilx (PI4KlIx) [48]. PI4KIlx produces the messenger
lipid phosphatidylinositol-4-phosphate (PI4P) which is, e.g., implicated in endosomal
trafficking [49,50]. Locally increased PI4P levels furthermore lead to an accumulation of
Golgi-derived endosomes [51]. GABARAP-type proteins might be involved in subcellular
targeting of PI4P by PI4KIlx and thus influence local lipid homeostasis. Absence of
GABARAP-type proteins might lead to PI4KII«x mislocalisation which could explain the
accumulation of intensely NBD Cg-ceramide-labelled structures observed in this work.

Consistent with the hypothesis that Golgi fragmentation is linked with disturbed mem-
brane transport, our comparative analysis of the surfaceomes of WT and GABARAP/L1/
L2TKO cells revealed a substantial number of proteins with significantly different surface
abundance. This suggests that the trafficking of surface proteins is influenced by the
GABARAP subfamily in a far more general manner than supposed to date. The fact
that some of the surface-located proteins identified during our proteomics study were
up-regulated, while others were downregulated, is particularly interesting and most likely
reflects the plethora of cellular processes that GABARAP-type proteins participate in,
mainly as providing interaction platforms for protein complexes [52-55]. It must thus be
considered that GABARAP-type protein deficiency provokes a pleiotropy of potentially
counteracting effects. For example, a reduction of overall degradation kinetics due to the
function of the GABARAP-type proteins during lysosomal fusion events [2,56] might be
counteracted by non-redundant roles of single paralogues, as, e.g., shown by the enhanced
degradation of EGFR in the absence of GABARAP [26]. This adds further complexity to
the picture and illustrates how several opposing effects might be evoked simultaneously.
Accordingly, altered Golgi dynamics, probably in concert with inputs of further processes,
likely determine the actual degree of the surface abundance of an individual protein. It is
also conceivable that the diverse processes vary in their impact depending on the nature
of each surface protein affected and the respective metabolic status of the cell system
investigated. In parallel, deficiency of the GABARAP-type subfamily may additionally
directly disturb the intracellular distribution of surface proteins, especially those containing
functional interaction motifs [52]. Interestingly, recent results from a yet unpublished study
show altered surfaceome composition of Atg5”" mouse embryonic fibroblasts [57]. ATG5 is
a key component of the LC3/GABARAP lipidation machinery which is essential for their
integration into autophagy-related and unrelated membranes [53]. The effect of GABARAP
subfamily protein lipidation on cell surface protein trafficking will be interesting to deter-
mine in future studies.

However, it has to be kept in mind that many surface proteins have been described
to bypass the canonical Golgi secretion pathway [28]. Particularly, autophagy-dependent
secretion [58] is likely influenced by a lack of GABARAP subfamily proteins. Deficiency of

83



Int. ]. Mol. 5ci. 2021, 22, 85

10 of 15

GABARAP-type proteins might furthermore result in Golgi bypass of proteins which are
usually secreted conventionally. This would lead to a subset of dysfunctional PM-associated
proteins due to altered glycosylation patterns [59].

In summary, the presented work demonstrates a significant impact of GABARAP
subfamily proteins on Golgi morphology, ceramide trafficking and surfaceome composition
in cultured cells. The variety of proteins in terms of molecular function with altered
surface abundance is broad and illustrates how many processes are potentially affected
by the absence of all GABARAP-type proteins. We therefore conclude that the lack of
the GABARAP subfamily is associated with impairment of a multitude of processes on
a cellular and likely also organismal level. Hence, we suggest consideration of general
cellular integrity which might be compromised on several levels. Attention should not be
limited to autophagy, but also be given to phenotypical Golgi morphology and, if applicable,
also to the extent of surface expression and functionality of selected proteins when working
with GABARAP subfamily-deficient systems.

4. Materials and Methods
4.1. Antibodies

For immunofluorescence, primary TGN46 antibody (Cat. No. AHP500GT, Bio-Rad
Laboratories, Hercules, CA, USA) was used at a concentration of 1:250. Goat anti-GRASP65
antibody (Cat. No. sc-19481, Santa Cruz Biotechnology, Dallas, TX, USA) and goat anti-
GM130 antibody (Cat. No. sc-16268, Santa Cruz Biotechnology, Dallas, TX, USA) were
used at a concentration of 1:50. Sheep-488 (Cat. No. A-11015, Thermo Fisher Scientific,
Waltham, MA, USA) and Donkey Anti-Goat IgG H&L Alexa Fluor 647 (Cat. No. ab150131,
abcam, Cambridge, UK) were used as a secondary antibody at a concentration of 1:200 and
1:250, respectively.

4.2. Eukaryotic Plasmids

KO plasmids are based on plasmid pSpCas9(BB)-2A-GFP (PX458) which was a gift
from Feng Zhang (Addgene plasmid # 48138) [60].

4.3. Cell Culture

Human embryonic kidney 293 Flp-In T-REx (HEK293 Flp-In T-REx; Cat. No. R78007,
Thermo Fisher Scientific, Waltham, MA, USA) cells were cultured at 37 °C and 5% CO; in
Dulbecco’s Modified Eagle’s Medium (DMEM, Cat. No. D5796, Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% Foetal Calf Serum (FCS, Cat. No. F9665, Sigma-Aldrich,
St. Louis, MO, USA). Cells were routinely checked for mycoplasma contamination.

4.4. CRISPR/Cas9 Mediated KO Generation

KO cell lines were generated and validated as described previously [26,27]. In brief,
HEK293 Flp-In T-REx cells were transfected with KO plasmids based on pSpCas9(BB)-
2A-GFP (PX458) [60] and single sorted for fluorescence protein (FP) positive signals via
fluorescence-activated cell-sorting (FACS) in wells of 96 well plates. Clonal lines were
recovered, and occurrence of genome editing was verified via amplification of a 400 bp
product flanking the target site and sanger sequencing as well as on a protein level with
specific antibodies.

4.5. Ceramide Chase

The ceramide chase experiment was conducted according to [29]. Briefly, HEK293 Flp-
In T-REx cells (3 x 10°) were seeded into fibronectin-coated 35 mm imaging dishes (Cat.
No. 81158, ibidi, Gréfelfing, Germany) and cultured for 24 h in phenol red-free DMEM (Cat.
No. 21063029, Thermo Fisher Scientific) supplemented with 10% FCS. Fluorescent NBD Cq-
Ceramide, Cat. No. N1154, Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in
95% ethanol to a stock concentration of 1 mM. Cells were labelled with 10 nmol/mL NBD
Cg-Ceramide in Hanks’ Balanced Salt Solution (Cat. No. 14025050, Thermo Fisher Scientific,
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Waltham, MA, USA) containing 0.68 mg/mL bovine serum albumin (BSA) for 1 hat4 °C
in the dark. After labelling, the medium was aspirated, and the cells were rinsed two times
with HBSS and further incubated at 37 °C and 5% CO; for 30 min, 90 min, 24 h, and 48 h.
As inhibitors of Golgi function, Brefeldin A (Cat. No. 00-4506-51, Life Technologies,
Carlsbad, CA, USA) and Monensin (Cat. No. 00-4505-51, Life Technologies, Carlsbad, CA,
USA) were used at a concentration of 10 uM each. Cells were incubated with Hoechst
33342 (Cat. No. R37605, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions for nuclei staining.

4.6. Immunofluorescence (IF)

HEK?293 Flp-In T-REx cells (3 x 10°) were seeded in the presence of 1% penicillin/stre-
ptomycin (Cat. No. P0781, Sigma-Aldrich, St. Louis, MO, USA) into fibronectin-coated
35 mm imaging dishes (Cat. No. 81158, ibidi, Gréfelfing, Germany) and cultured for
24 h in DMEM supplemented with 10% FCS. For immunostaining with anti-TGN46 anti-
body, Flp-In T-REx 293 cells (Cat. No. R78007, Invitrogen, Carlsbad, CA, USA) (WT and
as GABARAP(s) SKO, DKO, or TKO) were fixed at 37 °C for 10 min with 4% (w/v)
paraformaldehyde (PFA; pH 6.5), washed two times with PBS, pH 7.4, and permeabilised
by shaking in 0.2% Triton-X-100 for 30 min at RT. Cells were blocked by incubation in 1%
BSA over night at 4 °C and incubated on the following day first with primary antibody
for 1 h shaking at RT, washed three times with PBS, and then incubated with secondary
antibody for 1 h shaking at RT under exclusion of light. Again, the cells were washed
two times, stored in long storage buffer (0.05% sodium azide in PBS), and applied to
image acquisition.

4.7. Image Acquisition—Laser Scanning Microscopy (LSM)

For image acquisition, an LSM 710 confocal microscope (Zeiss, Oberkochen Ger-
many) equipped with ZEN black 2009 software (Zeiss, Oberkochen, Germany) and a
Plan-Apochromat 63x/1.40 Oil DIC M27 objective was used. Nuclei (DAPI or Hoechst
33342) were visualised using the 405 nm channel (MBS -405), TGN46 using the 488 nm
channel (MBS 488) and NBD Cg-Ceramide using the 458 nm channel (MBS 458). The num-
ber of focal planes (z-frames) with a z-distance of 0.4 pm was set between 11 and 18 or 11
and 34 for the recording of TGN46- or BODIPY-stained cells, respectively.

4.8. Image Evaluation

Image analysis was done using Image] /Fiji [61,62]. All individual planes of the
z-stacks recorded were combined in Image] by applying the function ,,SUMSLICES”.
Morphology of trans-Golgi was qualitatively judged for each cell visually by categorizing
the obtained TGN46-staining patterns according to Figure 1B. The 3D visualisations of
the recorded confocal stacks from the TGN46-stains were obtained by using ZEN 2.3 SP1
FP1 (black edition). All images have been arranged using CorelDRAW 2017 (version 20,
Corel Corporation, Ottawa, Canada). Data analysis and visualisation were done using
GraphPad Prism (version 8, GraphPad Software, San Diego, CA, USA). Pearson’s chi-
square test statistic and standardised residuals representing z-scores were calculated using
the statistical analysis software package (SPSS, version 22, SPSS Inc., Chicago, IL, USA).

4.9. Isolation, Identification, Quantification and Analysis of Surfaceomes

PM-based proteins were isolated as described before using the Pierce Cell Surface
Protein Isolation Kit according to the manufacturer’s instructions (89881, Thermo Fisher
Scientific, Waltham, MA, USA) [26].

Briefly, for each individual experiment, four T75 flasks were prepared, pooled and
further processed at >80% confluency. On the day of surface protein isolation, flasks were
labelled with Sulfo-NHS-SS Biotin at 4 °C on a shaker. After quenching, cells were pelleted
and lysed with periodical sonication and vortexing steps. Biotinylated surface proteins
were bound to NeutrAvidin beads, eluted and prepared for mass spectrometric measure-
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ments by in-gel digestion essentially as described [63]. Briefly, proteins were separated over
a short distance (about 5 mm) in a polyacrylamide gel, stained, reduced with dithiothreitol,
alkylated with iodoacetamide and digested with trypsin overnight. Peptides were extracted
from the gel and reconstituted in 0.1% (v/v) trifluoroacetic acid in water. Liquid chro-
matography coupled with mass spectrometry were essentially carried out as described [63].
Then, 500 ng peptides per sample were separated using a 2 h gradient on C18 material
using an Ultimate 3000 Rapid Separation Liquid Chromatography system (Thermo Fisher
Scientific, Waltham, MA, USA) online coupled via a nano-source electrospray interface to a
QExactive plus (Thermo Fisher Scientific, Waltham, MA, USA) mass spectrometer operated
in positive data dependent mode. First, survey scans were recorded at a resolution of
70,000 and subsequently, up to 10 two- and three-fold charged precursors were selected by
the quadrupole of the instrument (2 m/z isolation window), fragmented by higher-energy
collisional dissociation and analysed at a resolution of 17,500.

Recorded mass spectra were further analysed by MaxQuant (version 1.6.2.10, Max Pla-
nck institute for biochemistry, Planegg, Germany) enabling peptide and protein iden-
tification and label-free quantification (LFQ). Searches were carried out with standard
parameters if not indicated otherwise and were based on 73,112 protein entries from the
homo sapiens reference proteome (UP000005640, downloaded on 18 August 2018 from
the UniProt Knowledgebase). Label-free quantification was enabled as well as the ‘match
between runs’ option. Peptides and proteins were identified at a false discovery rate of 1%
and only proteins considered for further analysis showing at least 2 different peptides.

Positive hits were inferred when at least three valid values were detected in at least
one group (WT or GABARAP/L1/L2TKO). Log, transformed intensities were normalised
by subtracting the median from every value. Afterwards, missing values were imputed
by replacing them with random values from the normal distribution (downshift 1.8 SD,
width 0.3SD). One n (WT) was removed, because principle component analysis re-
vealed lack of similarity to the other WT samples. Two-tailed two-sample Student’s
T-test was calculated (S0: 0, FDR: 5%) for a surface-annotated subset according to the
CSPA [34]. Hierarchical clustering was calculated (Euclidean distance, pre-processed
with k-means, average linkage) for differentially expressed annotated surface proteins.
High confidence surface proteins (CSPA annotated) with significantly different abundances
between WT and GABARAP/L1/L2TKC analysed for relative enrichment of gene ontology
(GO)/reactome terms where all identified proteins during mass spectrometry were set as a
background database.

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com /1422
-0067/22/1/85/sl.
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Supplementary Methods
Live-cell imaging with fluorescently labelled ceramide

HEK293 Flp-In T-REx cells (3 x 10°) were seeded into fibronectin coated 35 mm imaging
dishes (Cat. No. 81158, ibidi) and cultured for 24 h in DMEM supplemented with 10 % FCS.
Staining of the cells (WT and as GABARAP(s) SKO, DKO, or TKO) with BODIPY-FL C5-
ceramide (Cat. No. B-22650, Life Technologies) was conducted according to the
manufacturer’s instructions. Briefly, cells were rinsed in HBSS and incubated for 30 min at
4 °C with 5 uM BODIPY-FL C5-ceramide. Then, the cells were rinsed three times in ice-cold
HBSS and incubated 30 min in phenol red-free DMEM supplemented with 10 % FCS. Finally,
the cells were rinsed once in HBSS and stored in phenol red-free DMEM supplemented with
10 % FCS. Cells were incubated with Hoechst 33342 (Cat. No. R37605, Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions for nuclei staining. BODIPY-FL C5-
ceramide was visualised by LSM using the 488 nm channel (MBS 488).

Fluorescence-activated cell sorting

Surface levels of HLA-A were analysed under steady-state conditions in HEK293 WT and
GABARAP/L1/L2™© cells. In brief, 1 * 10¢ cells of 90 % confluent cells were washed twice
with ice-cold PBS and resuspended in 100 pl ice-cold FACS buffer (2 mM EGTA, 1 %FBS,
25mM HEPES in PBS) containing 1:20 diluted HLA-A3 antibody conjugated to PE
(ThermoFisher Scientific, 12-5754-42) or APC (ThermoFisher Scientific, 17-5754-42). Isotype
controls (ThermoFisher Scientific, PE: Mouse [gG2a K, 12-4724-81, APC: Mouse IgG2a K, 17-
4724-81) After 30 min incubation on ice in the dark, cells were washed thrice with ice-cold
FACS buffer, resuspended in 0.5 ml FACS buffer and analysed by flow cytometry (Aria III,
BD Bioscience, Franklin Lakes, USA). Cells were gated according to their size (SSC-A x FSC-
A) and being single cells (FSC-A x FSC-H). Median fluorescence intensity of
GABARAP/L1/L2™° cells was calculated relative to HEK293 WT intensity. Statistical

significance was inferred as calculated by Welch's t-test using GraphPad Prism (version 8).
Immunoblotting

For proof-of-method immunoblotting, 10 pg of surface-enriched proteins were diluted with
4 x Laimmli’s buffer (250 mM Tris-HCI pH 6.8, 40 % glycerol, 5 % SDS, 0.005 % bromophenol
blue) containing 8 % fresh 2-mercaptoethanol. After samples were boiled for 5 min at 95 °C,
surface fraction lysates were applied on 8 % SDS-PAA gel. After gel electrophoresis, semi-
dry blotting of proteins onto 0.4 um pm polyvinyliden fluoride membrane was performed
for 1 h 30 min at 77 mA constant current. Unspecific binding sites were blocked for 1 h at RT
with 5% BSA in TBS-T (TBS, 0.1 % Tween-20) and membrane incubated with primary
antibody for TFRC (#13208, Cell Signaling Technologies, Danvers, USA) at 1:1000 dilution
overnight at 4 °C. After washing (three times with TBS-T) and incubation with 1:5000 diluted
tluorescently labelled secondary antibody (ab150083, abcam) for 1 h at RT, target protein was
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visualised using BioRad Imager. Statistical significance was inferred as calculated by
Student’s t-test using GraphPad Prism (version 8).
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Supplementary Figure S1. Loss of GABARAP leads to a redistribution of Golgi-localised ceramide. HEKWT (WT)
or HEK cells with deficiency for one (SKO), two (DKO), or all three (TKO) of the GABARAPs (GBRPs) were
cultured for 24 h at 37 °C and 5 % CO: in fibronectin coated 35 mm imaging dishes, stained with BODIPY-FL Cs-
ceramide according to the manufacturer’s instructions (Cat. No. B-22650, Life Technologies), and visualised by
confocal fluorescence microscopy. Nuclei were counterstained with Hoechst 33342. Cells were recorded as z-
stacks and the slices of each stack were combined in Image] by applying the function ,,SUMSLICES”. For each
condition, a representative image of five frames is shown. Scale bar, 20 um.
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Supplementary Figure S2. 3D visualisation of the trans-Golgi morphology in HEK293 WT cells and under
various GABARAP-type protein deficiencies. Individual planes of each stack were displayed as 3D image in ZEN
2.3 SP1 FP1 (black edition). The reconstructions relate to the respective images in Figure 1A. Scale bar, 20 um.
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Supplementary Figure S3. Influence of GABARAP-type protein deficiency on cis-Golgi morphology. (A)
WT, GABARAP/L2P¥C or GABARAP/L1/1.2™© cells were fixed (4 % PFA), immunolabelled with anti-human
GM130 antibody, and visualised by confocal fluorescence microscopy. Nuclei were counterstained with
DAPI. Scale bar total = 20 pm, scale bar zoom-in = 5 um. (B) Distribution of percentage of cells per cell type
assigned to Golgi structure category I (compact), II (partly compact), and III (dispersed) according to GM130
staining. (C) Standardised residual distribution of analysed genotypes. Per cell type, in total > 63 cells from
three individual experiments were analysed and categorised by visual judgement. Asterisks indicate
significant differences from the mean based on the standardised residual distribution with: [z| =2 2.58 * (p <
0.01), 1zl 23.29 ** (p < 0.001). (D) WT, GABARAP/1.2PX0 or GABARAP/L.1/1.2™ cells were fixed (4 % PFA),
immunolabelled with anti-human GRASP65 antibody, and visualised by confocal fluorescence microscopy.
Nuclei were counterstained with DAPI. Scale bar total = 20 pm, scale bar zoom-in =5 pum. (B) Distribution of
percentage of cells per cell type assigned to Golgi structure category I (compact), I (partly compact), and III
(dispersed) according to GRASP65 staining. (C) Standardised residual distribution of analysed genotypes.
Per cell type, in total > 103 cells were analysed and categorised by visual judgement. Asterisks indicate




significant differences from the mean based on the standardised residual distribution with: |z > 1.96 * (p <
0.05), 1| 22,58 ** (p<0.01), |z| =3.29 ** (p <0.001).
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Supplementary Figure S4. Validation of surface proteome mass-spectrometry analysis by two independent

methods. (A) Cell surface protein-enriched fractions were analysed by immunoblot. Surface levels of TFRC are
shown for three independent experiments. Asterisk marks significant differences between GABARAP/L1/L2T<0
and WT cells as calculated using independent t-test. p < 0.05 =*. (B) Surface levels of MHC-I subtype HLA-A were
analysed by fluorescence-activated cell sorting. Representative histograms of four independent experiments of
single cells stained with HLA-A antibody are shown. Significant differences of median fluorescence intensities
(MFI) between WT and GABARAP/L.1/1.27° cells are marked by asterisk as calculated by Welch's t-test. p < 0.01 =
**. GBRP = GABARAP. APC = Allophycocyanin.
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Supplementary Figure S5. Source blot corresponding to Figure S4. Regions used for display and analysis are

indicated.
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Supplementary Table S1. Raw data of mass-spectrometry analysis of surface-enriched proteomes of HEK293 WT
and GABARAP/L1/L2™© cells can be found in the attached excel file Table S1 Mass-spectrometry data set.
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Abstract: The y-aminobutyric acid type A receptor-associated protein (GABARAP) and its close
paralogs GABARAPL1 and GABARAPL2 constitute a subfamily of the autophagy-related 8 (Atg8)
protein family. Being associated with a variety of dynamic membranous structures of autophagic
and non-autophagic origin, Atg8 proteins functionalize membranes by either serving as docking
sites for other proteins or by acting as membrane tethers or adhesion factors. In this study,
we describe that deficiency for GABARAP alone, but not for its close paralogs, is sufficient for
accelerated EGF receptor (EGFR) degradation in response to EGF, which is accompanied by the
downregulation of EGFR-mediated MAPK signaling, altered target gene expression, EGF uptake,
and EGF vesicle composition over time. We further show that GABARAP and EGFR converge in
the same distinct compartments at endogenous GABARAP expression levels in response to EGF
stimulation. Furthermore, GABARAP associates with EGFR in living cells and binds to synthetic
peptides that are derived from the EGFR cytoplasmic tail in vitro. Thus, our data strongly indicate a
unique and novel role for GABARAP during EGFR trafficking.

Keywords: EGFR; GABARAP; receptor trafficking; degradation; Atg8; genome editing

1. Introduction

The epidermal growth factor receptor (EGFR/ErbB1) is a plasma membrane bound receptor
tyrosine kinase (RTK) that is expressed in many different cell types and plays an important role in
numerous processes, such as development, tissue homeostasis, and regeneration [1,2], by binding
a variety of ligands, including transforming growth factor- (TGF «) [3], amphiregulin [4], and the
eponymous epidermal growth factor [5]. The binding of these ligands causes either homo- or
heterodimerization with the other members of the erythroblastosis oncogene B (ErbB) superfamily
ErbB2, ErbB3, and ErbB4 [6], leading to intrinsic kinase activation and autophosphorylation of
distinct tyrosine residues in the C-terminal cytoplasmic region of the receptor [7,8]. The subsequent
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recruitment and activation of various downstream signaling pathways causes a plethora of cellular
effects, depending on which pathway is activated, including cell growth, proliferation, differentiation,
and motility [9-11]. Dephosphorylation and/or degradation of the activated receptor are necessary
to strictly control and regulate these signaling events, thus preventing the sustained activation and
uncontrolled cell growth that are found in many types of cancer [12,13].

Ligand-associated EGFR undergoes rapid internalization [14,15], which can either be
clathrin-dependent [16] or independent [17]. Whereas the former mainly occurs under low ligand
concentrations, leading to sustained EGFR signaling and enhanced recycling back to the plasma
membrane through a non-degradative sorting pathway, with the latter being accompanied by
monoubiquitination at several sites and packaging of activated receptors in intraluminal vesicles (ILV)
of multivesicular bodies (MVB), followed by maturation to late endosomes and ultimately fusion with
the lysosome where the receptor is degraded by pH-dependent hydrolases [18].

Autophagy is an intracellular degradation pathway [19]. Upon stress conditions, such as nutrient
starvation, but also in response to oxidative stress and pathogen infection [20], membrane cisternae
in the cytosol of cells arise and engulf cargo either non-selectively or selectively. Their closure
finally yields double-membrane vesicles, termed autophagosomes. Ultimately, their fusion with the
lysosome leads to the degradation of autophagosomal content [21]. This enables cells to survive
by repurposing amino acids and other resources, to get rid of damaged organelles [22], but also to
eliminate pathogens [23]. The autophagic degradation of RET (receptor tyrosine kinase Proto-oncogene
tyrosine-protein kinase receptor) and associated proto-oncogene tyrosine-protein kinase SRC via
autophagy has also been reported [24,25]. Apart from degradation, components of the autophagic
machinery are also implicated in the secretion processes by facilitating a form of unconventional protein
secretion [26,27]. Proteins of the autophagy-related (Atg) protein family have first been identified in
yeast and they are involved in every step of the autophagic process [28,29]. While, in yeast only a single
Atg8 gene exists [30], in mammalian cells the family has expanded into a number of paralogs [31].
The microtubule-associated proteins 1A/1B light chain 3 (LC3) proteins A, B, and C are grouped in
the LC3 subfamily, whereas y-aminobutyric acid type A receptor-associated protein (GABARAP) and
its two paralogs GABARAPL1 and GABARAPL2 form the GABARAP subfamily, according to their
degree of relation. Besides (canonical) autophagy, GABARAP subfamily members have been described
to play pivotal roles in many cellular processes, such as immunity, receptor trafficking, unconventional
secretion of leaderless proteins [32-34], and interaction with viral proteins [35-37]. However, because
they share high sequence and structural similarity [38] within and between subfamilies, the elucidation
of their exact and especially non-redundant functions requires the development of highly specific and
sensitive readout systems. Progress towards this goal has been made in the field of autophagy, especially
regarding their roles during autophagosome biogenesis (e.g., [39—41]) as well as selective cargo loading
via cargo receptor interaction ([42—44]). Respective overviews can be found in several recent reviews
(e.g., [32,34,45-48]). The direct binding of interaction partners to Atg8 proteins is mediated by a
canonical interaction motif, generally known as LC3-interacting region (LIR) or GABARAP interaction
motif (GIM) in the case of GABARAP subfamily ligands [49], which can reach various levels of
specificity [50]. Very recently, an additional motif, related to the ubiquitin interacting motif (UIM),
was described utilizing a binding region localized opposite to the LIR/GIM-docking site on the Atg8
protein surface [51].

Additionally, it has long been known that the proteins of the GABARAP subfamily are involved
in the regulation of cell surface receptor trafficking. GABARAP was first described to be associated
to the name-giving GABAA receptor [52] and implicated in its trafficking [53]. It was also described
to be associated with the Transferrin receptor [54] and be important in the clustering of Transient
receptor potential cation channel subfamily V member 1 (TRPV1) at the cell surface [55]. Furthermore,
angiotensin II type 1 (AT1) receptor plasma membrane expression was described to be mediated by
GABARAP [56], while sodium-dependent phosphate transport protein 2A (SLC34A1) levels were
found to be increased in its absence [57]. Recently, GABARAPL2 was reported to be directly involved in
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regulating the protein levels of Parkin associated endothelin like receptor (PAELR) [58]. GABARAPLI,
in turn, has also been described to be implicated in trafficking of the GABAA receptor [59] and the
k-opioid receptor [60]. Importantly, GABARAPLI has already been connected with increased EGFR
surface expression under hypoxic conditions without altering the total EGFR levels [61]. However,
in almost all above-mentioned autophagy-unrelated functions, systematic analysis revealing unique
and non-redundant roles of the three human GABARAP subfamily members are largely lacking.

Therefore, the aim of this work was to analyze the role of the different members of the GABARAP
subfamily of human Atg8 family proteins in trafficking, signaling, and degradation of the cell surface
receptor EGFR as a model RTK.

2. Materials and Methods

2.1. Materials

A list of antibodies (Table Al) and RT-PCR primers (Table A2) used in this study can be
found in Appendix A. Unless stated otherwise, antibodies were used at dilutions according to the
manufacturer’s instructions.

2.2. Cell Culture

Human hepatoma Huh?7.5 cells [62] were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) high glucose (F0445, Biochrom, Berlin, Germany) that was supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS, 10270-106, ThermoFisher Scientific, Waltham, MA, USA), 2mM
L-glutamine (25040081, ThermoFisher Scientific), 1% penicillin/streptomycin (15140-122, ThermoFisher
Scientific), 10 pL/mL non-essential amino acids (NEAA, 11140-035, ThermoFisher Scientific) at 37 °C
and 5% CQO;. The use of the Huh7.5 cell line is covered by a material transfer agreement with Apath,
L.L.C. (New York City, NY, USA). Human embryonic kidney 293 (HEK293) Flp-In T-Rex cells [63,64]
were maintained in DMEM high glucose that was supplemented with 10% (v/v) heat-inactivated FBS
at 37 °C and 5% CO;. The cells were split regularly at 80% confluency and used for a maximum of
30 passages after thawing. Cells were routinely checked for mycoplasma contamination.

For treatment with EGF and inhibitors 0.14 x 10° cells were seeded two days prior treatment in
wells of six-well plates. The cells were pretreated with either 10 uM lactacystin (L6785, Sigma—-Aldrich,
St. Louis, MO, USA) for 1 h, 100 pM chloroquine (14774, Cell Signaling Technologies, Danvers, MA,
USA) for 2 h or left untreated, followed by treatment with 40 ng/mL EGF (11376454001, Roche, Basel,
Switzerland) for up to 180 min.

2.3. CRISPR/Cas9 Mediated Knockout Generation

Knockout (KO) cell lines were generated, as described [65]. In brief, the cells were transfected
with KO plasmids based on pSpCas9(BB)-2A-GFP (PX458) [66], single sorted for fluorescent protein
(FP) positive signals via fluorescence-activated cell-sorting (FACS) in wells of 96-well plates, clonal
lines recovered and occurrence of genome editing verified via the amplification of a 400 bp product
flanking the target site and Sanger sequencing as well as on protein level with specific antibodies.
Knock-in (KI) of an enhanced green fluorescent protein (EGFP) at the endogenous locus of GABARAP
was achieved by transfecting a homology-directed repair (HDR-) plasmid containing homology arms
1 kbp up- and downstream of the CRISPR target site flanking the sequence for EGFP. The cells were
serum starved 24 h prior transfection to enhance HDR, sorted by FACS as single cells in wells of 96-well
plates, and recovered and analyzed as the KO cells. The resulting cell line was termed GFP-GABARAP.
Sequences for primers used for Sanger sequencing can be found in Table S1.

2.4. Transient Transfection

Nucleofection was performed according to the manufacturer’s instructions (Lonza, Basel,
Switzerland) with 4D Nucleofector. In brief, HEK293 Flp-In T-REx cells were split 2-3 days prior to
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nucleofection. On the day of nucleofection, 1 x 10° cells were nucleofected with 2 ug plasmid DNA
and cell membranes recovered by adding warm RPMI (21875034, ThermoFisher Scientific) medium
containing 10% FBS for 10 min. at 37 °C to each reaction. Afterwards, the cells were seeded into wells
of 12-well plates and treated with 40 ng/mL EGF for up to 180 min. two days post nucleofection.

Lipofection with Lipofectamin2000 reagent was performed according to the manufacturer’s
instructions (11668019, Qiagen, Hilden, Germany). Briefly, one day prior transfection, 3 x 10° Huh7.5
cells were seeded in wells of 6-well plates in growth medium without antibiotics. On the day of
transfection, 3 ug of each plasmid DNA and 10.5 pL Lipofectamin2000 reagent were diluted in 150 pL
Opti MEM (1x) + GlutaMAX reduced serum medium (51985042, ThermoFisher Scientific), mixed and
incubated for 5 min. at RT to form plasmid-lipid complexes. Afterwards, 250 uL of this solution were
added dropwise to wells of the 6-well plates in order to reach a final plasmid amount of 2.5 ug per
well and then incubated for two days at 37 °C until further experiments. EGFR-GFP was a gift from
Alexander Sorkin (Addgene plasmid #32751).

2.5. Immunoblot

The cells were washed once with ice cold PBS and then harvested by scraping into cell lysis buffer
(1% Triton, 20 mM Tris/HCl, pH 7.4, 13.6 mM NaCl, 2 mM EDTA, 50 mM B-glycerophosphate, 20 mM
sodium pyrophosphate, 1 mM Na3VOy, 4 mM benzamidine, 0.2 mM Pefabloc, 5 pg/mL aprotinin,
5 ug/mL leupeptin, 10% glycerol, and 0.2% SDS) on ice. Cell lysis was carried out by incubating
samples on ice for 10 min. The supernatants were cleared by centrifugation at 20,000 g for 15 min. at
4 °C, transferred to fresh tubes, and protein concentration was determined by BCA assay. In general,
20-30 pug of whole cell protein lysate were supplemented with 4 x Lammli buffer (250 mM Tris-HCI pH
6.8, 40% glycerol, 5% SDS, 0.005% bromophenol blue) supplemented with fresh 8% 2-mercaptoethanol,
boiled for 7 min. at 95 °C and loaded on 10 or 12 %-PAA gels for SDS-PAGE. After SDS-PAGE, gels were
imaged with BioRad Imager using the stain-free method in order to determine protein loading [67]
and then transferred to 0.4 um PVDF membrane via semidry blotting at 0.77 mA/cm? gel constant
current for 1 h. The membranes were afterwards cut, washed for 5 min. with TBS containing 0.1%
Tween20 (TBS-T) at RT, blocked with 5% BSA in TBS-T for 1 h at RT, and incubated with specific
antibodies overnight at 4 °C. On the next day, blots were washed thrice with TBS-T at RT for 20 min.
and incubated with fluorescently labeled secondary antibodies for 1 h at RT wrapped in aluminium
foil. Afterward, membranes were washed thrice with TBS-T for 20 min. at RT. The protein levels
were visualized either directly using BioRad Imager with detection settings specific for Alexa488 or
Alexa647 in the case of fluorescent protein conjugated antibodies or after 2 min. incubation with
Western Bright ECL spray (K-12049-D50, Advansta, San Jose, CA, USA) by chemiluminescence in case
of HRP conjugated antibodies. The protein expression levels were normalized to total protein loading,
as determined by stain-free analysis.

2.6. RT-PCR

The cells were washed once with PBS and harvested by scraping into cell lysis buffer RLT containing
0.01% 2-mercaptoethanol, followed by cell homogenization using Qiashredder spin columns (79656,
Qiagen). The total RNA was extracted using RNeasy miniprep kit (74106, Qiagen). Concentration was
determined by NanoDrop1000 and 1 pg total RNA was reverse transcribed into cDNA with Quantitect
Reverse Transcription kit (205314, Qiagen) while using oligomeric (dT) primers and including a DNAse
digestion step. The resulting cDNA was used in a 20 uL reaction mix containing 1 X SYBR green
(A6002, Promega, Madison, WI, USA), 400 nM of each forward and reverse exon spanning specific
primers, 1/250 diluted cDNA and RNAse free water. The mRNA levels were determined on Viia7
RT-PCR (ThermoFisher Scientific), normalized to succinat dehydrogenase subunit a (SDHA) as a reference
gene, and expressed as fold-change compared to controls using the AACT method.
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2.7. EGF Uptake Assay

For FACS-based EGF uptake assay, 0.07 x 10° cells were seeded in wells of 12-well plates two
days prior experiment. On the day of experiment, the cells were stimulated for up to 180 min. with
Alexa647 labelled EGF (E35351, ThermoFisher Scientific). Afterwards, the cells were harvested by
trypsin-EDTA treatment for 4 min. at 37 °C, resuspended in ice cold FACS buffer (PBS containing 2 mM
EGTA, 1% FBS), washed twice with fresh FACS buffer, and analyzed with FACS Aria III (BD Bioscience,
Franklin Lakes, NJ, USA).

For pulse-based EGF uptake assay analyzed by immunofluorescence, Huh7.5 cells (2 x 10°) were
seeded on fibronectin (F1141, Sigma-Aldrich, St. Louis, MO, USA) coated glass bottom p-dishes (81158,
ibidi, Martinsried, Germany) one day before analysis. The next day, Huh7.5 cells were precooled
on ice for 10 min. Afterwards, cells were incubated in cold medium supplemented with 40 ng/mL
EGF-Alexa647 conjugate (E35351, ThermoFisher Scientific) for 1 h at 4 °C to enable prebinding to
surface EGFR. The medium was then replaced by full medium without EGF-Alexa647 and cells were
incubated in at 37 °C for 5, 10, 30, 60, 120, or 180 min. or directly washed once with high salt and low
pH buffer (0.2 M sodium acetate and 0.5 M NaCl, pH 4.5) to remove unspecific binding, fixed for 10 min.
with 4% PFA in PBS, and washed twice with PBS. After each incubation time point, corresponding
cells were treated the same way.

For simultaneous immunofluorescence staining, fixed cells were permeabilized with 0.2%
TritonX-100 in PBS for 30 min. at RT and then blocked with 1% bovine serum albumin (BSA,
Sigma—-Aldrich) at RT for 60 min. or overnight at 4-8 °C. Inmunostaining was performed by incubation
with primary antibodies for 60 min. at RT under gentle shaking. The cells were washed thrice for
5 min. with PBS followed by incubation with appropriate fluorescently labeled secondary antibody for
60 min. at RT in the dark, followed by two washing steps for 5 min. with PBS.

2.8. Confocal Laser Scanning Microscopy

Images were acquired using ZEN black 2009 software operating a LSM 710 confocal laser scanning
system (Carl Zeiss Microlmaging Inc., Dunedin, FL, USA) with a Plan-Apochromat 63x/1.40 Qil DIC
M27 objective. The cell nuclei were stained with DAPI and measured in the 405 nm channel (MBS
-405/760+). GFP-GABARAP was detected in the 488 nm channel (MBS 488), Transferrin (Tf)-Alexa 555
conjugate (135352, Thermo Fisher Scientific) in the 543 nm channel (MBS 458/543) and EGF-Alexa 647
conjugate in the 633 nm channel (MBS 488/543/633), respectively. HEK293 GFP-GABARAP KI cells
(2 x 10°) were seeded on fibronectin (F1141, Sigma-Aldrich) coated glass bottom p-dishes (81158, ibidi),
incubated overnight at 37 °C and 5% CO» in growth medium. Directly before measuring, medium
was replaced by cold medium containing 40 ng/mL EGF-Alexa 647. Data were post-processed using
Image] [68] (version: 2.0.0-rc-43/1.50e).

2.9. EGFR Surface Expression Analysis

Plasma membrane proteins exhibiting extracellular primary amines were isolated with Pierce
Cell Surface Protein Isolation Kit (89881, Thermo Fisher Scientific) according to the manufacturer’s
instructions in order to analyze surface EGFR protein expression. In brief, two days prior labelling
and isolation of plasma membrane proteins, 2 x 10 cells per flask for a total of four T75 flasks per cell
line were seeded for each biological replicate. On the day of isolation, each flask was quickly washed
twice with ice cold PBS on ice and then labeled with Sulfo-NHS-Biotin shaking for 30 min. at 4 °C.
The labelling reaction was then quenched, cells were scraped into solution, centrifuged, and lysed
with lysis buffer for 30 min. with additional vortexing (every 5 min.) and sonication (every 8 min.)
steps. Lysates were cleared and biotinylated proteins bound to NeutrAvidin beads for 1 h at RT with
end-over-end mixing. The proteins were eluted with elution buffer containing 50 mM DTT for 1 h at
RT with end-over-end mixing. Protein concentrations of eluates were determined by BCA and equal
amounts were processed and loaded on 10% PAA gels for immunoblot analysis.
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2.10. Spinning Disc Confocal Fluorescence Microscopy

During measurement, the cells were maintained in a StageTop Incubator system (Okolab S.R.L.,
Pozzuoli, Italy) on the microscope stage at 37 °C, 85% humidity, and 5% CO,. The spinning disk confocal
fluorescence microscope (Acal BFI, Grobenzell, Germany) is based on an inverted microscope (Eclipse
Ti, Nikon Instruments Europe BV, Amsterdam, Netherlands) equipped with a multi-beam confocal
scanner unit (CSU-W1, Yokogawa Deutschland GmbH, Ratingen, Germany) working according to
the spinning disk confocal principle and two cw lasers for excitation at 488 nm (GFP-GABARAP) and
640 nm (EGF-Alexa647). The setup allows for fast (<50 ms) acquisition of confocal fluorescence images
in three dimensions. Bright field images, as well as confocal fluorescence images with excitation at 488
and 640 nm, were recorded while using a 100 magnification oil immersion objective lens (CFI PLAN
APOCHROMAT VC, NA = 1.40, Nikon) and appropriate multi-dichroic beamsplitter, an EMCCD
camera (Ixon Ultra 897, Andor Technologies Ltd., Belfast, UK) as detector and an image splitting
device (Optosplit II, Cairn Research, Faversham, UK) for the simultaneous observation of two spectral
regions of the emitted light (EGFP: 540/75 nm (Omega Optics Filters, Brattleboro, VT, USA) and
EGF-Alexa647: 675/67 nm Brightline HC (Semrock Optical Filters (IDEX Health & Science, Bristol, CT,
USA), West Henrietta, NY, US), respectively). The software Andor IQ2 was used for image acquisition.
The exposure time for single images was set between 300-500 ms, while the frame rate was set to
the minimum. The laser power and number of focal planes (z-frames) were set for every measured cell
individually between 1 and 3. Data were post-processed using Image] [68] (version: 2.0.0-rc-43/1.50e).

2.11. Image Analysis

The image analysis software “Imaris” (Bitplane, Zurich, Switzerland) was used for quantitative
comparison of EGF-Alexa647 uptake over time. Z-Stacks of cells were acquired, as described before,
applying the same microscopy hardware settings to ensure reproducibility between datasets and
individual cells were extracted to single stacks manually. The EGF volumes were identified and
rendered utilizing the “Imaris surface” feature. A surface smoothing factor of 0.05 pm was used as
well as a volume thresholding based on absolute EGF signal intensity of 14. Touching objects were
separated on a seed diameter of 1 um. A set of minimum requirement feature filters were applied
and repeatedly checked for quality by comparing it to non-rendered data to minimize background
volumes. Final filter sets were set as following: Quality threshold of 1.89, Minimum number of Voxel
of 1, Shortest axis of minimum 520 nm and minimum mean intensity of 21. The surface generation was
applied in batch mode to all individual cells and mean intensity, surface volume, and surface number
per cell were extracted for downstream analysis.

2.12. Bio-Layer Interferometry (BLI)

BLI was used to determine the binding affinity of GABARAP and EGFR derived peptides.
Experiments were performed on an Octet Red 96 (FORTEBIO, San Jose, CA, USA) while using
solid-black 96-well plates at 25 °C and a shake speed of 1000 rpm. The BLI buffer contained 25 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM Tris(2-carboxyethyl)phosphin (TCEP), 0.1% Tween-20, 1 mg/mL
bovine serum albumin (BSA). The EGFR peptides were synthesized and N-terminally biotinylated
via an aminohexanoic acid linker as well as C-terminally amidated (CASLO, Lyngby, Denmark).
GABARAP was expressed and purified, as described [69]. Peptides (50 pg/mL) or biotin (10 ug/mL) as
reference were immobilized on High Precision Streptavidin (SAX) biosensors (FORTEBIO, San Jose,
CA, USA). The peptide immobilization levels were around 0.8 nm. GABARAP was used as analyte in
increasing concentrations in 200 uL solution. Association of GABARAP was recorded for 300 s on
ligand and reference biosensors, followed by a dissociation phase of 300 s. Steady-state evaluation
was performed by plotting the respective response levels against the applied peptide concentrations.
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The curves were fitted according to the following Langmuir’s 1:1 binding model using OriginPro 2019
(OriginLab, Northampton, MA, USA):
. Rmaxx
y= Kp+x '’

1)

with y corresponding to the binding signal (response), Rinax the saturation binding signal, x the applied
GABARAP concentration, and Kp, the equilibrium dissociation constant.

2.13. Co-immunoprecipitation

For co-immunoprecipitation (Co-IP) analysis, the GFP-Trap technology employing high affinity
VHH domain containing nanobodies for GFP binding (gtak-20, Chromotek, Islandia, NY, USA) was
used according to the manufacturer’s instructions. In brief, Huh7.5 GABARAP SKO cells were
transfected via lipofection, as described and stimulated with 40 ng/mL EGF for 10 min. or left untreated.
Afterwards, the cells were placed on ice, washed once with ice-cold PBS, and two 6-wells per condition
scraped into 200 pL NP-40 lysis buffer (10 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5%
Nonidet™ P40 Substitute, 0.09% sodium azide) containing protease and phosphatase inhibitors (78430,
ThermoFisher Scientific). Cell lysis was carried out on ice for 30 min., with 10 s vortexing after every
10 min. Lysates were then cleared by centrifugation for 10 min. at 17 000 g at 4 °C and the supernatants
containing proteins transferred to pre-cooled reaction tubes. The lysates were diluted with 300 pL
ice-cold washing buffer (10 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA.

0.018% sodium azide) containing protease and phosphatase inhibitors and 10% saved for input
analysis. 25 puL of anti-GFP nanobody coupled agarose bead slurry was equilibrated with washing
buffer, separated via a magnetic rack, and for Co-IP lysates were bound overnight at 4 °C with
end-over-end mixing. Afterwards, 50 uL were saved for flow through analysis, beads were washed
four times with ice-cold washing buffer, and finally eluted with 80 uL 2x Limmli's SDS sample buffer
(120 mM Tris/HCI pH 6.8, 20% glycerol, 4% SDS, 0.04% bromophenol blue, 8% 2-mercaptoethanol) by
heating to 95 °C for 5 min. The samples were then analyzed by immunoblotting, as described.

2.14. Statistical Analysis

All of the statistical analyses were performed with the statistical analysis software package (SPSS,
version 22; SPSS Inc., Chicago, IL, USA), unless stated otherwise. Descriptive data are expressed as
means =+ standard error of means (SEM). Normal distribution was assessed using the Shapiro-Wilk
test, and data was transformed or bias-corrected accelerated bootstrapping performed prior to analysis
where necessary. Statistical testing was performed, as described individually. In general, statistical
significance was inferred at a two-tailed p-value of < 0.05. To test the influence of each GABARAP
family protein on total EGFR protein levels, dichotomous dummy-coded variables were used to express
each genotype as either wildtype for a specific paralog (1) or as a knockout (0). Afterwards, bivariate
correlation analysis (Spearman) was performed and two-tailed statistical significance was calculated.

3. Results

3.1. Deficiency for GABARAP, but Not GABARAPL1 or GABARAPL? Is Associated with Increased
Degradation of EGFR in Huh7.5 and HEK293 Cells

We generated HEK293 knockout (KO) cells deficient for each GABARAP subfamily member alone
(SKO) or in double (DKO) and triple (TKO) combination using the CRISPR/Cas9 system to systematically
investigate the role of GABARAP-subfamily proteins during EGFR degradation (Figure S1A, Table S1).

The cells were then stimulated with 40 ng/mL EGF, which is known to promote receptor
degradation [70], for up to 180 min., and whole cell lysates were analyzed for total EGFR protein levels
by immunoblot (Figure 1A). Figure 1B shows densitometric analyses of the genome-edited HEK293 cell
lysates compared to their matching controls. Evidently, GABARAP SKO cells displayed significantly
lower EGFR levels in whole cell lysates after 10 (1.24-fold, p < 0.05), 120 (1.84-fold, p < 0.05), and by
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trend 180 min. (1.42-fold, p = 0.07) of EGF treatment as compared to the control levels. In contrast,
neither single lack of GABARAPLI nor GABARAPL2 led to significant differences in the total EGFR
levels when compared to their respective controls, although GABARAPL] deficiency resulted in a slight
increase in EGFR at most time points, and a trend towards reduced EGFR levels could be observed for
GABARAPL2 SKO cells after 180 min. of EGF treatment (1.19-fold, p = 0.1). Consistently, GABARAP/L1
DKO cells showed no differences in the EGFR levels as compared to the wildtype controls, neither
unstimulated nor in response to EGF treatment, indicating that GABARAP and GABARAPLI have
opposite functions regarding EGFR degradation dynamics in this cell type. GABARAP/L2 DKO cells
had significantly less EGFR after 10 (1.52-fold, p < 0.05) and by trend after 60 (1.69-fold, p = 0.06),
120 (1.73-fold, p = 0.08), and 180 min. (1.9-fold, p = 0.1) of EGF treatment, respectively, and thus
performed like lacking solely GABARAP. A lack of both GABARAPL1 and GABARAPL2 resulted in
EGER levels as in the control samples, suggesting that GABARAP is the decisive factor for a correct
EGEFR degradation phenotype in HEK293 cells. Notably, TKO cells, lacking the whole GABARAP
subfamily, showed slightly elevated unstimulated EGFR without reaching statistical significance.
This phenotype might reflect the participation of the whole GABARAT subfamily in general cellular
processes such as autophagy or lysosome biogenesis [71], which, due to functional redundancy emerges,
most if none of the family members are present. We used dichotomous dummy-coded variables to
indicate the genotypic status for each GABARAP-subfamily member in all applied HEK293 cell lines to
analyze the correlation between the presence of each of the GABARAP subfamily proteins and EGFR
levels after EGF stimulation (Figure 1C) (for details see Materials and Methods).
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Figure 1. Epidermal growth factor (EGF)-induced EGF receptor (EGFR) degradation in HEK293
knockout (KO) cells. (A) Cells were treated with 40 ng/mL EGF for the indicated times. Afterwards,
total EGFR protein levels in whole cell lysates were analyzed by immunoblot. Representative blots
are shown for at least n = 3 independent experiments. (B) Densitometric analysis of at least n = 3
independent experiments. Controls are plotted for each experiment. Quantification of total EGFR
protein levels was performed by normalization to stain-free loading control; levels are given relative to
HEK293 control cells at unstimulated conditions (t = 0). Error bars represent standard error of means.
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Asterisks mark significant differences versus the corresponding time point of control cells as calculated
using independent t-test. p < 0.05 =%, p <0.01 =**, p < 0.001 = ***. (C) Correlation of presence of
each GABARAP with total EGFR levels in response to EGF treatment. Correlations were calculated
taking every analyzed KO combination except GABARAP/L1/L2 TKO in HEK293 cells into account.
Pearson correlation was used for calculation and two-tailed significances are denoted with asterisks:
p<0.05=*p <001 =* GRAP = GABARAP, GRAPL1 = GABARAPL1, GRAPL2 = GABARAPL2.
Respective wildtype controls were run on the same PAGE for each KO cell line and can be found in
Figure S6A which also shows the uncropped source blots.

As expected, the GABARAP availability was significantly and positively correlated with EGFR
protein levels at each time point after EGF treatment (10 min., r = 0.37, p < 0.05; 30 min., r = 0.47,
p <0.01; 60 min., r = 0.41, p <0.01; 120 min., r = 044, p < 0.05; 180 min., r = 0.39, p < 0.05) as well as
with the corresponding integrated area under the curve (AUC, a.u.) of EGFR levels over time (r = 0.46,
p £0.01).

In addition to the above described experiments, we also applied the transient overexpression of
GFP-fused EGER to the same panel of genome-edited HEK293 cell lines and analyzed their respective
EGFR-~(GFP) levels upon EGF stimulation by immunoblot (Figure S2A). Densitometric analysis
(Figure S2B) largely confirmed our results that were obtained for endogenous EGFR levels. Again,
GABARAP deficiency alone or in combination with GABARAPL2 deficiency resulted in a significant
reduction of EGFR levels. Interestingly, GABARAPL1/L2 DKO and GABARAP/L1/L2 TKO cells both
showed significantly elevated EGFR levels under EGFR overexpression conditions, suggesting that
some effects observed for overexpression are either dependent on receptor density or produced by the
overexpression per se. In general, when comparing endogenous with overexpressed EGFR degradation
dynamics, it is evident that EGFR overexpression strongly slows down degradation (Figure 52B,
see EGFR-GFP vs. EGFR).

Overall, GABARAP deficiency appeared to accelerate EGFR degradation or, vice versa, GABARAP
appeared to slow down EGFR degradation upon EGF stimulation in HEK293 cells.

We next used Huh7.5 cells for degradation analysis of endogenous EGFR to clarify whether
the validity of the observed GABARAP-mediated effects on EGFR degradation can be extended to
other cell lines and to rule out clonal effects of our genome-edited HEK293 cell lines. To that end,
we first established Huh?7.5 KO cells deficient for GABARAP, GABARAPL1, or GABARAPL?2 alone
or combinations of GABARAP/L2 and GABARAPL1/GABARAPL2 (Figure S1B, Table S1). Cells and
lysates were treated, as described above, total EGFR was detected by immunoblotting (Figure 2A),
and the respective densitometric analyses are summarized in Figure 2B. While the basal EGFR
levels were unaltered in GABARAP SKO cells, the total EGFR levels were significantly reduced after
10 (1.3-fold, p £0.05), 30 (2.14-fold, p < 0.01), 60 (2.7-fold, p < 0.05), 120 (3.56-fold, p < 0.01), and 180 min.
(4.74-fold, p < 0.001) of treatment with EGF when compared to Huh7.5 control cells. GABARAPL1 and
GABARAPL2 SKO cells were analyzed likewise with regards to EGFR protein levels in response to EGF
treatment to analyze the role of the two other GABARAP subfamily members. Neither GABARAPL1
SKO nor GABARAPL2 SKO cells showed significantly reduced levels of EGFR in response to EGF
stimulation when compared to Huh7.5 control cells. In fact, GABARAPLI SKO cells displayed a slight
trend towards higher EGFR total protein levels over time, while a slight but significant (1.32-fold,
p < 0.05) increase in the basal total EGFR levels was observed for GABARAPL2 SKO cells. Strikingly,
the only other analyzed Huh7.5 cell line showing the accelerated degradation of EGFR in response to
EGEF stimulation was the GABARAP/L2 DKO line after 10 (1.9-fold, p < 0.05), 30 (2.16-fold, p < 0.05),
60 (2-fold, p < 0.05), 120 (1.44-fold, p < 0.01), and 180 min. (3.29-fold, p < 0.05) of treatment with EGF,
but not at basal levels as compared to Huh?7.5 control cells. GABARAPL1/GABARAPL2 DKO cells
displayed unaltered total EGFR levels when compared to Huh7.5 control cells, indicating that the lack
of GABARAP alone was sufficient for driving accelerated EGFR degradation in these cells.
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Figure 2. EGF-induced EGFR degradation in Huh7.5 KO cells. (A) Cells were treated with 40 ng/mL
EGF for the indicated times. Afterwards, total EGFR protein levels in whole cell lysates were analyzed
by immunoblot. Representative blots are shown for n = 3 independent experiments. (B) Densitometric
analysis of n = 3 independent experiments. Controls are directly plotted for each experiment.
Quantification of EGER protein levels was performed by normalization on stain-free loading control
and calculated as percentage of Huh7.5 control cells at unstimulated conditions (t = 0). Representative
blots are shown for a summary of n = 3 independent experiments. Error bars represent standard error
of means. Asterisks mark significant differences versus the corresponding time point of control cells
as calculated using independent t-test. p < 0.05 =%, p < 0.01 = **, p < 0.001 = ***. (C) Correlation of
presence of each GABARAP with total EGFR levels in response to EGF treatment. Correlations were
calculated taking every analyzed KO combination in Huh7.5 cells into account. Pearson correlation was
used for calculation and two-tailed significances are denoted with asterisks: p < 0.05 =%, p < 0.01 = **,
GRAP = GABARAP, GRAPL1 = GABARAPL1, GRAPL2 = GABARAPL2. Respective wildtype controls
were run on the same PAGE for each KO cell line and can be found in Figure S6B which also shows the
uncropped source blots.

The correlation analysis of EGFR degradation results from Huh?7.5 cell derived lysates (Figure 2C)
showed broad consistency with that based on the independent HEK293 cell lysates (Figure 1C): a strong
and significant positive correlation of genotypes expressing GABARAP with total EGFR levels under
basal conditions (r = 0.4, p < 0.05), as well as after 10 (r = 0.54, p < 0.01), 30 (r = 0.57, p < 0.01), 60 (r = 0.56,
p <0.01), 120 (r = 0.66, p £0.001), and 180 (r = 0.68, p < 0.01) min. of EGF treatment, as well as with the
integrated AUC of EGFR total protein levels (r = 0.59, p < 0.01) was revealed. No significant correlation
for GABARAPL1 or GABARAPL2 with EGFR protein levels was found for any of the time points
analyzed, although GABARAPL1 showed a trend towards negative correlation with EGFR levels at
basal conditions (r = —0.27) and after 120 min. (r = —0.17) of EGF treatment. Clonal off-target effects as
an explanation for the observed phenotype could be excluded with high confidence based on the close
agreement of observations with two different cell lines.
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In summary, the lack of GABARAP, either alone or in combination with GABARAPL2,
was consistently and significantly associated with decreased total EGFR protein levels in response to
EGF treatment in both Huh7.5 and HEK293 cells, whereas the presence of GABARAP in general was
associated with higher EGFR total levels. Subsequently, we concentrated further efforts on the Huh7.5
GABARAP SKO cell line to analyze EGFR degradation dynamics and its implications in more detail.

3.2. GABARAP Deficiency Alters EGFR Signaling on Protein and Gene Expression Levels and Increases
GABARAPL1 but Not GABARAPL? Protein Expression

Next, we asked whether GABARAP deficiency is additionally accompanied by altered EGFR
downstream signaling. Therefore, we analyzed the activation of EGFR itself as well as of
EGFR-associated signaling, namely the phosphoinositide-3-kinase/proteinkinase B (PI3K/AKT) and
mitogen-activated protein kinase/extracellular-signal regulated kinase (MAPK/ERK) signaling pathway,
by immunoblot (Figure 3A). The phosphorylation of EGFR at Y1068 in GABARAP SKO cells was
higher by trend after 10 min. of EGF treatment (1.36-fold, p = 0.06) as compared to Huh7.5 control cells,
whereas it was not altered at later time points (Figure 3B). The activation of the PI3K/AKT pathway
was analyzed by phosphorylation of AKT at 5473 and it was not significantly influenced under the
given circumstances (Figure 3C). Activating phosphorylation of ERK1/2 was reduced in GABARAP
SKO cells at every time point analyzed with a significant reduction after 30 min. of EGF treatment
(2.49-fold, p < 0.05, Figure 3D).
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Figure 3. Analysis of EGF-induced EGFR phosphorylation, activation of downstream signaling and
gene expression in GABARAP SKO and Huh?7.5 control cells. (A) Huh7.5 and GABARAP SKO cells
were treated with 40 ng/mL EGF for the indicated times. Afterwards, activating phosphorylations of
the EGFR (B) and downstream PI3K/AKT (C) and MAPK/ERK (D) signaling pathways were analyzed
by immunoblot. Quantification of phosphorylated proteins was performed by normalization to the
corresponding total protein levels and calculated as percentage of Huh7.5 control cells after 10 min.
of EGF treatment (t = 10). (E + F) Huh7.5 and GABARAP SKO cells were treated with the indicated
concentrations of EGF for 180 min., followed by cell lysis, RNA extraction, reverse transcription and
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quantitative real-time PCR (RT-PCR). Expression of target genes CXCL8 (E) and CXCL1 (F) was
normalized to succinate dehydrogenase (SDHA) as reference gene and is expressed relative to unstimulated
control cells. (G) Protein expression of GABARAP paralogs GABARAPL1 and GABARAPL2 was
analyzed in Huh7.5 and GABARAP SKO cells and densitometric analysis performed to determine
GABARAPL1 and GABARAPL2 protein levels in GABARAP SKO cells compared to Huh7.5 controls
(H). Representative blots are shown for a summary of n = 3 independent experiments. Error bars
represent standard errors of means. Asterisks mark significant differences versus the corresponding
time point or concentration of control cells as calculated using independent t-test. p < 0.05=*. (E,F,H)
individual experiments are color-coded. Figure S6C shows uncropped source blots.

Next, the impact of GABARAP deficiency on EGFR target gene expression was analyzed.

The mRNA levels of the C-X-C chemokine receptor 2 (CXCR2) ligand CXCL8 alongside mRNA levels
of another CXCR2 ligand, CXCL1, were analyzed after treatment with various concentrations of EGF
because the gene expression of CXCL8was reported to be regulated by the EGFR/ERK signaling axis after
HCV infection [72]. Strikingly, CXCLS transcripts were significantly reduced in GABARAP SKO cells
at basal levels (2.75-fold, p < 0.05) and upon stimulation with 1.25 ng/mL (2.72-fold, p < 0.05), 10 ng/mL
(2.75-fold, p < 0.05) and by trend 40 ng/mL EGF (3.42-fold, p = 0.068) for 180 min. compared to Huh7.5
control cells (Figure 3E). This was not the case for CXCL1 (Figure 3F), suggesting different transcriptional
regulation for these two chemokines through independent axes of EGFR transduced signaling.

In order to investigate the influence of GABARAP deficiency on protein levels of its paralogs
GABARAPL1 and GABARAPL2, we analyzed their basal levels in Huh7.5 control and GABARAP
SKO cells (Figure 3G). Interestingly, GABARAPL1 protein expression was significantly increased
in GABARAP SKO cells (1.77-fold, p < 0.05), whereas the GABARAPL2 protein levels were not
consistently influenced (Figure 3H) as compared to Huh7.5 control cells.

3.3. Basal EGFR Surface Expression Is Unaltered in GABARAP Deficient Cells, While EGF Uptake Capacity Is
Impaired over Time

We isolated the surface proteins of Huh7.5 and GABARAP SKO cells via biotinylation (Figure 4A)
and determined surface EGFR levels by immunoblot (Figure 4B) in order to check whether accelerated
degradation of EGFR is simply caused by altered EGFR surface expression. Densitometric analysis
revealed no alterations between GABARAP SKO and Huh?7.5 control cells (Figure 4C), indicating
that the trafficking of EGFR to the plasma membrane is not impaired in GABARAP SKO cells under
basal levels of EGE. Consistent with unaltered EGFR total protein levels, the EGFR mRNA expression
levels were not influenced by GABARAP deficiency (Figure 4D). We next asked whether the observed
acceleration of EGFR degradation and alterations in downstream signaling events are caused by defects
in EGF uptake or receptor endocytosis per se. Therefore, we carried out a FACS based assay. The cells
were continuously treated with 40 ng/mL EGF that was conjugated to the fluorophore Alexa647 and the
median fluorescence intensity (a.u.), reflecting the amount of intracellular EGF, was analyzed via FACS
(Figure 4E). As EGFR is the only receptor for EGE, this directly reflects its internalization by endocytosis
at early time points and accumulated intracellular EGF over time. However, Alexa647 is a pH-stable

fluorophore and it is therefore not fully degraded by lysosomes similar to EGF quantum dots [73].
Hence, intracellular fluorescence at later time points might reflect free dye, at least to some extent.

Nonetheless, this approach represented several cycles of EGFR internalization, which provides a
measure of EGF uptake over time. Consistent with surface expression being unaltered, GABARAP SKO
cells displayed unaltered median fluorescent intensity values after 10 min. of EGF-Alexa647 treatment,
indicating that early internalization events are not impaired in GABARAP deficient cells. Over time,
intracellular EGF-Alexa647 levels were lower in GABARAP SKO cells after 30, 60, and 120 min. by
trend and significantly reduced after 180 min. (1.59-fold, p < 0.01) when compared to Huh?7.5 control
cells (Figure 4F). The obtained results with this continuous treatment conditions, which allow for
several rounds of ligand binding and receptor cycling, indicate a shift from receptor recycling to
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degradation in GABARAP SKO cells at later time points as compared to Huh7.5 control cells. This is
in line with the immunoblot experiments and suggests that the reduction of EGF-Alexa647 levels
is caused by a general reduction of EGFR protein levels over time in response to EGF treatment in
GABARAP deficient cells.
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Figure 4. Analysis of EGFR surface expression by isolation of surface proteins and EGF-uptake in
GABARAP SKO and Huh7.5 control cells by flow cytometry. (A) Primary amines of extracellular
portions of plasma membrane proteins were conjugated to Sulfo-NHS-S5-Biotin. Afterwards, cells
were lysed and biotinylated proteins captured via NeutrAvidin to separate surface from cytosolic
proteins. (B) EGFR surface expression of Huh7.5 control and GABARAP SKO cells was determined by
immunoblotting of the surface fraction lysate and (C) densitometric analysis performed to determine
relative EGFR protein surface expression levels between Huh?7.5 and GABARAP SKO cells (n = 3
independent experiments). (D) EGFR mRNA expression levels were analyzed at steady-state and
after 180 min. of 40 ng/mL EGF treatment. Expression levels were normalized to SDHA expression
and compared between Huh7.5 and GABARAP SKO cells. (E) Huh7.5 and GABARAP SKO cells
were continuously treated with 40 ng/mL of Alexa647 labelled EGF over 180 min. Gates were set to
get rid of debris and select for single cells. Intracellular EGF was determined by analyzing median
fluorescence intensity (MFI) of EGF-Alexa647 positive cells (F). Line plot is a summary of n = 4
independent experiments. Error bars represent standard errors of mean. Asterisks mark significant
differences to the corresponding time point of control cells as calculated using two-way analysis of
variance with Bonferroni post-hoc testing with GraphPad Prism version 8.00 for Windows (GraphPad
Software, La Jolla California US, www.graphpad.com). p < 0.01 = **. (C + D) Individual experiments
are color-coded. Figure S6D shows uncropped source blots.

3.4. Tracking of Fluorescently-Labeled EGF Reveals Altered EGF Trafficking and Vesicular Composition in
GABARAP Deficient Cells without Abrogation of General Endosomal Targeting

We used a pulse-based setup for confocal laser scanning microscopy imaging to address the
question of whether GABARAP deficiency causes impaired intracellular trafficking of EGFR. The cells
were pre-incubated with 40 ng/mL EGF-Alexa647 at 4 °C to saturate all EGFR binding sites at the
plasma membrane, followed by acidic wash to remove unbound EGF and subsequent incubation at
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37 °Cto allow for internalization and trafficking of EGF pre-bound to EGFR (Figure 5A). As exemplarily
shown for 5, 30 60, and 120 min. (Figure 5B), the cells were fixed at various time points after the EGF
pulse and EGF accumulation was recorded as distinct dots, likely reflecting that EGFR accumulated in
vesicles subsequent to ligand stimulation. EGF-Alexa647 containing vesicles were analyzed regarding
the average number (Figure 5C), volume (Figure 5D) and intensity (Figure 5E) of individual vesicles
per cell. Overall vesicular number per analyzed cell was significantly reduced after 60 (1.21-fold,
p <0.05) and 120 min. (1.29-fold, p < 0.05) of EGF-Alexa647 incubation. While the overall vesicular
volume at 5 min. after the EGF-Alexa647 pulse was significantly increased in GABARAP SKO cells
when compared to Huh7.5 control cells (1.15-fold, p < 0.05), it was found to be significantly lower after
30 min. (1.26-fold, p < 0.001) as compared to Huh7.5 control cells. Accordingly, the mean fluorescent
intensity of analyzed vesicles after 5 min. of EGF-Alexa647 stimulation was significantly higher in
GABARAP SKO cells when compared to Huh7.5 control cells (1.04-fold, p < 0.05), while it was found
to be significantly decreased after 30 min. (1.07-fold, p < 0.001).
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Figure 5. Analysis of EGF uptake in GABARAP SKO and Huh7.5 control cells via EGF-Alexa647 pulse
by immunofluorescence imaging. (A) Huh7.5 and GABARAP SKO cells were treated with 40 ng/mL
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Alexa647 labelled EGF at 4 °C to allow binding to EGFR. After rigorous washing, cells were placed
at 37 °C and analyzed at distinct time points to assess EGF internalization. (B) Cells were fixed at
basal levels and after 5, 10, 30, 60, 120, and 180 min. of EGF treatment. Nuclei were counterstained
with DAPI and images of EGF positive puncta taken. Mean vesicular number (C), volume (D) and
intensity (E) of imaged EGF-Alexa647 puncta were analyzed by Imaris. Single cells were cropped
out of images, processed with Image] and Imaris (Bitplane, Zurich, Switzerland). Only vesicles
with volumes > 0.1 um?) were taken into account. Fluorescent images are representative of at least
n = 3 independent experiments. Individual experiments are color-coded; >50 cells per genotype
and time point were analyzed. Error bars represent 95% confidence intervalls (CI) (C-E). Asterisks
mark significant differences to the corresponding time point of control cells and were calculated using

independent t-test. p < 0.05 =%, p <0.01 =**, p <0.001 =***,

Next, we classified the obtained vesicle volumes and intensities into subgroups to visualize the
more subtle differences that are not resolved by the global approach described above. The corresponding
plots are shown in Supplementary Figure S3A,B. In summary, for vesicles of the smallest category
(0.5-1 um?) similar numbers were found in GABARAP SKO and Huh?7.5 control cells at all time points.
Interestingly, for all other size categories and particularly at later stages starting at 30 min. post
EGF-Alexa647 treatment, the numbers of observed vesicles were decreased in GABARAP deficient
cells. Solely for the early 5 min. time point, increased numbers of vesicles of several categories were
found for GABARAP SKO cells when compared to Huh?7.5 control cells. Accordingly, vesicles of the
lowest intensity (20-40) were not altered between GABARAP SKO and Huh?7.5 cells, while vesicles
of the remaining three intensity categories were significantly decreased, again especially starting at
30 min. post EGF-Alexa647 treatment. EGF-Alexa647 pulse-treated GABARAP SKO and Huh7.5
control cells were fixed and stained for early (RAB5), recycling (RAB11) or late (RAB7) endosomal
marker proteins, to further analyze endosomal trafficking. Colocalization events of RAB5, RAB11,
and RAB7 with EGF-Alexa647 (white arrows) were observed for GABARAP SKO and Huh7.5 control
cells at every analyzed time point, indicating that the general ability of EGFR to reach the analyzed
endosomal compartments is not abolished by GABARAP deficiency, as exemplarily shown for 10,
30, and 60 min. in Figure S3C. However, fixed cells and the analyzed set of time points might not be
suitable to capture subtle and transient GABARAP-mediated interactions.

3.5. Accelerated EGFR Degradation in GABARAP Deficient Huh7.5 Cells Can Be Counteracted by Lysosomal
and Proteasomal Inhibition

We then asked whether the acceleration in EGF-induced EGFR degradation in GABARAP deficient
cells depends on the activity of the proteasomal or lysosomal machinery or whether degradation
would occur through a different non-canonical mechanism. To this end, the inhibition of lysosomal or
proteasomal activity was obtained by chloroquine or lactacystin treatment, respectively (Figure 6A),
which are known to inhibit either lysosomal acidification (chloroquine) or proteasomal subunits
(lactacystin) and cause delay in EGF-induced EGFR degradation [74-76]. The cells were treated with
chloroquine and total EGFR levels as well as the activation of MAPK/ERK signaling in response
to subsequent EGF stimulation was analyzed by immunoblot (Figure 6B). This led to a delay in
EGF-induced EGFR degradation in Huh7.5 cells and could, at least partly, restore the declined EGFR
levels observed in GABARAP SKO cells in response to EGF stimulation shown in Figure 2A, as the
total EGFR levels were only significantly reduced after 60 min. (1.69-fold, p < 0.05), but not at any of the
other time points compared to Huh7.5 control cells (Figure 6C). Interestingly, MAPK signaling assessed
by activating phosphorylation of ERK1/2 was still found to be significantly reduced in GABARAP
SKO cells after 30 (1.77-fold, p < 0.01), 120 (1.8-fold, p < 0.05), and 180 min. (1.82-fold, p < 0.01) of EGF
treatment when compared to controls (Figure 6D). Next, lactacystin treatment was applied prior to
EGF stimulation and immunoblot analysis (Figure 6E).
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Figure 6. EGF-induced EGFR degradation after inhibition of lysosomal acidifcation and proteasomal
inhibition in GABARAP SKO and Huh?7.5 control cells. (A) Modes of action of the inhibitors used.
Cells were pretreated with inhibitors of lysosomal acidifcation or proteasomal subunits and afterwards
treated with 40 ng/mL EGF for the indicated times. (B-D) Cells were treated with lysosomal acidification
inhibitor chloroquine. Total EGFR levels as well as activating phosphorylation of ERK1/2 at T202/Y204
were analyzed by immunoblotting and densitometry. (D-G) Cells were treated with proteasomal
subunit inhibitor lactacystin. Total EGFR levels as well as activating phosphorylation of ERK1/2 at
T202/Y204 were analyzed by immunoblotting and densitometry. Quantification of protein levels was
performed by normalization to stain-free protein loading or the respective total levels of downstream
signaling proteins and calculated as percentage of Huh?7.5 control cells at unstimulated conditions
(t =0) for EGFR and peak activation levels (t = 10 min.) for ERK. Representative blots are shown for a
summary of n > 3 independent experiments. Error bars represent standard errors of means. Asterisk
marks significant difference versus the corresponding time point of control cells as calculated using
independent t-test. p < 0.05 = *. Figure S6E shows uncropped source blots.

Interestingly, this led to a delay in EGF-induced EGFR degradation in Huh7.5 control cells and
abrogated the differences in EGFR protein between GABARAP SKO and Huh?7.5 control cells after
stimulation, as shown in Figure 2A, at any of the analyzed time points (Figure 6E). MAPK/ERK signaling
was also found to be restored after lactacystin treatment in GABARAP SKO cells when compared to
Huh?7.5 control cells (Figure 6F). Taken together, these results indicated that GABARAP deficiency does
not change the mechanism of EGFR degradation in general, but rather affects upstream events related
to receptor trafficking. Impaired ERK signaling of GABARAP SKO cells under chloroquine treatment
points to endosomal trafficking events when the cytoplasmic tail of the receptor is still able to contact
the cytoplasm to activate downstream signaling molecules.

3.6. GABARAP and EGF Converge in Distinct Dynamic Vesicular Structures at Endogenous Expression
Levels in HEK293 Cells

We asked whether both molecules localize to the same endosomal compartment after ligand
stimulation to obtain an insight into the trafficking events underlying GABARAP-mediated regulation
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of EGFR degradation. We generated a knock-in (KI) cell line expressing GFP-tagged GABARAP under
control of the endogenous GABARAP promoter by CRISPR/Cas9 mediated genome editing to eliminate
the impact of overexpression artifacts (Figure S1C, Table S1). The resulting GFP-GABARAP expression
levels were sufficient for live cell microscopy, as demonstrated in Figure 7.
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Figure 7. Live cell imaging of HEK293 knock-in cells expressing GFP-GABARAP under the
endogenous GABARAP promoter after stimulation with EGF-Alexa647 and Tf-Alexa555. (A) HEK293
GFP-GABARAP knock-in (KI) cells were simultaneously treated with 40 ng/mL EGF-Alexa647
and 20 ng/mL Tf-Alexa555 for 60 min. and imaged under live-cell conditions by laser scanning
confocal microscopy. White arrows highlight GABARAP/EGF/Tf triple-positive structures. Yellow
arrows highlight GABARAP/EGF double-positive structures. Magenta arrowheads highlight EGF/Tf
double-positive structures. In the merged images GABARAP fluorescence is depicted in green, EGF in
red and Tf in blue. Snapshots are shown for selected time points of a 117 s time-lapse series consisting
of 10 images with 13 s time intervals between images. In Figure S4, the complete time-lapse series
of regions of interest I to V are shown, with a link to the corresponding movies. Scale bar in the
overview = 10 pm, scale bar in close ups = 3 um. (B-D) Spinning disk confocal fluorescence microscopy
images of highly dynamic vesicles. GABARAP-only positive vesicles and large rings are highlighted
by green arrows and GABARAP/EGF double-positive vesicles are highlighted by yellow arrows.
In Figure S5 the complete time-lapse series is shown with a link to the corresponding movie. Scale
bar =3 um.

GABARAP was found to be present in distinct structures in the cell’s cytoplasm. These structures
displayed different characteristics regarding their shape, size, and cargo, as determined by the

simultaneous use of EGF-Alexa647 and Transferrin (Tf)-Alexa555 (Figure 7A, Figure 54 and Video S1).
The latter was applied as a marker for endosomal compartments associated with recycling [77].

GABARAP and EGF frequently converged in punctate structures (yellow arrows), indicating that both
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of the molecules are located within the same vesicle or at least adjacent vesicular structures. Some of
these vesicles were additionally observed to be Tf-Alexa555 positive (white arrows), while others were
found to be EGF and Tf double-positive (magenta arrows) without GABARAP localization. In contrast,
we rarely observed GABARAP vesicles, which were additionally only Tf-positive. GABARAP and
EGF also converged in Tf-negative ball-shaped structures (yellow arrows), indicating the accumulation
of EGF and GABARAP within the same endosomal compartment, potentially associated with the
degradative branch.

Strikingly, we frequently found large ring-like structures that were labeled with GABARAP
(videos S1 III-V) of up to 3 um in diameter. They were found at most once per cell and vesicles either
double-positive for EGF and Tf or single-positive for EGF fused with the perimeters of these rings
or budded off them. EGF accumulation was found in clusters resembling microdomains on these
rings. Some, but not all, of these EGF clusters also contained Tf, suggesting that the respective parts of
such rings might be associated with recycling. Altogether, these observations suggested that the large
GABARAP-positive ring-like structures represent some sort of endosomal compartment, potentially a
sorting endosome at the center of endosomal targeting either towards recycling or degradation.

We then subjected the GFP-GABARAP KI line to spinning disk confocal fluorescence microscopy
to increase the temporal resolution (Figure 7B-D, Figure S5 and Video 52). After EGF-Alexa647
treatment, we could observe highly dynamic vesicular structures that were constantly fusing with
and budding off the aforementioned GABARAP-positive rings. Figure 7B illustrates the fusion of a
GABARAP single-positive vesicle with such a ring within a time frame as short as 1.2 s (green arrows).
We also observed GABARAP vesicles that were EGF-Alexa647 positive (yellow arrows) and budded
off the rings in a coordinated manner (Figure 7C). Frequently, these budding events were preceded
by tubular protrusions (Figure 7D), which might represent molecules destined for recycling. Indeed,
such cargo has been described to be sorted by tubular endosomal structures [78].

3.7. GABARAP Associates with EGFR during Co-Immunoprecipitation and Binds to Synthetic Peptides
Derived from the EGFR Cytoplasmic Tail

We performed co-immunoprecipitation experiments, followed by in vitro interaction studies using
purified GABARAP and synthetic peptides derived from the EGFR cytoplasmic tail, to investigate
the nature of the transient co-migration observed during live cell imaging. As shown in Figure 8A,
EGFR was co-immunoprecipitated by GFP-GABARAP but not by GFP from lysates of transiently
transfected GABARAP SKO cells. This experiment confirmed an association between GABARAP and
EGFR within cells. Interestingly, association was observed both under unstimulated conditions and
after 10 min. of EGF treatment, supporting the idea of a GABARARP effect early in EGFR trafficking
after ligand stimulation. The observed spatial overlap between GABARAP and EGFR during our live
cell imaging studies, together with their observed co-immunoprecipitation, finally encouraged us to
scan the EGFR sequence for canonical LIR/GIM motifs as putative direct GABARAP-binding sites.
To address this, we used the iLIR tool [79]. Interestingly, EGFR indeed includes a putative extended
LIR motif (xLIR) encompassing positions 1060 to 1065 (DTFLPV) within its cytoplasmic, regulatory
tail (Figure 8B). Overall, this LIR motif contains four negatively charged and three phosphorylatable
residues are located between P-8 and P-1, a further negatively charged residue at P’ + 5 and two
phosphorylatable residues at P + 6 and P + 10. These features are in line with the established LIR-motifs
of well-known GABARAP interactors, as demonstrated by alignment with the respective regions of
ULK]1, autophagy-related protein 13 (ATG13), Sequestosome-1 (SQSTM), pericentreolar material 1
(PCM1), and FIP200 [80].
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Figure 8. GABARAP associates with EGFR and binds to EGFR-derived peptides covering a putative
LC3-interacting region (LIR) motif. (A) Co-Immunoprecipitation analysis between endogenous EGFR

and transiently overexpressed GFP-GABARAP and GFP-only control in Huh7.5 GABARAP SKO cells.

Figure S6F shows uncropped source blots. GRAP = GABARAP. (B) Sequence alignment of residues
1052 to 1075 of the cytoplasmic domain of EGFR with LIR-peptides from known GABARAP interaction
partners. The core LIR motif is boxed and aromatic and hydrophobic residues in position 0 and +3 are
depicted in yellow. Residues with negative charges are shown in red. Phosphorylatable residues are

depicted in green. Both peptide sequences used for the BLI measurement shown in B are also depicted.

Phosphorylated residue used in modified peptide is depicted in orange. Sequences were manually

aligned according to the general core consensus (W/F/Y)-X-X-(L/I/V) where X may be any amino acid.

(C) Ascending concentrations of recombinantly expressed and purified GABARAP were titrated to

immobilized peptides and response measured by BLI. Measurements were performed in triplicates.

Dissociation constants (Kd) of GABARAP were 96.5 + 5.1 uM with the unmodified EGFR LIR peptide
and 82 + 3.3 uM with the phosphorylated peptide. (D) Model depicting modulation of binding affinity
of GABARAP and EGFR. I: Phosphorylation of aa residues in the C-terminal tail of the receptor increases
binding affinity through addition of negative charges. II: Increase of local concentration of EGFR due to
ligand-induced dimerization and microclustering at the plasma membrane, as well as increase of local
concentration of GABARAP due to lipidation, membrane association and possibly oligomerization
increase avidity and, thus, overall binding strength of the GABARAP:EGFR complex. GABARAP is
represented in green. G-I = unlipidated form of GABARAP, G-II = lipidated form of GABARAP.
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Two aminoterminally biotinylated peptides covering the xLIR “DTFLPV” and additional eight
positions up- and ten positions downstream, one of them phosphorylated at the regulatory Y1068,
were subjected to biolayer interferometry (BLI) to analyze the binding affinity of GABARAP to this
EGFR region. Figure 8C shows results of BLI measurements. The obtained dissociation constants were
96.5 uM (£5.1 uM) and 82 uM (+3.3 uM) for the unmodified and the modified peptide, respectively.
These affinities appear relatively weak when compared to those of other known GABARAP protein
interactors being in the low micromolar range [49]. Nonetheless, this interaction still might be of
relevance e.g., in microdomains of locally clustered EGFR and GABARAP molecules (Figure 8D) by
increasing overall avidity. Whether or not the xLIR motif is decisive for GABARAP binding to EGFR
will be the subject of further investigation.

4, Discussion

In this study we identified a unique and novel role for GABARAP in EGF-induced trafficking
and degradation of the EGFR, with implications for EGFR downstream signaling. Based on two
independently generated HEK293 and Huh7.5 KO cell line panels, we could show that only cells
lacking GABARAP, but not GABARAPL1 or GABARAPL2, displayed reduced total EGFR protein
levels after EGF stimulation. We further showed that MAPK signaling downstream of EGFR was
impaired in GABARAP deficient Huh7.5 cells, which translated into the reduction of EGFR target gene
CXCL8 expression. Consequently, we then explored the potential mechanistic role of GABARAT in the
context of EGFR trafficking and degradation.

EGEFR cycling can roughly be divided into five stages (Figure 9A): EGFR gene transcription and
protein expression (1) are followed by post-translational modifications in the ER, trafficking through
the Golgi-apparatus and surface targeting (2). Plasma membrane localized EGFR can then encounter
extracellular stimuli, such as EGF. Ligand-bound EGEFR is activated and internalized to strictly control
signaling strength and duration (3). Subsequently, EGFR gets sorted within the endosomal system and
is either recycled back to the plasma membrane (4) or targeted for degradation in the lysosome (5).

A EGF B

GABARAP protein interactions potentially
influencing EGFR trafficking and degradation

level of interaction affected process  interaction partner
direct 1-5 EGFR (figure 8)
\ indirect 316, 70] |Clathrin [83]
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Figure 9. Scheme depicting EGFR internalization, trafficking and degradation including potential ways
for GABARAP to take action. (A) 1. EGFR gene is expressed as mRNA and translated into protein
followed by posttranslational modifications. 2. Trafficking through the Golgi apparatus regulates
correct EGFR surface expression. 3. Upon extracellular ligand binding EGFR is internalized, sorted via
the endosomal system and either targeted for recycling (4) or degradation (5). (B) List of processes that
can be targeted by GABARAP either based on a direct interaction of GABARAP with EGFR as suggested
in this study (grey) or indirectly by known or putative GABARAP interaction partners (light orange)
with described activities in respective processes. MVB = multivesicular body, LE = late endosome.
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An impact of GABARAP on basal protein levels of both total and cell surface localized EGFR
seems unlikely, given our observations under unstimulated conditions. Additionally, steady state and
EGF stimulated gene expression of the receptor was not influenced by GABARAP deficiency.

While we also did not observe an impact of GABARAP on the initial uptake of EGF-Alexa647,
several hints strongly suggest that early internalization events might be slowed down by GABARAP.
We found GABARAP deficiency associated with initially increased phosphorylation of EGFR Y1068,
which is known to be associated with EGFR activation, growth factor receptor-bound protein 2 (GRB2),
and E3 ubiquitin-protein ligase CBL binding, followed by internalization and subsequent degradation
of the receptor [81]. We also observed higher volumes and intensities of EGF-containing vesicles
as early as after 5 min. of EGF treatment in GABARAP deficient cells, indicating that GABARAP
negatively influences the speed of early uptake events. Taken together, these observations suggest
that GABARAP acts at an early stage of endosomal EGFR trafficking immediately downstream of
ligand-induced receptor activation. In that way, increased EGFR degradation in GABARAP SKO cells
would be a cumulative effect based on influencing early receptor dynamics.

Whether GABARAP influences EGFR activation through regulating the strength of dimer
formation, as reported for different EGFR ligands [82], needs to be determined in further studies.
As exemplarily shown in Figure 9B, a plethora of GABARAP interaction partners have already
been reported to participate in endosomal sorting of the EGFR. The internalization of EGFR via
clathrin-mediated endocytosis (CME) [16] might be modulated through direct interaction of GABARAP
with the clathrin-heavy chain, which has already been described [83]. Interestingly, CXCL8 expression
was already reduced at low (i.e., 1.25 ng/mL) concentrations of EGF in the absence of GABARAP,
indicating that CME, which is the major internalization route at low ligand concentrations [17], might
be positively influenced by GABARAP. The high ligand concentrations that we mainly used in our
study are known to activate clathrin-independent endocytosis (CIE), balancing the ratio of CME:CIE
to about 1:1 [70]. CIE was reported to be mediated by ER/plasma membrane contact sites facilitated
by reticulon 3 (RTN3) [84]. Intriguingly, RTN3 was recently described to interact with human Atg8
proteins through functional LIR motifs in the context of selective ER-phagy [85]. Thus, GABARAP
could also sequester RTN3, hindering it from promoting CIE of EGFR. Thereby, GABARAP might shift
the equilibrium towards enhanced CME and recycling.

Additionally, the E3 ubiquitin ligases NEDD4 and CBL have already been described to exhibit
functional LIR motifs [25,86]. They take part in monoubiquitination of activated receptors, which is a
signal for sorting into degradative compartments [87,88]. In particular, NEDD4 facilitates EGF-induced
EGFR degradation by the ubiquitination of activated Cdc42-associated tyrosine kinase (ACK), leading
to the degradation of both proteins [89]. Members of the E3 ubiquitin-protein ligase CBL family also
target receptor tyrosine kinases for degradation by ubiquitination [90]. GABARAP might sequester
these E3 ligases and, thus, prevent them from targeting receptors to degradation by monoubiquitination.
With Cullin-3 (CUL3) another E3 ligase was reported to be positively involved in the maturation of late
endosomes [91] and interact with GABARAP via KBTBD6/7 (Kelch repeat and BTB domain-containing
protein 6/7) binding [92]. In this context, GABARAP might indirectly sequester CUL3 via KBTBD6/7,
thereby inhibiting its positive effect on late endosome maturation and thus attenuate EGFR degradation.

Experimental evidence for GABARAP participating at the level of endosomal sorting comes from
our EGF uptake results using confocal laser scanning microscopy, demonstrating that GABARAP SKO
cells show altered vesicular size and EGF-Alexa647 loading, especially regarding larger vesicles with
high fluorescence intensity at later time points upon stimulation.

The RAS-related in brain (RAB) protein family of small GTPases plays a major role in endocytic
trafficking [93]. Several possibilities exist for GABARAT to influence RAB related processes. TBC1
domain family member 16 (TBC1D16) was described to be a negative regulator of RAB4A, thereby
inhibiting the recycling of activated EGFR [94]. TBC1D16 was also reported to interact with Atg8
proteins in pulldown experiments, similar to other TBC domain containing proteins [95]. Whether
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GABARAP directly interacts with TBC1D16 to counteract its negative effect on EGFR recycling or
whether other TBC domain containing proteins are involved needs to be elucidated in future studies.

The association of the RAB proteins 5, 11, and 7 with EGF-Alexa647 was not found to be altered
in GABARAPT deficient cells during our experiments, implicating that GABARAP activity is not
necessary for general endosomal targeting of EGFR. However, we cannot exclude that subtle or
transient differences remained undetected under the experimental conditions used. Time-lapse live
cell imaging while using KI cell lines expressing fluorescent protein tagged RABs can help to clarify
this issue in more depth in the future.

KI cells expressing GFP-GABARAP under the endogenous GABARAP promoter enabled us to
detect transient co-migration of GABARAP and EGF in the cytoplasm of cells under live conditions
while using confocal laser scanning microscopy. Diverse punctate vesicular structures were frequently
found along with GABARAP positive rings forming microdomain-like spots, which were either
positive for EGF- or for the recycling compartment marker Transferrin, emphasizing the importance
of GABARAP-related activity for EGFR trafficking. Using spinning disk confocal fluorescence
microscopy we improved the temporal resolution up to 20-fold, enabling us to assess the dynamics
of GABARAP- and EGF-containing vesicles. We observed highly dynamic GABARAP-, EGF- or
GABARAP/EGF-containing vesicles fusing with or budding off such rings. These intracellular
interactions strongly suggest that also later stages of endosomal trafficking that are not associated with
Tf are affected by GABARAP, potentially correlating with a role in endosomal sorting and/or maturation.

A potential role of GABARAP in inhibiting endosome maturation is supported by the finding
that the protein levels of the CCZ1/MONI1 positive regulator RMC1 are elevated in cells deficient for
the whole GABARAP subfamily [41]. CCZ1/MONI1 acts as an activator of RABY [96]. The inhibition
of late endosome maturation might be mediated by GABARAP preventing RMC1 from activating
RAB7 through CCZ1/MONI1. Another RAB regulator interacting with GABARAP is the RAC1 GEF
Ost-II, which negatively regulates CME of receptors and it was found to be inhibited by ectopic
GABARAP expression [97]. Two main degradative pathways play a role in EGF-induced EGFR
degradation. First, proteasome-mediated deubiquitination of activated receptors is necessary for EGFR
containing endosomes to mature into intraluminal vesicles (ILV) of multivesicular bodies (MVB) [98].
Second, processed receptors are targeted for degradation within the lysosomal compartment [99].
Proteasomal inhibition by lactacystin restored both EGFR protein levels and ERK1/2 phosphorylation to
wildtype, indicating that GABARAP acts downstream or on the level of MVB maturation. In contrast,
the inhibition of lysosomal acidification by chloroquine partly restored EGFR degradation towards
wildtype levels. Notably, ERK1/2 phosphorylation was still impaired in GABARAP SKO cells.
Chloroquine is known to inhibit EGFR degradation by preventing fusion of multivesicular bodies/late
endosomes with the lysosome [100], indicating that GABARARP affects ERK1/2 activation earlier in the
process. Thus, we hypothesize that GABARAP might act on the level of endosomal maturation and/or
compartmentalization, e.g., by controlling maturation of EGFR containing vesicles into ILVs of MVBs
upstream of lysosomal degradation.

Finally, Pleckstrin homology domain-containing family M member 1 (PLEKHM1) binding
simultaneously to Atg8 family proteins and the homotypic fusion and protein sorting (HOPS) complex
was reported to regulate ligand-induced EGFR degradation due to impaired lysosomal fusion [101].
Importantly, PLEKHM1 was found to contain a LIR displaying a much higher affinity to GABARAP
subfamily proteins than LC3 subfamily proteins [49]. However, the binding of all GABARAP subfamily
proteins was described to be in the low micromolar range, strongly suggesting that GABARAP function
in this context might be redundant to GABARAPL1 and/or GABARAPL2.

GABARAP might also directly bind to EGFR under certain circumstances due to the existence of
an xLIR motif, which we identified in the cytoplasmic domain of EGFR. The binding of EGFR LIR
peptides to immobilized GABARAP was quite modest during our measurements as compared with
most GABARAP interactions reported previously. Nevertheless, EGF stimulation is known to promote
EGFR nanocluster formation [102,103] by receptor oligomerization and membrane bending [104] prior
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to internalization [105]. GABARAP has also been described to form self-associated species [106].

Such clusters may increase the local EGFR and/or GABARAP concentration facilitating LIR-mediated
binding. Indeed, we were able to show the co-immunoprecipitation of GFP-GABARAP and EGFR
both with and without EGF treatment. These results and the observed comigration of GFP-GABARAP
and EGF-Alexa647 strongly suggest an at least transient interaction between GABARAP and EGFR.

Such an interaction could either result in direct targeting of EGFR into autophagosomes or involve
endosomal sorting. Direct autophagic targeting of proteins by GABARAP has recently been described
for the nuclear receptor co-repressor 1 (NCOR1) [107]. On the other hand, EGFR activation actively
suppresses autophagy by beclin 1 phosphorylation [108], and we did not use autophagy inducing
conditions in our set up.

GABARAP might bind to EGFR-containing vesicles, presenting the xLIR motif on their outer face

and thereby connect them to the microtubule network, which is known to associate with GABARAP [52].

In this case, EGFR vesicle transport would be mediated in a very direct manner.
Finally, several RTKs are associated with autophagy related processes. For example, protein
turnover of TNFRSF12A (TNF receptor superfamily member 12 A) is regulated by mammalian Atg8

family proteins, with GABARAP and GABARAPL2 fulfilling different roles in this process [109].

Autophagy degraded the RTK ret proto-oncogene (RET) [24]. The former case supports the idea of
non-redundant roles of GABARAP subfamily proteins, similar to what we observe for EGFR in Huh7.5
cells regarding GABARAP action.

5. Conclusions

Altogether, the presented data supports a unique and non-redundant role for GABARAP in the
context of EGF-induced EGFR degradation. GABARAP may be able to influence EGFR trafficking on
numerous levels, including, but very likely not limited to, a direct interaction with EGFR, as depicted
in Figure 9. Therefore, further detailed studies will be necessary to determine the underlying molecular
mechanism(s) of GABARAP interfering with EGFR trafficking and endosomal trafficking in general.
It will also be of paramount importance to clarify the roles of the other two GABARAP subfamily
proteins in that context. Lastly, we shall not forget the involvement of GABARAP subfamily proteins
in important cellular processes, such as autophagy and lysosomal fusion, which cannot be ruled out to
have an effect on most phenotypes in general. We have just started to uncover the mode of action of
human Atg8 proteins and their contribution to cell surface receptor fate in general.
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Appendix A
Table Al. Antibodies used in this study.
’ . Catalog Number/Dilution-Application
simifkngly Campay Speries (Antigen Used for Antibody Production)
primary Abs:
2232/1:1000-IB (synthetic peptide
anti-EGFR Cell Signaling  rabbit  corresponding to residues surrounding Tyr1068
of human EGFR)
. ; ; " 4267/1:1000-IB (fusion protein containing the
anti-EGFR Cell Signaling rabbit g domaiE e EGFRg)
anti-phospho-EGFR . . ) 2234./1:1000—11‘3 (synthetic pe;?tide
(Tyr1068) ell Signaling rabbit  corresponding to residues surrounding Tyr1068
y of human EGFR)
g , ; X 2920/1:1000-IB (synthetic peptide at the
pikil-Alct dgran) Cellbigoaling  mmDes carboxyterminal siquence }Z)f};uman Akt)
. 4060/1:1000-IB (synthetic phosphopeptide
anfl-plusghoeaks Cell Signaling ~ rabbit corres’:ponding tE: isiduesirouﬂd 82154)73 of
(Ser473)
human Akt)
anti-p44/42 MAPK — ' . 4695{'1:10()0-1]3‘ (synthetic peptide '
(Erk1/2) ell Signaling rabbit  corresponding to residues near the C-terminus
of rat p44 MAP kinase)
anti-phosphio-p4/12 9106/1:1000-1B (synthetic phospho-pgptide
g g (KLH-coupled) corresponding to residues
MAPK (Erk1/2) Cell Signaling ~ mouse - ding Thr202/Tyr204 of h .
(Thr202/Tyr204) surrounding Thr [yr204 of human p
MAP kinase)
anti-beta actin Abcam mouse ab6276/1:15 000-1B (DDDIAALVIDNGSGK)
13733/1:1000-1B (synthetic peptide
anti-GABARAP Cell Signaling rabbit  corresponding to residues surrounding Arg40
of human GABARAP)
In-house/undiluted-IF Institute for Diabetes
anti-GABARAP In-house rat and Obesity, Monoclonal Antibody Core
Facility, GST-hGABARAP _aal-117 [65]
26632/1:1000-IB (synthetic peptide
anti-GABARAPL1 Cell Signaling  rabbit corresponding to residues near the amino
terminus of human GABARAPL1)
14256/1:1000-IB (synthetic peptide
anti-GABARAPL2 Cell Signaling  rabbit corresponding to residues near the carboxy
terminus of human GABARAPL?2)
(HI:;I’f;if)Il’ed) 1\1}3111{1;212{11 mouse 130-091-833/1:2000-IB (proprietary)
35475/1:100-IF (synthetic peptide
anti-RAB5 Cell Signaling  rabbit  corresponding to residues surrounding Gly190
of human Rab5A protein)
93675/1:100-1F (synthetic peptide
anti-RAB7 Cell Signaling ~ rabbit  corresponding to residues surrounding Glu188

of human Rab7 protein)
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Table Al. Cont.

Catalog Number/Dilution-Application

Autibuly Company  Species 4, tigen Used for Antibody Production)

55895/1:100-IF (synthetic peptide
anti-RAB11 Cell Signaling rabbit corresponding to residues near the amino
terminus of human Rab11 protein.

secondary Abs:
a‘(‘;’lx:‘;’;s;fg 4};;'“ Abcam goat 150117/1:250-TF or 1:5000-IB (mouse IgG)
a:‘:l'i:b;‘::fg 2:;'“ Abcam goat 150083/1:250-IF or 1:5000-1B (rabbit IzG)
a"(t;lr:;:gFi';i%@M4;f‘L - n{igﬁ;’e’;’emh goat 112-545-068/1:250-IF (rat IgG + IgM)
anti-rabbit IgG H&L
(Alexa Fluor® 555 Abcam goat 150086/1:250-TF (rabbit IgG)
preadsorbed)
Table A2. Primers used in this study.
Sequence (5" — 3)
qPCR
CXCLS forward AGAAGTTTTTGAAGAGCCGCTGAGA
CXCLS reverse CAGACCCACACAATACATGAAGTG
CXCL1 forward CTGGCGGATCCAAGCAAAT
CXCL1 reverse CATTCCCCTGCCTTCACAAT
SDHA forward AGATGTGGTGTCTCGGTCGAT
SDHA reverse CGTGATCTTTCTCAGGGCCA
EGFR forward CATCCAGTGGCGGGACATAG
EGEFR reverse GGGACAGCTTGGATCACACT
Genotyping
GABARAP forward GGGTTGGTGAATAGGGAAGTGG
GABARAP reverse CACTCCTTTCATCCTGGGTCC
GABARAPL1 forward TGGGAACCTGATCCAAGACTC
GABARAPL1 reverse GCCAGGAAGCTAGTCCAAAAC
GABARAPL2 forward CTTGCTGGGAGCTAGTAGGG
GABARAPL2 reverse TCGAGGCACCCTGAACAGCA
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Supplementary Figures

Deficiency of GABARAP but not its paralogs causes
enhanced EGF-induced EGFR degradation

Jochen Dobner?, Indra M. Simons® 2, Kerstin Rufinatscha?, Sebastian Hinsch ¢, Melanie
Schwarten?, Oliver H. Weiergrﬁberz, Iman Abdollahzadeh? 3, Thomas Gensch?, Johannes G. Bode?,
Silke Hoffmann?, Dieter Willbold®2*

! Institut fiir Physikalische Biologie, Heinrich-Heine-Universitit Diisseldorf,
Universitatsstrafie 1, 40225 Diisseldorf, Germany

2 Institute of Biological Information Processing: Structural Biochemistry (IBI-7),
Forschungszentrum Jiilich, 52425 Jiilich, Germany

3 Department of Gastroenterology, Hepatology and Infectiology, University

Hospital, Heinrich-Heine-Universitit Diisseldorf, Moorenstrafie 5, 40225

Diisseldorf, Germany

Department of Biology, Center for Advanced Imaging (CAi), Heinrich-Heine-

Universitat Diisseldorf, Universitatsstrafe 1, 40225 Diisseldorf, Germany

Institute of Biological Information Processing — Molecular and Cell Physiology

(IBI-1), Forschungszentrum Jiilich, 52425 Jiilich, Germany

w

Supplementary Figure 51 is related to Figures 1-8

Supplementary Figure S2 is related to Figure 1

Supplementary Figure S3 is related to Figure 5

Supplementary Figure S4 is related to Figure 7 and Movie S1
Supplementary Figure S5 is related to Figure 7 and Movie 52
Supplementary Figure S6 is related to Figures 1-4, 6, 8 and Figure S2
Supplementary Table S1 is related to Figures 1-8

Movie 51 is related to Figures 7 and 54

Movie S2 is related to Figures 7 and S5
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Supplemental Figures S1 - 6, Table S1, Movies S1 - 2

A GABARAP GABARAPLA GABARAPL2

SRR : - “ 5 kﬂar | 15 kﬁam oo
stinree (TN T ETEET)

HEK293
GRAP/L1 DKO
GRAP/L2 DKO

GRAPL1/L2 DKO

TKO

HEK293
GRAP/L1 DKO
GRAP/L2 DKO
GRAPL1/L2 DKO
TKO

HEK293
GRAP/L1 DKO
GRAP/L2 DKO
GRAPL1/L2 DKO
GRAP/L1/L2TKO

B GABARAP GABARAPL1  GABARAPL2

GABARAP-type [ ] B 0. ™ GABARAP 15kDa GABARAPL1

stainfree [ —=—i] |
28 ) 28 GABARAPL2 S]]  '°kP2 GABARAPL2
2 3 F g F g stainfree stainfree
n wn
o & 2 ~ g g N
a (0] _g =] ] 0 ,g
5 £ giy =
o -
or [ e, g z
mump{#mnoa o 3
| T—— o
sanfree [ S0 T SO =% B
w O ™ < i
D ¥ 1. E
o 7 I N ]
o ozed
g 0 [
T EEREQ
w
5 58

Figure S1: Verification of CRISPR/Cas9 knockout and knock-in cell lines on protein level.

Whole cell protein lysates were isolated and analyzed for presence of the indicated GABARAP
subfamily member. (A) HEK293 based clonal KO cell lines. (B) Huh7.5 based clonal KO cell lines. (C)
HEK293 based KI clonal lines. GRAP = GABARAP, GRAPL1 = GABARAPL1, GRAPL2 =
GABARAPL2, TKO = GABARAP/L1/L2 TKO. SKO = single knockout, DKO = double knockout, TKO
= triple knockout. Figure S7 G shows uncropped source blots
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Figure S3: Analysis of EGF-Alexa647 containing vesicles of GABARAP SKO and Huh?7.5 cells by
Imaris and analysis of endosomal markers RAB 5, RAB11 and RAB?7 in response to EGF treatment
in GABARAP SKO and Huh?7.5 control cells.
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Vesicles of GABARAP SKO and Huh?7.5 control cells which were treated with 40 ng/ml EGF-Alexa647
were modelled with Imaris imaging analysis software (described in detail in figure 5 and materials
and methods section). (A) Mean vesicular volumes were largely unaffected by GABARAP-deficiency
in GABARAP SKO cells although tendency for less vesicles with a diameter of 16 — 32 um? was
observable for GABARAP SKO cells after 30 min of treatment. Asterisks mark significant differences
at indicated time points versus control cells as calculated using independent t-test. p <0.01 =**. (B)
Mean fluorescence intensities of EGF-Alexa647 positive vesicles classified into four arbitrary groups
for GABARAP SKO and Huh?7.5 control cells revealed significantly less vesicles with highest mean
fluorescence intensities > 80 for GABARAP SKO cells compared to Huh7.5 control cells after 30 min of
treatment. (B+C) Individual experiments are color-coded; > 50 cells per genotype and time point were
analyzed. Error bars represent 95% CI (C-E). Asterisks mark significant differences to the
corresponding time point of control cells and were calculated using independent t-test. p<0.05=*%,
p=0.01 =", p<0.001="* (C) Huh7.5 and GABARAP SKO cells were pulse-treated with 40 ng/ml
EGF-Alexa647 at 4 °C to allow binding to EGFR. After rigorous washing, cells were placed at 37 °C,
fixed at distinct time points and stained for early (RABS5), recycling (RABI11) or late (RAB7)
endosomes. All analyzed RAB proteins strongly accumulated within the first 30 min after EGF-
Alexa647 pulse. Colocalization analysis of RAB proteins with EGF-Alexa647 (white arrowheads)
revealed no alterations between GABARAP SKO and Huh?7.5 control cells. MFI = mean fluorescence
intensity Scale bar = 10 um, scale bar zoom =3 pm.
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C Source blots corresponding to figure 3
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E Source blots corresponding to figure 6
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F Source blots corresponding to figure 8
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G Source blots corresponding to figure S1
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H Source blots corresponding to figure S2
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116  Figure S6: Uncropped source blots of immunoblotting experiments.
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117  This figure contains the source blots corresponding to respective immunoblotting experiments as
118  indicated. (A) Uncropped source blots corresponding to figure 1. (B) Uncropped source blots
119 corresponding to figure 2. (C) Uncropped source blots corresponding to figure 3. (D) Uncropped source
120 blots corresponding to figure 4. (E) Uncropped source blots corresponding to figure 6. (F) Uncropped
121  source blots corresponding to figure 8. (G) Uncropped source blots corresponding to figure S1. (H)
122 Uncropped source blots corresponding to figure S2. Used antibodies are indicated for each blot.
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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 /oci. 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 um 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 (HelLa) 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 HelLa-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.
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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 Kl 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 PI4Klla 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 Pl4Klla to endosomes by GABARARP 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 PI4Klla 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 (TMCCA1)
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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