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1. Einleitung

Die vorliegende Arbeit beschäftigt sich im Kern mit dem Very large G protein-coupled receptor 

(VLGR1), einem der Unterfamilie der G-Protein gekoppelten Rezeptoren (GPCRs) 

zugeordneten Adhäsions-GPCR. VLGR1, auch bekannt als USH2C-Protein, ist assoziiert mit 

dem humanen Usher Syndrom (USH), der häufigsten erblich bedingten Form von Taub-

Blindheit. Zudem führen Mutationen im VLGR1 Gen zu einer Suszeptibilität für audiogen 

induzierte epileptische Anfälle bei Mäusen. Ebenfalls gibt es zunehmend Hinweise auf einen 

Zusammenhang von VLGR1 und Epilepsie beim Menschen. Die Validierung und 

Charakterisierung von VLGR1 an speziellen subzellulären Kompartimenten, den 

Mitochondrien-assoziierten ER-Membranen (MAMs), vertieft und erweitert das Verständnis 

bisher unbekannter molekularer Funktionen dieses Rezeptors und trägt zur Aufklärung dessen 

Pathomechanismen bei. Interaktionen von MAM-Proteinen mit VLGR1, die Lokalisation in 

diesem exklusiven Bereich, sowie der Einfluss von VLGR1 auf die Beschaffenheit und 

Funktionalität der MAMs, sind von zentralerer Bedeutung für das Verständnis molekularer 

Mechanismen von VLGR1 zwischen Mitochondrien und ER. 

1.1 Adhäsions G-Protein gekoppelter Rezeptoren 

GPCRs sind in einer Protein-Superfamilie klassifiziert, die in fünf Hauptfamilie: Klasse A 

(Rhodopsin-Rezeptoren), Klasse B (Sekretin-Rezeptoren), Klasse C (Glutamat-Rezeptoren) 

Klasse E (Adhäsions-Rezeptoren) und Klasse F (Frizzled/Smoothened) aufgegliedert ist 

(Favara et al. 2014) (Abb. 1). Klasse D zu der die Fungal mating pheromone receptors gehören, 

kommen in Säugetieren nicht vor. Zu den Kernfunktionen der GPCRs zählt die Übertragung 

extrazellulärer Signale in die Zellen, ein für die Zellkommunikation wesentlicher 

Mechanismus. Ein strukturbildendes und für die Signalübertragung bedeutendes Element aller 

GPCRs ist eine Transmembrandomäne bestehend aus sieben α-helikalen Segmenten, die durch 

alternierende intra-bzw. extrazelluläre Loops verbunden sind (7TM). Intrazellulär setzt sich die 

Signalübertragungskaskade über heterotrimere G-Proteine fort (Rosenbaum et al. 2009), 

bestehen aus Gα- und Gβγ-Untereinheiten, mit einer GDP / GTP-Bindungsstelle an ihrer Alpha-

Untereinheit. Nach der Aktivierung durch einen Liganden (Neurotransmitter, Hormone, Duft-

/Geschmacksstoffe, Licht oder mechanische Stimulation), kommt es zu einer 

Konformationsänderung, welche den Austausch von GDP zu GTP (Guanosintriphosphat) beim 

assoziierten G-Protein zu Folge hat (Gether and Kobilka 1998, Ji et al. 1998). Dadurch 

dissoziieren die Gα- und Gβγ-Untereinheiten und aktivieren verschiedenen Effektoren (Hamm 

1998). Der GPCRs Signalweg ist selbstterminierend, Gα hydrolysiert GTP zu GDP, was zu 
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einer Reassoziation der Gα- und Gβγ-Untereinheiten führt und somit der inaktive Zustand 

hergestellt wird.  

 

Abb. 1: GPCR Klassifikation mit Fokus auf die Adhäsions-GPCRs. GPCRs lassen sich anhand der 

Sequenzhomologie ihrer 7 transmembran Domänen in 5 Klassen unterteilen (A, B, C, E und F). Die 

Klasse der Adhäsions-GPCRs umfasst 33 Rezeptoren, die sich wiederum phylogenetisch in 9 

Subfamilien einteilen lassen. Rezeptoren jeder Unterfamilie sind namentlich gelistet.  

Die Adhäsions-GPCRs (ADGRs) stellen innerhalb der Superfamilie der GPCRs (Klasse A 701, 

Klasse B 15, Klasse C 22 und Klasse F 11) mit 33 Vertretern die zweitgrößte Gruppe dar 

(Favara et al. 2014), die sich wiederum in 9 Subfamilien klassifizieren lässt (Abb. 1). Ältere 

systematische Klassifizierungen zählten ADGRs und Klasse B (Sekretin-Rezeptoren) zu einer 

Gruppe (Baud et al. 1995).  Fundiert auf genetischen Analysen, lassen sich ADGRs jedoch zu 

einer eigenständigen Subfamilie zusammenfassen (Hamann et al. 2015). Ein wesentlicher 

Unterschied der ADGRs zu den Sekretin-Rezeptoren ist die meisten sehr große extrazelluläre 

N-terminale Domäne, die Zell-Zell- oder Zell-Matrix-Adhäsion generiert. Ebenfalls können 

ADGRs durch Kopplung von Adhäsions- und Signaleigenschaften, die Funktion von 

Mechanosensoren einnehmen (Luo et al. 2011, Langenhan 2020, Scholz et al. 2015). Des 

Weiteren besitzen ADGRs eine besondere GAIN Proteindomäne N-Terminal der 

Transmembranhelix. In der GAIN Domäne befindet sich die GPCR proteolytic site (GPS), an 

der durch autokatalytische Spaltung im Endoplasmatischen Retikulum (Lin et al. 2010) zwei 

funktionale Untereinheiten des Proteins resultieren. Das N-terminale Fragment (NTF) bleibt 

extrazellulär und das C-terminale Fragment membrangebunden (Arac et al. 2012). Beide 

Fragmente bleiben meistens als Dimer assoziiert, können aber auch voneinander unabhängige 

Signalfunktionen ausüben und sogar Heterodimere mit Fragmenten von anderen ADGRs bilden 

(Hu et al. 2014, Hamann et al. 2015, Knapp et al. 2019, Promel et al. 2012, Patra et al. 2013). 

Bemerkenswert hierbei ist die Tatsache, dass die C-terminalen Fragmente vieler ADGRs eine 
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höhere Rezeptoraktivität als die vollständigen Proteine aufweisen (Okajima et al. 2010, Paavola 

et al. 2011, Ward et al. 2011). Dabei spielen die ersten ~10 Aminosäuren des CTFs, das 

sogenannte Stachel-Peptid eine entscheidende Rolle. Nach Dissoziation oder einer 

Konformationsänderung des NTF, ist das Stachel-Peptid nicht mehr an das NTF gebunden und 

kann durch Bindung an die Transmembrandomäne den Rezeptor aktivieren (Abb. 2) (Liebscher 

et al. 2014, Demberg et al. 2015, Stoveken et al. 2015, Wilde et al. 2016). Somit unterdrückt 

das NTF die Rezeptoraktivität (Paavola et al. 2011), indem es die Stachel-Sequenz vor der 

Abspaltung maskiert. Somit wird der Stachel auch als „angebundener“ Agonist (tethered 

agonist) definiert. Eine weitere Hypothese zur Aktivierung von ADGRs, bezieht sich auf 

mögliche mechanosensorischen Funktionen der Rezeptoren, nach dem diese als 

Mechanorezeptoren wirken könnten (Luo et al. 2011, Karpus et al. 2013, Scholz et al. 2016).  

Abb. 2: Aktivierungsmechanismus von Adhäsions-GPCRs mittels Stachel-Peptid. Dissoziation 

oder Konformationsänderung des NTFs, führt zu einer Abspaltung an der GAIN-Domäne. Dadurch 

kann das Stachel-Peptid an die Transmembranhelix binden und den Rezeptors aktivieren.  

ADGRs stehen mit zahlreichen Krankheiten in Verbindung, jedoch stellen dieses bislang keine 

Zielmoleküle für therapeutische Ansätze dar (Bassilana et al. 2019). Dies liegt am fehlenden 

Wissen und Verständnis über/für die Funktionen, die Signalwege, die Interaktionspartner und 

die übergeordneten Proteinnetzwerke (Knapp and Wolfrum 2016). So entwickelt und steigert 

sich über die letzten Jahre das Interesse an der Erforschung von ADGRs enorm. Bisherige 

Daten zeigen, dass einige ADGRs an der Aktivierung der Rho-GTPasen Rho, CDC42 oder 
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Rac1 beteiligt sind und zudem in Wnt/PCP-Signalwegen eine Rolle spielen (Hamann et al. 

2015, Knapp and Wolfrum 2016, Knapp et al. 2019). Auch konnten Interaktionen mit 

Gerüstproteinen gezeigt werden, die auf Modellierung von Rezeptoraktivität hindeuten 

(Stephenson et al. 2013, Hu et al. 2014). Jedoch bleibt im Feld der ADGRs noch Vieles zu 

erforschen. Um den Kenntnisstand zu erweitern und ein genaueres Bild zu erhalten, sind 

besonders die Identifizierung, Charakterisierung und Validierung von Liganden und 

Interaktionspartnern von ADGRs von Bedeutung.  

1. 2 Der Very Large G protein-coupled Receptor 1 (VLGR1)

Der very large G protein coupled receptor 1 (VLGR1), auch GPR98, ADGRV1 oder MASS1 

bezeichnet, ist das Produkt des GPR98 (USH2C) Gens und gehört zur Proteinunterfamilie der 

Adhäsions-G-Protein gekoppelten Rezeptoren (ADGRs) (McMillan and White 2010, Hamann 

et al. 2015). Wobei die die Abkürzung ADGRV1 die aktuelle gültige nach der aGPCR 

Nomenklatur darstellt (Hamann et al. 2015). In den meisten Publikationen wird jedoch, die dem 

eigentlichen Namen des Rezeptors nahliegende Form, VLGR1 verwendet. Diese wird auch in 

dieser Arbeit und den dazugehörenden Publikationen benutzt. Das Gen umfasst über 600 kb 

und codiert 90 Exons, die längste Isoform VLGR1b besteht aus 6306 Aminosäuren mit einem 

Molekulargewicht von ~ 730 kDa. VLGR1 ist der größte bekannte GPCR und bildet innerhalb 

der Unterfamilie der ADGRs eine eigene Gruppe (Hamann and Petrenko 2016, McMillan et al. 

2002). Strukturelle Besonderheiten des Proteins, sind die sehr lange extrazelluläre Domäne mit 

35 Calx-beta (Calxβ) Domänen, sowie Epilepsie-assoziierte Regionen bestehend aus sieben 

Epitempin Wiederholungssequenzen (EPTP/EAR) und einer Laminin G (LamG)/Pentraxin 

(PTX) Domäne. N-terminal der sieben Transmembrandomäne (7TM) befindet sich die GPCR 

autoproteolysis-inducing (GAIN) Domäne, in welcher eine GPCR proteolytic site (GPS) 

lokalisiert ist. Am intrazellulären C-Terminus befindet sich eine PDZ binding motif (PBM) 

(McMillan and White 2010). Neben VLGR1b der „full-lenght“ Form des Proteins, sind 8 

weitere Isoformen beschrieben (Skradski et al. 2001, Nikkila et al. 2000, McMillan and White 

2004, Yagi et al. 2009) welche Spleiß-Varianten der b Isoform Form sind (Abb. 3). VLGR1a 

ist die einzige bekannte Isoform, die neben VLGR1b eine 7TM und eine intrazelluläre Domäne 

aufweist und somit auch als GPCR fungieren kann. Die Isoformen VLGR1c-e bestehen aus 

unterschiedlichen großen Teilen des nativen N-Terminus von VLGR1b und besitzen somit ein 

Signalpeptid zur Sekretion aus den Zellen. Drei weitere Isoformen MASS1.1, MASS1.2 and 

MASS1.3 sind ebenfalls Fragmente der N-terminalen Domäne, jedoch ohne hydrophobes 

Signalpeptid, weshalb diese wahrscheinlich intrazellulär lokalisiert sind. Die Expressionslevel 
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einiger Isoformen sind sehr gering, so wird MASS1.1 nur zu unter 1% von VLGR1b exprimiert, 

was die Relevanz verschiedener Isoformen in Frage stellt (Yagi et al. 2005). Neben den 

beschriebenen Isoformen, stehen weitere Varianten in Diskussion. VLGR1f-1h, VLGR1j und 

VLGR1o wurden mittels der RACE (rapid amplification of cDNA-ends) Methode identifiziert, 

jedoch noch nicht validiert, weshalb diese nur als mögliche Isoformen klassifiziert werden.  

 

Abb. 3: Proteinstruktur der VLGR1-Isoformen a-e. VLGR1b ist die “full-length” Isoform mit 

PDZ-binding motif (PBM), 7 transmembrane domain (7TM), GPCR autoproteolysis inducing 

domain (GAIN), GPCR proteolytic site (GPS), 7 epilepsy associated repeats (EAR), calcium-

binding motifs (Calx-β) und Laminin G(LamG)/Pentraxin(PTX) domain. Durch Autoprotolyse am 

GPS entsteht ein C-terminales Fragment (CTF) und N-terminales Fragment (NTF). ICD = 

intracellular domain. ECD = extracellular domain. Domänen Größenverhältnis: CTF-NTF 1:15.  

1.3 VLGR1 im humane Usher-Syndrom und anderen Krankheiten 

Mutationen im VLGR1 Gen, führen zur Entwicklung schwerer Krankheiten bei Menschen und 

ausgeprägter Phänotypen bei Mausmodellen. Zurzeit sind über 40 pathogene humane Mutation 

in VLGR1 identifiziert, die sich über die gesamte Spanne der Gensequenz erstrecken 

(https://databases.lovd.nl/shared/ genes/GPR98). Zusammenhänge von Epilepsie und 

Mutationen im VLGR1 Gen wurden ebenso beschrieben (Nakayama et al. 2002, Wang et al. 

2015a, Zhou et al. 2016, Myers et al. 2018, Han et al. 2020, Dahawi et al. 2021 Liu et al. 2022) 

, wie Hinweise auf die Struktur von Knochengewebe und Osteoporose (Urano et al. 2012). 

VLGR1 wird ubiquitäre exprimiert, jedoch unterliegt die Expression temporären und lokalen 

Regulationen. In zahlreichen adulten Gewebe ist VLGR1 zu finden, auch wenn in geringen 
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Konzentrationen (Nikkila et al. 2000, Skradski et al. 2001, McMillan et al. 2002, McGee et al. 

2006, Michalski et al. 2007). Hohe Expressionslevel lassen sich im Gehirn, Retina und Cochlea 

detektieren (Reiners et al. 2005, van Wijk et al. 2006, Maerker et al. 2008, Shin et al. 2013). 

Obwohl ein direkter funktioneller Kontext mit Epilepsien noch nicht gezeigt wurde, konnte 

nachgewiesen werden, dass VLGR1 sowohl in Oligodendrozyten stark exprimiert wird, als 

auch bei der Erhaltung der Myelin-Scheiden von Bedeutung ist, indem VLGR1 stabilisierenden 

Einfluss auf das Myelin-assoziierte Glykoprotein (MAG) nimmt (Shin et al. 2013). Zusätzlich 

legen Expressionsanalysen eine Beteiligung von VLGR1 in der Entwicklung des zentralen 

Nervensystems nahe (McMillan and White 2010). Interessanterweise neigen Mausmodelle mit 

einer Vlgr1-Mutation (u.a. del7TM Mäuse) zu audiogen induzierbaren epileptischen Anfällen 

(Skradski et al. 2001, McMillan and White 2004, Yagi et al. 2005). Dieser ausgeprägte 

Phänotyp macht die Mausmodelle zu geeigneten Objekten, die molekularen Grundlagen der 

Rolle von VLGR1 auf die Entwicklung neuronaler Defekte zu untersuchen.  

Die bislang prominenteste Rolle von VLGR1, ist die in der Genese des humanen Usher 

Syndroms (USH). Es ist eines von 10 identifizierten Genen, deren Fehlfunktionen diese 

heterogenen autosomal-rezessiv vererbte Krankheit verursachen. USH ist mit einer Prävalenz 

von 1:10.000 (Hope et al. 1997) bis 1:6.000 (Kimberling et al. 2010), die häufigste Form von 

erblich bedingter Taub-Blindheit (Bonnet et al. 2016), welche auch Störungen des vestibulären 

Systems beinhalten kann. Diese progrediente Krankheit ist charakterisiert durch eine 

progressive Degeneration der Retina (Retinitis Pigmentosa), kombiniert mit einer gestörten 

Entwicklung von Haarsinneszellen im Innenohr. Es werden drei klinische Subtypen des USH 

klassifiziert: USH1, USH2 und USH3 (Tabelle 1.). Zur Einstufung werden Kriterien wie Alter 

bei Krankheitsbeginn, der zeitliche Verlauf, sowie die Schwere der Symptome herangezogen. 

USH1 ist die schwerwiegendste Form und zeichnet sich durch ausgeprägte Hörschäden aus, die 

entweder kongenital oder frühkindlich auftreten (Kimberling and Moller 1995). RP und 

vestibuläre Störungen treten schon präpubertär auf und sind fortschreitend (Petit 2001). Die 

häufigste Form ist USH2, welche 56-67% der Fälle darstellt und sich im Wesentlichen von 

USH1 durch einen späteren Beginn der RP (während oder postpubertär), mildere 

Beeinträchtigungen des Hörvermögens (besonders bei hohen Frequenzen) und einen intakten 

Gleichgewichtssinn differenzieren lässt (Ebermann et al. 2009). Mutationen von VLGR1 

(USH2C) bedingen dabei 3-8% der USH2 Erkrankungen (Millan et al. 2011, Bonnet et al. 

2016). Die seltenste und mildeste Form ist USH3. Etwa 50% der USH3 Fälle wurden aus 

Finnland berichtet. Hörbeeinträchtigungen treten bei dieser Form frühstens im fortgeschrittenen 
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Kindesalter auf und auch RP und Gleichgewichtsstörungen entwickeln sich im 

Erwachsenenalter (Pakarinen et al. 1995).  

Neben den klinischen Unterschieden ist auch die genetische Heterogenität von USH 

bemerkenswert. Obwohl bisher 10 Gene identifiziert wurden, deren Mutationen USH 

hervorrufen (Tabelle 1.), sind die zugrundeliegenden molekularen Mechanismen der Krankheit 

unzureichend bekannt.  

Tabelle 1: USH-Formen und identifizierte USH Gene. Das im Fokus dieser Arbeit steht der USH2C 

Subtyp, der von Defkten im ADGRV1 Gen das VLGR1/ADGRV1 Protein kodiert (umrahmt). PDZ = 

PDZ-Domäne. GPCR = G protein coupled receptor. 

Die aus den USH Genen resultierende Proteine gehören unterschiedlichen Proteinfamilien an 

und variieren in ihren Funktionen, jedoch bilden sie das sogenannte USH-Protein-Netzwerk 

(Usher-Interaktom) (Adato et al. 2005, Reiners et al. 2005, Wolfrum 2011). Das Resultat von 

Typ Locus Gen Protein Funktion Referenz 

USH1B 11q13.5 MYO7A Myosin VIIa Motorprotein 
Weil et al., 

1995 

USH1C 11p14-15.1 USH1C Harmonin PDZ-Gerüstprotein 
Smith et al., 

1992 

USH1D 10q22.1 CDH23 Cadherin 23 

Zell-Zell Adhäsion, 

Transmembran- 

protein 

Bolz et al., 

2001 

USH1E 21q21 - - - - 

USH1F 10q21.1 PCDH15 Protocadherin 15 

Zell-Zell Adhäsion, 

Transmembran- 

protein 

Alagramam 

et al., 2001 

USH1G 17q25.1 USH1G SANS Gerüstprotein 
Weil et al., 

2003 

USH1H 15q22-q23 - - - - 

USH1J 15q25.1 CIB2 CIB2 
Calcium 

Homeostasis 

Riazuddin 

et al., 2012 

USH1K 10p11.21-q21.1 - - - - 

USH2A 1q41 USH2A USH2a/Usherin 
Transmembran- 

protein 

Eudy et al., 

1998 

USH2C 5q13 ADGRV1 VLGR1/ADGRV1 

Adhesion-GPCR, 

Transmembrane- 

protein 

Johnson et 

al., 2005 

USH2D 9q32 DFNB31 Whirlin PDZ-Gerüstprotein 
Ebermann 

et al., 2007 

USH3A 3q25 CLRN1 Clarin 1 

4-Transmembran- 

protein, Zell

Adhäsion

Adato et al., 

2002 
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identischen Phänotypen, hervorgerufen von Fehlfunktionen strukturell unterschiedlicher 

Proteine, lässt sich mit der Integration dieser Proteine in ein funktionelles Netzwerk erklären, 

dessen korrekte Ausbildung und Funktion von den Interaktionen der einzelnen Proteine 

untereinander abhängt. USH-Proteine und insbesondere VLGR1 stehen neben USH in 

Verbindung mit zahlreichen anderen Proteinen und Zellkompartimenten und repräsentieren 

somit ein vielversprechendes und interessantes Arbeitsfeld für die Erforschung pathogener 

Mechanismen neben dem USH (Knapp et al. 2019). 

1.4 Mitochondrien-assoziierten ER-Membranen (MAMs) 

Um die Entstehung und Entwicklung, der von VLGR1-Fehlfunktionen bedingten Krankheiten 

besser zu verstehen, ist die Lokalisation der Prozesse innerhalb der Zelle entscheidend. Im Zuge 

dieser Arbeit, ergaben sich Hinweise auf eine Assoziation von VLGR1 an den Mitochondrien-

assoziierten ER-Membranen (MAMs). Die MAMs stellen spezielle subzelluläre 

Kompartimente dar, welche sich aus Membranen des Endoplasmatischen Retikulums (ER) und 

den äußeren Mitochondrienmembranen dynamisch und reversibel bilden. Definiert wird dieses 

Kompartiment als Kontaktstelle zwischen ER und Mitochondrien mit einem Abstand von 10-

80 nm. Diese Schnittstelle zwischen den beiden Organellen, wird durch bestimmte 

Ankerproteine „tethers“ und Protein-Protein-Interaktion, für diesen Bereich charakteristischer 

Proteinen definiert. Generell können MAMs als eine besonders wichtige Plattform für 

zahlreiche biochemische Prozesse in eukaryotischen Zellen beschrieben werden (Giacomello 

and Pellegrini 2016).  

Fehlfunktionen an MAMs beziehungsweise von an MAMs beteiligten Proteinen stehen oft in 

Verbindung mit neurodegenerativen Krankheiten wie Alzheimer und Stoffwechselstörungen 

wie Diabetes (Lee et al. 2018, Paupe and Prudent 2018). So existieren zahlreiche Hypothesen, 

welche den MAMs eine Rolle an den molekularen Prozessen die Alzheimer zugrunde liegen, 

zusprechen. Die β-Amyloid Theorie, ist ein Ansatz zur Erklärung der Bildung und 

Akkumulation von extrazellulären Plaques in Gehirn von Alzheimer Patienten. Dabei spielt die 

Spaltung des Amyloid-precursor Proteins (APP) durch die γ-Sekretase eine zentrale Rolle 

(Pimplikar 2009). Es konnte gezeigt werden, dass beide katalytischen Untereinheiten der γ-

Sekretase, Präsinilin 1 & 2 (PSEN1, PSEN2) an den MAMs angereichert sind (Area-Gomez et 

al. 2009, Knapp et al. 2019). Eine veränderte Ca2+-Homöostase, erhöhte Cholesterol Spiegel 

sowie Phospholipid-Synthese, sind weitere Eigenschaften, die bei der Alzheimer-Krankheit 

auftreten und deren molekularer Hintergrund eng mit MAMs assoziiert ist. Diese Indikatoren 

stützen die sogenannte „MAM-Hypothese“ in Bezug auf die Alzheimer-Krankheit, im 



9 

Speziellen, dass beeinträchtigte MAM-Funktionen zu einer gestörten Kommunikation von ER 

und Mitochondrien führen und dies, die Ursache für die Entwicklung der Krankheit darstellt 

(Schon and Area-Gomez 2013, Area-Gomez et al. 2009). 

MAMs besitzen zum Teil die Charakteristik von lipid rafts (Lipidflöße). Dies sind spezielle   

Membrandomänen, die sich durch einen relativ hohen Gehalt an Sphingomyelinen, 

Glycosphingolipiden und Cholesterin auszeichnen und sich als flüssigkristalline Phasenstruktur 

in der Zellmembran einordnen (Hayashi and Fujimoto 2010, Area-Gomez et al. 2012, 

Annunziata et al. 2018). Lipid Rafts dienen als Plattformen in der Zellmembran für die 

Integration und Sortierung bestimmter Proteine und sind so wesentlich an der 

Kompartimentierung beteiligt (Lingwood and Simons 2010). Aufgrund ihrer relativen Stabilität 

gegenüber Detergenzien wie Tensiden, werden lipid rafts auch als detergent-resistant 

membranes (DRMs) bezeichnet und lassen sich mithilfe dieser isolieren (Simons and Vaz 2004, 

Area-Gomez et al. 2012). 

Untersuchungen deuten darauf hin, dass das spezielle Zellkompartiment der MAMs, eine 

Schlüsselfunktione in verschiedenen zellulären Mechanismen einnimmt. Darunter sind die 

Ca2+-Homöostase, Lipidsynthese- und Umbau, Regulation der mitochondrialen Morphologie 

und die Autophagozytose (Hamasaki et al. 2013, Ilacqua et al. 2017). Lipid- und 

Phospholipidsynthese sind die ersten Mechanismen, die den MAMs zugeordnet wurden (Vance 

2014). Weiter Untersuchungen konnten die Umwandlungskaskaden aufschlüsseln und zeigten, 

dass diese Prozesse stark an die Kontaktstellen zwischen ER und Mitochondrien gekoppelt sind 

und legen ein Zusammenspiel von Proteinkomplexen nahe, welches den Lipidtransfer an den 

MAMs bewerkstelligt (Vance 2014, De Mario et al. 2017).  

Von zentraler Bedeutung für die Signalübermittlung und Bioenergetik in Zellen ist Ca2+ 

(Hayashi and Su 2007). Es wird durch einen Brückenkomplex aus dem Inositol triphosphate 

receptor (IP3R, am ER) und dem Voltage dependent anion channels (VDAC, 

Mitochondrienmembran) vom ER in die Mitochondrien transferiert. Vermutlich sind auch 

weiteren Proteinen wie GPR75 und der Sigma-1-Rezeptor an diesem Vorgang beteiligt 

(Hedskog et al. 2013, Ilacqua et al. 2017).  

Im Grunde bieten MAMs ebenso eine Ebene für (unter anderen) Proteine und Mechanismen 

der Lipid- und Ca2+-Homöostase oder Autophagie und werden aber auch durch diese definiert. 

Eine Veranschaulichung dieser Struktur ist in Abbildung 4 illustriert, welche mitunter putative 

und validierte Interaktionspartner von VLGR1 beinhaltet.  
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Abb. 4: Schematische Übersicht der MAMs mit in VLGR1_CTF TAPs identifizierten 

Proteinen. (A) VLGR1_CTF ist assoziiert mit dem mitochondrialen Protein-Komplex der 

Atmungskette (complex I, III, IV, V), MICOS komplex und Translokasen der inneren und 

äußeren Mitochondrienmembran (TIM, TOM). (B) VLGR1_CTF ist assoziiert mit 

verschiedenen Proteinen der Mitochondrien-assoziierten ER Membranen (MAMs): VDAC1, 

SIGMA1R, ACSL4 und Komponenten des γ-Sekretase-Komplex (PSEN1, PSEN2). Proteine, 

die in TAPs identifiziert wurden sind farbig gestaltet, andere sind in grau gehalten. Abbildung 

wurde modifiziert nach Knapp et al., 2019. 

1.5 Zielsetzung der Arbeit 

VLGR1 ist der größte bekannte Adhäsions-GPCR und eines von 10 Genen (USH2C), deren 

Mutationen das Humane Usher Syndrom (USH), die häufigste Form erblicher Taub-Blindheit 

hervorrufen. Erkenntnisse über die molekulare Funktion und die Signalwege dieses Rezeptors, 

sind essentiell für das Verständnis der Pathogenese von USH und andere Krankheiten, in denen 

VLGR1 beteiligt ist. VLGR1 ist ein sehr komplexes Protein mit unterschiedlichen 

Domänenstrukturen, die auf verschiedene Funktionen dieses Moleküls hinweisen und somit 

interessante Felder zu Erforschung dieses aGPCRs bieten. Um Aufschluss über die Beteiligung 

von VLGR1 in bestimmten zellulären Prozessen zu erhalten, ist es nötig, seine 

Interaktionspartner und Lokalisation zu ermitteln. Um die Relevanz von VLGR1 auf diese 

Prozesse zu definieren, sind gut etablierte VLGR1-Modelle unabdingbar. Diese schaffen die 

Grundlagen für funktionelle Studien und tragen bei der Erforschung des Potentials dieses 

besonderen Rezeptors eine tragende Rolle.  
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Somit ergaben sich für die folgenden Ziele, die in den jeweiligen Forschungsarbeiten zu 

VLGR1 formuliert wurden: 

(1) Identifizierung von Interaktionspartner von VLGR1, die Hinweise auf die 

Beteiligung von VLGR1 in Zellmodulen liefern 

(2) Etablierung primäre Astrozyten als zelluläres Model für Vlgr1-Defekte 

 

(3) Validierung und Charakterisierung der Rolle von VLGR1 an Mitochondrien-

assoziierten ER-Membranen 

Zu (1) Identifizierung von Interaktionspartner von VLGR1 und deren Beteiligung an 

zellulären Prozessen 

Als Grundlage für die Erforschung noch nicht bekannter Funktionen von VLGR1 auf 

molekularer und zellulärer Ebene, dienten Protein-Interaktions-Analysen wie die Tandem-

Affinitäts-Aufreinigungen (TAPs). Mittels der TAPs, die mit verschiedenen Fragmenten von 

VLGR1 durchgeführt wurden, sollten putative Interaktionspartner identifizierte werden.  In 

Kombination mit Massenspektrometrie (Gloeckner et al. 2007, Boldt et al. 2016) und 

anschließender bioinformatischen Auswertungen wurden Modele von VLGR1-

Proteinnetzwerken erstellt werden. Diese Proteomdaten zeigten neue Ansätze für die 

Beteiligung von VLGR1 in verschiedenen biologischen Prozessen auf (Publikation I und II). 

Zu (2) Etablierung von VLGR1-defizienten Zelllinien basierend auf Maus Modellen 

Um die Relevanz, also den Einfluss und Beteiligung, von Proteinen auf molekulare Prozesse 

zu definieren und zu beurteilen, sind robuste in vitro Modele von großer Bedeutung. Primäre 

Astrozyten gewinnen immer mehr Aufmerksamkeit als wichtige und nützliche Modelle zu 

Erforschung biologischer und biochemischer Prozesse. Ausgehend von zwei VLGR- 

defizienten Mausmodellen: Vlgr1/del7TM und Drum B (Potter et al. 2016), sollte eine effektive 

Isolationsmethode etabliert werden, welche die Kultivierung von primären murinen Astrozyten, 

zur Analysezwecken gewährleistet (Publikation III). 

Zu (3) Validierung und Charakterisierung von VLGR1 an Mitochondrien-assoziierten 

ER Membranen  

Die Analyse der VLGR1-Proteinnetzwerke, in Hinblick auf ihre Beteiligung in biologische und 

molekulare Prozesse, sowie der zellulären Komponenten, zeigt u.a., dass VLGR1 mit vielen 

Proteinen interagiert, die im ER bzw. Mitochondrien lokalisiert sind. Signifikant für VLGR1 

wurden viele Proteine identifiziert, die hauptsächlich mit Mitochondrien-assoziierten ER-
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Membranen (MAMs) assoziiert sind, was neue, bisher nicht bekannte Funktionen von VLGR1 

impliziert. Eine Beteiligung von VLGR1 in den MAMs, sollte durch die Validierung direkter 

Interaktionen zu MAM-Schlüsselproteinen, die Lokalisation in diesem subzellulären 

Kompartiment sowie durch Präsenz von VLGR1 in isolierten MAM-Fraktionen bestätigt 

werden. Weiter sollte die Rolle von VLGR1 in den MAMs näher beschrieben werden, indem 

die Komposition der MAMs in den relevanten Organen von VLGR1-defizienten Mausmodellen 

analysiert wurde. Für eine funktionelle Analyse von VLGR1 an den MAMs sollte der Ca2+-

Fluss von ER und Mitochondrien untersucht werden. (Publikation IV). 
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Adhesion G protein–coupled receptors (ADGRs) have recently become a target of intense research. Their unique
protein structure, which consists of a G protein–coupled receptor combined with long adhesive extracellular
domains, suggests a dual role in cell signaling and adhesion. Despite considerable progress in the understanding of
ADGR signaling over the past years, the knowledge about ADGR protein networks is still limited. For most recep-
tors, only a few interaction partners are known thus far. We aimed to identify novel ADGR-interacting partners to
shed light on cellular protein networks that rely on ADGR function. For this, we applied affinity proteomics, utiliz-
ing tandem affinity purifications combined with mass spectrometry. Analysis of the acquired proteomics data pro-
vides evidence thatADGRsnot only have functional roles at synapses but also at intracellularmembranes, namely at
the endoplasmic reticulum, theGolgi apparatus,mitochondria, andmitochondria-associatedmembranes (MAMs).
Specifically, we found an association ofADGRswith several scaffold proteins of themembrane-associated guanylate
kinases family, elementary units of the γ-secretase complex, the outer/innermitochondrial membrane, MAMs, and
regulators of the Wnt signaling pathways. Furthermore, the nuclear localization of ADGR domains together with
their physical interaction with nuclear proteins and several transcription factors suggests a role of ADGRs in gene
regulation.

Keywords: G protein–coupled receptors; aGPCR; ADGR; synaptic scaffold proteins; mitochondria-associated mem-
branes; gamma-secretase; Wnt signaling

Introduction

Over the last two decades, the adhesion G protein–
coupled receptor (aGPCR or ADGR) protein family
and their functional roles in cell adhesion and
signaling have received increasing attention.1 The
ADGR protein family comprises 33 members, char-
acterized by a unique protein structure composed
of a large extracellular domain with adhesive func-
tion and a seven transmembrane (7TM)moiety that
resembles G protein–coupled receptors (GPCRs) of
the secretin family. According to the molecular sig-
nature of their 7TM domains, the 33 humanAGPRs
are categorized into nine distinct subfamilies
(I–IX).2

A characteristic feature of ADGRs is their ability
to undergo autocleavage at the G protein–coupled
receptor proteolytic site (GPS), which is located
near the first transmembrane domain and embed-
ded in the GPCR autoproteolysis-inducing (GAIN)
domain (Fig. 1A).3 ADGRautocleavage results in an
N-terminal fragment (NTF) and a C-terminal frag-
ment (CTF) that usually stay associated as a dimer.4
However, there is increasing evidence that the NTF
andCTF can act independently.5,6 ManyCTFs show
increased activation compared with the full-length
receptor when overexpressed in cellular systems7–10
and it has been presumed that the signaling function
of ADGRs is regulated by their NTFs.3,11,12 More
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A

D

B C

Figure 1. ADGR protein domain structure and TAP constructs and GO term analysis of TAP data. (A) General protein struc-
ture of ADGRs. (B) Schematic representation of ADGR protein fragments that were fused to a STREP II-FLAG tag. (C) ADGR
fragments that were used in the TAPs. ICD, intracellular domain; TM, transmembrane domain; ECD, extracellular domain;
GAIN, G protein–coupled receptor autoproteolysis-inducing domain; CTF, C-terminal fragment; NTF, N-terminal fragment;
GPS, GPCR proteolytic site; PBM, PDZ-binding motif. (D) GO term analysis for ADGR TAP preys. TAP preys that are included
in all ADGR_CTF datasets were grouped according to assigned GO terms using STRAP.25 ADGR preys are mainly involved in
cellular processes and regulation. They predominantly localize to the endoplasmic reticulum, nucleus, and mitochondria. The
prevalent molecular functions are binding and catalytic activity.

recently, it has been demonstrated that the first
∼5–10 amino acids of the CTF, called Stachel, medi-
ate the activation of ADGRs upon NTF removal
or conformational change.13,14 However, there is
also evidence for Stachel-independent signaling that
requires alternative, more complex activation.15,16

Despite considerable progress inADGR research,
many functions of these unique receptors and
their underlying molecular mechanisms remain
largely elusive. The elucidation of ADGR func-
tion is hampered by the lack of known lig-
ands and intracellular interaction partners.17
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Identification of such interacting partners should
provide a more comprehensive view of ADGR
functions in defined cellular modules. In the
present study, we used a powerful affinity pro-
teomics approach to identify physically interacting
partners and protein complexes of nine ADGRs
from five different ADGR groups, namely LPHN2
(ADGRL2, group I), CD97 (ADGRE5, group
II), GPR123 (ADGRA1, group III), GPR124
(ADGRA2, group III), GPR125 (ADGRA3, group
III), BAI1 (ADGRB1, group VI), BAI2 (ADGRB2,
group VI), BAI3 (ADGRB3, group VI), and VLGR1
(ADGRV1, group IX). To identify proteins and
protein complexes interacting with the cellular
parts of the ADGR, we tagged the intracellular
domain (ICD) or CTF of the ADGRs with the Strep
II/FLAG tandem affinity purification (SF-TAP) tag
and expressed the SF-tagged proteins in HEK 293T
cells. We subsequently performed tandem affinity
purification (TAP) to isolate ADGR-associated
complexes close to their native functional state
from cell lysates.18 Subsequently, the content of
purified protein complexes was analyzed by liquid
chromatography coupled with tandem mass spec-
trometry (LC–MS/MS). Analysis of the identified
complex components revealed novel intracellular
ADGR interaction partners, including synaptic
scaffold proteins, nuclear proteins, and regulatory
phosphatases. In addition, we determined for the
first time the association of ADGRs with intra-
cellular membrane networks associated with the
endoplasmic reticulum (ER), the Golgi apparatus,
and mitochondria. Specifically, we identified the
subunits of the γ-secretase complex as a common
interaction partner for VLGR1, CD97, LPHN2,
and GPR124. A large overlap in the interactomes
of VLGR1, CD97, and LPHN2 indicates a common
joint protein interactome. Moreover, their nuclear
localization paired with their physical interaction
with nuclear proteins and several transcription
factors suggest an unexpected role of ADGRs in
gene regulation.

Materials and methods

Plasmids
Plasmids used for TAP were coding for the
Strep II-FLAG (SF)-tagged versions of the follow-
ing proteins: hsVLGR1 (Uniprot ID Q8WXG9-1)
a.a. 6155–6306 (ICD) and a.a. 5891–6306 (CTF);
hsCD97 (P48960-1) a.a. 789–835 (ICD) and a.a.

531–835 (CTF); mGPR123 (Q52KJ6-1) a.a. 202–
469 (ICD); mGPR124 (Q91ZV8-1) a.a. 1066–
1336 (ICD) and a.a. 745–1336 (CTF); mGPR125
a.a. 1046–1321 (ICD); mBAI1 (Q30HD1-1) a.a.
1188–1582; mBAI2 (Q8CGM1-1) a.a. 1169–1561;
mBAI3 (Q80ZF8-1) a.a. 1147–1522; and mLPHN2
(Q8JZZ7-1) a.a. 1112–1487 (ICD) and a.a. 829–
1487 (CTF). The cDNAs for GPR123, GPR124,
GPR125, BAI1, BAI2, and BAI3 were kindly pro-
vided by Dr. Ines Liebscher (University of Leipzig);
the cDNA for LPHN2 was kindly provided by
Dr. Simone Prömel (University of Leipzig); and
the cDNA for CD97 was kindly provided by Dr.
Gabriela Aust (University of Leipzig).

Cell culture
We used HEK 293T cells, which are commonly
used as human cell models for the TAP analyses,19
including studies on GPCRs.20 With the excep-
tion of BAI3 and GPR123, all analyzed ADGRs
are expressed in HEK 293T cells21 (VLGR1, own
unpublished data). For the present experiments,
HEK 293T cells and HeLa cells were cultured
in Dulbecco’s modified Eagle’s medium contain-
ing 10% heat-inactivated fetal calf serum. Cells
were transfected with GeneJuice R© (Merck Milli-
pore, Darmstadt, Germany) according to manufac-
turer’s instructions.

Tandem affinity purification
TAP was performed as described previously,22
allowing the isolation of protein complexes under
mild conditions. For this, we tagged the N- or
C-terminus of the ICDs and CTFs of ADGRs
with the SF-TAP (Fig. 1A–C). SF-tagged proteins
were expressed in HEK 293T cells for 48 hours.
Since we observed apoptosis in the cells express-
ing CD97_CTF, BAI2_CTF, and LPHN2_CTF, we
shortened the time of expression to 18 hours.Mock-
treated HEK 293T cells were used as controls. The
cells were lysed and the lysate was cleared by cen-
trifugation. The supernatant was then subjected to a
two-step purification on Strep-Tactin R© Superflow R©

beads (IBA, Göttingen, Germany) and anti-FLAG
M2 agarose beads (Sigma-Aldrich, Hamburg, Ger-
many). Competitive elutionwas achieved using des-
biothin (IBA) in the first step and FLAG R© peptide
(Sigma-Aldrich) in the second step. The eluate was
precipitated bymethanol-chloroform and then sub-
jected to mass spectrometry analysis. Eluted affinity

146 Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
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purified complexes were subsequently analyzed by
LC–MS/MS.

Mass spectrometry
LC–MS/MS was performed as previously
described.19 In brief, SF-TAP–purified protein
complexes were solubilized before subjected to
trypsin cleavage. The resulting peptides were
desalted and purified using stage tips before separa-
tion on a DionexTM RSLC system. Eluted peptides
were directly ionized by nanospray ionization and
detected by an LTQ OrbitrapTM Velos mass spec-
trometer (Thermo Fisher Scientific). We search the
raw spectra against the human SwissProt database
using Mascot and verified the results by Scaffold
(version Scaffold 4.02.01, Proteome Software Inc.)
to validate MS/MS–based peptide and protein
identifications.

Data processing
Mass spectrometry data of all TAPs were compared
with the corresponding data for mock-transfected
cells. Proteins that occurred in the mock dataset
were not considered for subsequent analysis. We
also compared our datasets with a total of 140
TAPs of the protein RAF1, commonly used as
an unrelated control TAP analysis.18,19 Further-
more, we compared hits with the data listed in the
Contaminant Repository for Affinity Purifications
(CRAPome) database.23 The CRAPome is a collec-
tion of common contaminants in affinity proteomic
MS data and contains data for control experiments
from an increasing number of affinity purifications.
We further analyzed only those with an occurrence
below 5%. The gene names of ADGR preys were
used as input for the Cytoscape plugins STRING
and ClueGO and the STRAP software. The param-
eter confidence (score) cutout was set to 0.4 and the
parameter maximum number of interactors was set
to 0 for STRING analysis. ClueGO v2.3.3 was used
for Gene Ontology (GO) term enrichment analysis.
Network specificity was set to default (medium).

Antibodies
Mouse anti-FLAG M2 (Sigma-Aldrich) and mouse
anti-SIGMAR1 (sc-166392, Santa Cruz Biotech-
nology) were used as the primary antibodies for
immunocytochemistry. Secondary antibody conju-
gated to Alexa568 was purchased from Molecular
ProbesTM (Life Technologies, Darmstadt, Ger-

many). Nuclear DNA was stained with DAPI
(1 mg/mL) (Sigma-Aldrich).

Immmunocytochemistry
Cells were fixed and permeabilized in ice-cold
methanol for 10 min and washed with phosphate-
buffered saline. After washing, the cells were
covered with blocking solution and incubated
overnight with the primary antibody at 4 °C. Cells
werewashed and then incubatedwith the secondary
antibody in blocking solution containing DAPI for
1.5 h at room temperature. After washing, sections
were mounted inMowiol R© (Roth). Specimens were
analyzed on a Leica DM6000B microscope and
images were processed with Leica imaging software
and Adobe Photoshop CS (intensity adjustment).
For the analysis of the colocalization of VLGR1 and
SIGMAR1, the Leica DMi8 system in combination
with the Thunder software was used.

Colocalization analysis
The Pearson correlation coefficient (R) was used to
determinate the degree of colocalization between
VLGR1_CTF_HA and SIGMAR1 in HeLa cells.
Calculation of the Pearson correlation coefficient
is a mathematical method to measure the strength
of a linear association between two variables.24 The
correlation value has a range from + 1 to –1. A
value of 0 indicates no association, greater than
0 indicates a positive association, and less than 0
indicates a negative association between the two
variables. The stronger the positive association of
the two variables, the closer R is to+ 1. The Pearson
coefficient was calculated using the Coloc 2 plugin
of ImageJ (https://imagej.nih.gov/ij/).

γ-Secretase inhibitor assays
Both potent γ-secretase inhibitors LY411575 and
DAPT (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-
phenylglycine t-butyl ester) were purchased from
Sigma Aldrich and were added to culture media
at a final concentration of 100 nM in DMSO after
transfection of HEK 293T cells. As control, the
same volume DMSO was added to the cells after
transfection.

Results

We aimed to identify interacting partners in protein
complexes associated with ADGRs by affinity pro-
teomics in HEK 293T cells, applying TAPs in com-
bination with mass spectrometric determination

147Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
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Functional modules related to adhesion GPCRs Knapp et al.

of the protein content of eluates.18,19 We analyzed
the proteomic datasets by STRAP25 and grouped
proteins according to their assigned GO terms
(Fig. 1D). We used ClueGO,26 a Cytoscape (http:
//www.cytoscape.org/) plugin, for GO term enrich-
ment analysis (e.g., Figs. S1 and S2, online only)
and evaluated the specificity of the identified prey
proteins by comparing our data with the CRAPome
dataset. We excluded from further analyses the
molecules identified in our TAPs that were in
the controls and the ones that are present in the
CRAPome in 5% of the datasets in order to secure a
high probability of specific interactionwithADGRs.

ADGRs physically interact with scaffold
proteins and synaptic proteins
Our TAP datasets reveal that ADGR subgroups I,
III, VII, and IX interact with PDZ (PSD-95, discs
large, zona occludens 1) domain–containing
scaffold proteins (Fig. 2A). The dataset for
VLGR1_ICD contained the two scaffold pro-
teins whirlin (WHRN; previously DFNB31 or
USH2D) and harmonin (USH1C). TAPs of other
ADGRs revealed that the ICDs of ADGR groups
III (GPR123, GPR124, and GPR125) and VII (BAI1
and BAI3) bind scaffold proteins of the membrane-
associated guanylate kinases (MAGUK) family. For
the BAI group, we identified CASK, LIN7C, and
DLG1 (Fig. 2A). For ADGR group III, we identified
the scaffold proteins CASK, DLG1, LIN7A, LIN7C,
MPP2, MPP6, MPP7, and MAGI3.
In TAPs for BAI3, we also found the scaffold

protein SNTB2, and for GPR124 and GPR125, we
found the scaffold protein SCRIB, which was also
present in TAPs of LPHN2. Both SNTB2 and SCRIB
do not belong to theMAGUK family but do contain
PDZ domains. In TAPs with CD97 constructs, we
did not find any scaffold proteins.
Notably, we also did not identify any of the above-

mentioned scaffold proteins in TAPs with the CTFs
of VLGR1, BAI2, GPR124, and LPHN2, poten-
tially due to the C-terminal SF-tag, which may
block binding to the ADGR PDZ-binding motif
(PBM). However, the TAP data that we acquired
with ADGR_CTFs indicated synaptic localization
and functions of the receptors: they contain various
proteins involved in vesicle fusion and numerous
interactors that are associated with synapse-related
GO terms, such as synaptic signaling and synaptic
vesicle cycle (Fig. 2B).

TAP data indicate binding of phosphatases
and kinases to ADGRs
In TAPs of all ADGRs except GPR123, we iden-
tified diverse phosphatases and kinases (Table 1).
For most ADGRs, we identified catalytic and regu-
latory subunits of protein phosphatases 2 (PP2) and
6 (PP6). BAI proteins also interacted with subunits
of protein phosphatases 1 and 4. Interestingly, the
ICDs (except in the case of VLGR1) were sufficient
to interact with these phosphatases (Table 1), indi-
cating that phosphatases preferentially bind to the
ICD of ADGRs. In TAPs with CTFs of GPR124,
BAI2, CD97, and VLGR1, the protein phos-
phatase Mg2+/Mn2+-dependent 1B was also found.
Furthermore, our TAPs revealed casein kinase
2 (CK2), calcium/calmodulin-dependent protein
kinase II (CAMK2), cyclin-dependent kinase 4
(CDK4), and mitogen-activated protein kinase 1
or 3 (MAPK1/MAPK3) as possible candidates that
phosphorylate ADGRs. In silico analysis of ADGR
amino acid sequences using the kinasephos 2.0
tool (http://kinasephos2.mbc.nctu.edu.tw/predict.
php) predicts phosphorylation sites in all ADGRs
studied, defining them as potential targets for phos-
phorylation. All ADGRs contain potential CK2 and
CDKphosphorylationmotifs in their ICD.A poten-
tial MAPK phosphorylation site was predicted for
all ADGRs except CD97. Potential CAMK tar-
get sites were predicted for LPHN2, BAI2, and
BAI3.

ADGR presence in protein complexes of the
ER, the Golgi apparatus, and mitochondria
Comparing the TAP datasets of ADGR_CTFs, we
identified 116 molecules present in all TAPs of all
five ADGRs (Table S1, online only). We grouped
these proteins according to their assigned GO
terms with STRAP (Fig. 1D) and analyzed them
for enriched GO terms with ClueGO (Fig. S1,
Table S1, online only). Our analysis demonstrated
that the most significantly enriched GO terms in
the category Cellular Component were related to
the ER, the Golgi apparatus, mitochondria, and the
nucleus (Fig. S1A, online only). In the GO term cat-
egory Biological Process, we found an enrichment
in the terms mitochondrial ATP synthesis coupled
proton transport, membrane lipid biosynthetic pro-
cess, protein import into nucleus, and response to
ER stress (Fig. S1B, online only). Notably, many of
the ADGR-associated proteins were amino acid and
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Knapp et al. Functional modules related to adhesion GPCRs

A

B

Figure 2. ADGRs interact with scaffold proteins and other proteins associated with synaptic functions. (A) ADGR_ICDs are
associated with scaffold proteins. ADGR_ICDs bind to scaffold proteins containing PDZ domains. L27, Lin2/Lin7 domain; CC,
coiled-coil domain; SH3, Src homology 3 domain; PK, protein kinase; PH, pleckstrin homology; PDZ (PSD-95, DLG, ZO-1)
domain; PBM, PDZ-binding motif; GK, guanylate kinase domain; WW, WW domain; SU, SU domain; LRR, leucine-rich repeat.
(B) ADGR_CTFs bind to synaptic proteins. GO term enrichment analysis with ClueGO26 reveals that TAP preys of ADGR_CTFs
localize to the pre- and postsynapse and are involved in synaptic signaling and the synaptic vesicle cycle.

zinc transporters of the solute carrier (SLC) family
andATPases that are coupled toH+ andCa2+ trans-
membrane transport (Table S1, online only). Several
of our TAP preys were enriched in mitochondria-

associated membranes (MAMs) (Table 2). MAMs
are contact sites of the ER to the outer mito-
chondrial membrane.27 The association with MAM
proteins was most prevalent for VLGR1 and the

149Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals, Inc. on behalf of New York Academy of Sciences.
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Functional modules related to adhesion GPCRs Knapp et al.

Table 1. Protein phosphatases and kinases identified in ADGR-TAPs
Phosphatase/
kinase BAI1 BAI2 BAI3 CD97 GPR124 GPR125 LPHN2 VLGR1

Protein phosphatase 1 PPP1CA
PPP1CC
PPP1R9B

Protein phosphatase 2 PPP2CB
PPP2R1A
PPP2R2A
PPP2R2D

PPP2CA
PPP2R2A
PPP2R3A
PPP2R1A∗

PPP2R2A∗

PPP2CB
PPP2R1A
PPP2R2A

PPP2CA
PPP2R1A
PPP2R2A
PPP2R1B∗

PPP2CA
PPP2R2A
PPP2R1A∗

PPP2CA
PPP2CB
PPP2R1A
PPP2R2A
PPP2R2D

PPP2CA
PPP2R1A
PPP2R2A
PPP2R5E
PPP2R1A∗

PPP2R1B∗

PPP2R2A∗

PPP2R1A∗

PPP2R1B∗

Protein phosphatase 4 PPP4C
PPP4R2
PPP4R3A
PPP4R3B

Protein phosphatase 6 PPP6C
PPP6R3
PPP6C∗

PPP6R1∗

PPP6R3∗

PPP6C∗ PPP6C
PPP6R3
PPP6C∗

PPP6R1∗

PPP6R3∗

PPP6C
PPP6R3
PPP6C∗

PPP6R1∗

PPP6R3∗

PPP6C∗

Protein phosphatase,
Mg2+/Mn2+

dependent, 1B

PPM1B∗ PPM1G∗ PPM1B∗ PPM1B∗

Casein kinase 2 CSNK2A1
CSNK2A2
CSNK2B
CSNK2A1∗

CSNK2B∗

CSNK2B∗

Calcium/calmodulin-
dependent protein
kinase II

CAMK2D
CAMK2G

CAMK2D
CAMK2G
CAMK2D∗

CAMK2D∗

Cyclin-dependent
kinase 4

CDK4 CDK4

Mitogen-activated
protein kinase 1

MAPK1 MAPK1

Mitogen-activated
protein kinase 3

MAPK3

Note: Listed are the phosphatase subunits and kinases that were found by TAP for each ADGR. Most subunits were identified with
the ICD; those marked with ∗ were identified with the CTF. Only those that show a low occurrence in the CRAPome (less than 5%)
are listed.

least prevalent for BAI2. Immunocytochemical
double labeling of VLGR1 and the MAM core
protein sigma1R (SIGMAR1) in human HeLa
cells transfected with VLGR1_CTF_HA revealed
partial colocalization of SIGMAR1 and VLGR1
(Fig. 3C).
We also identified proteins that are located at

the outer and inner mitochondrial membrane as
putative interactors for all ADGR_CTFs (Table 3).
These include proteins that are mainly involved
in transmembrane transport and membrane fold-
ing. We found that all ADGR_CTFs associate with

components of the respiratory chain, namely sub-
units for NADH-ubiquinone oxidoreductase (com-
plex I), the cytochrome bc1 complex (complex III),
cytochrome c oxidase (complex IV), and the F1F0
ATP synthase (complex V) (Fig. 3 and Table 3).
In addition to components of the respiratory chain
complex, we identified proteins that are involved
in the assembly of mitochondrial complexes. These
include COA3, OXA1L, and TIMM21, which are
necessary for complex IV assembly,28–30 as well as
NDUFAF-1, -3, and -4, and TMEM126B, which
participate in complex I assembly.31–33 For VLGR1,

150 Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
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Knapp et al. Functional modules related to adhesion GPCRs

Table 2. Molecules related to mitochondria-associated membranes (MAMs) identified in ADGR-CTF-TAPs

Gene Protein function Reference BAI2 CD97 GPR124 LPHN2 VLGR1

ACSL4 Lipid biosynthesis and fatty acid degradation 105 – – – – +
AIFM1 Apoptosis, mitochondria morphology 106 – + – + +
AMFR Ubiquitination 107 + + + + +
BCAP31 Apoptosis 108 – – + – +
BSG Regulatory component of γ-secretase 109 – + – + +
CANX Calcium pumping 110 – + + + +
CISD2 Calcium homeostasis 111 – + – – +
ERLIN2 Targets IP3Rs for degradation 112 – – – – +
ERP44 ER protein retention 113 – – – – +
FUS RNA splicing 114 + – + – –
G6PC3 Gluconeogenesis 115 – – – – +
HMOX1 Catalyzes the degradation of heme 116 – + – – –
HSPA5 ER stress, chaperone 117 – + + + +
HSPA9 Binds VDAC 76 – + – + +
LCLAT1 Cardiolipin acyl chain remodeling 118 – – – – +
LMAN1 Mannose-specific lectin 119 – – – – +
MAVS Activation of NF-κB/IRF3 120 – – – – +
P4HB ER protein retention 121 – + + + +
PIGN GPI syn:transferase 118 – – – – +
PSEN1 Component of γ-secretase 122 – + – – +
PSEN2 Component of γ-secretase 122 – + – + +
PTDSS1 Phospholipid metabolism 123 + – + – +
PTDSS2 Phospholipid metabolism 123 – + – – +
RHOT1 Mitochondrial trafficking 124 – – – – +
RTN2 Generation of tubular ER 125 – – – – +
RTN4 ER–mitochondria tethering 126 – + – + +
SCD Fatty acid transport 127 + + + + +
SIGMAR1 Lipid transport and calcium signaling 117 + + + + +
SLC27A4 Fatty acid transport 128 + + + + +
SOAT1 Cholesterol metabolism 119 – – – – +
VAPB ER–mitochondria tethering 114 – – – – +
VDAC1 Ion exchange 76 + + + – +
Note: Only identified molecules that show a low occurrence in the CRAPome (less than 5%) are listed.

we further identified BCS1L, which is necessary for
complex III assembly.34

All ADGR_CTFs were associated with translo-
cases of the inner mitochondrial membrane (TIMs)
and to a lesser extent with translocases of the outer
mitochondrial membrane (TOMs) (Table 3). More-
over, all ADGR_CTFs bound to components of
the MICOS complex that is crucial for the forma-
tion and maintenance of the mitochondrial cristae
structure.35 In addition, we found YME1L1 in TAPs
for GPR124, BAI2, and LPHN2, as well as PARL
for VLGR1. Both YME1L1 and PARL also main-
tain cristae morphology and have an antiapoptotic
effect.36,37

CTFs of ADGR physically interact with
components of the γ-secretase complex
Strikingly, we found LPHN2 as a prey for
CD97_CTF and VLGR1_CTF, and CD97 as a
prey for VLGR1_CTF. This indicates that these
three ADGRs may be part of the same protein
complexes. This prompted us to check for preys
shared by CD97, LPHN2, and VLGR1 TAPs, and
we found that 196 proteins were common for all
three of these ADGRs (Fig. S2A, online only).
After filtering out proteins that occur in more than
5% of the negative controls in the CRAPome, we
performed a GO term enrichment analysis with
the remaining 89 interacting proteins. Our analyses

151Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
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Functional modules related to adhesion GPCRs Knapp et al.

Table 3. Molecules that localize to mitochondria identified in ADGR-CTF-TAPs
Protein BAI2 CD97 GPR124 LPHN2 VLGR1

Complex I
NADH–
ubiquinone
oxidoreduc-
tase

NDUFA4
NDUFA5
NDUFA13
NDUFS1
NDUFS3

NDUFA13
NDUFA4
NDUFB10
NDUFS1
NDUFS2
NDUFS3
NDUFV1

NDUFA4
NDUFA5
NDUFS1
NDUFS2
NDUFS3

NDUFA4
NDUFA5
NDUFA9
NDUFA13
NDUFS2
NDUFS3

NDUFA4
NDUFA5
NDUFA8
NDUFA9
NDUFA11
NDUFA13
NDUFAB1
NDUFB4
NDUFB5

NDUFB10
NDUFB11
NDUFS1
NDUFS2
NDUFS3
NDUFS8
NDUFV1
NDUFV2

Complex I
assembly

NDUFAF4 NDUFAF1 NDUFAF3
NDUFAF4

NDUFAF4 NDUFAF1
NDUFAF3
NDUFAF4

Complex III
Cytochrome
bc1

UQCRC1
UQCRQ

UQCR10
UQCRC1
UQCRH
UQCRQ

UQCRC2
UQCRQ

UQCRC2 UQCR10
UQCRB
UQCRC2
UQCRFS1
UQCRQ

Complex IV
Cytochrome
c oxidase

COX6C
COX7B

COX4I1 COX6C
COX7B

COX15
COX4I1
COX5A
COX6C
COX7B

COX15
COX4I1
COX5A
COX6C
COX7B

Complex V
F1F0 ATP
synthase

ATP5B
ATP5C1
ATP5F1
ATP5H
ATP5O

ATP5A1
ATP5B
ATP5C1
ATP5D
ATP5F1
ATP5H
ATP5O

ATP5B
ATP5C1
ATP5F1
ATP5H
ATP5O

ATP5C1
ATP5EP2
ATP5F1
ATP5H
ATP5J2
ATP5O

ATP5A1
ATP5B
ATP5C1
ATP5D
ATP5EP2
ATP5F1

ATP5H
ATP5I
ATP5J
ATP5J2
ATP5L
ATP5O

MICOS
complex

C19orf70 IMMT C19orf70
IMMT

APOOL
C19orf70
IMMT

APOO
C19orf70
CHCHD3
IMMT

Translocase of
the inner
membrane

TIMM17A
TIMM21
TIMM23B
TIMM50

TIMM17B
TIMM23
TIMM50

TIMM17A
TIMM21
TIMM23B
TIMM50
TIMMDC1

TIMM17A
TIMM21
TIMM23B
TIMM50
TIMMDC1

TIMM17B
TIMM23
TIMM50
TIMMDC1

Translocase of
the outer
membrane

TOMM22 TOMM22
TOMM70A

TOMM22 – TOMM22
TOMM40

Mitochondrial
SLC
transporters

SLC16A1
SLC25A1
SLC25A10
SLC25A11
SLC25A22
SLC25A6

SLC16A1
SLC25A13
SLC25A22
SLC25A3
SLC25A5
SLC25A6

SLC16A1
SLC25A1
SLC25A10
SLC25A11
SLC25A22
SLC25A3
SLC25A5
SLC25A6

SLC16A1
SLC25A10
SLC25A11
SLC25A12
SLC25A13
SLC25A19
SLC25A22
SLC25A3
SLC25A5
SLC25A6

SLC16A1
SLC1A3
SLC25A1
SLC25A10
SLC25A11
SLC25A12
SLC25A13
SLC25A19
SLC25A21
SLC25A22

SLC25A24
SLC25A3
SLC25A33
SLC25A4
SLC25A40
SLC25A46
SLC25A5
SLC25A6
SLC27A3

Note: Only identified molecules that show a low occurrence in the CRAPome (less than 5%) are listed.
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Knapp et al. Functional modules related to adhesion GPCRs

A B

C

Figure 3. Mitochondrial proteins identified inADGRTAPs. (A) Schema ofmitochondria. Colored:mitochondrial proteins from
the respiratory chain (complexes I, III, and IV), F0F1 ATP synthase, components of the MICOS complex, and translocases in the
inner and outer membrane (TIMs/TOMs) (see also Table 2). Colored: proteins were identified in TAPs. Gray: other key compo-
nents ofmitochondrial cristae andMAMs. (B)Diverse proteins that are enriched inmitochondria-associatedmembranes (MAMs)
were precipitated with ADGR_CTFs (see also Table 3). (C) Immunocytochemical staining of the MAM core protein SIGMAR1
and VLGR1_CTF_HA in HeLa cells reveals partial colocalization of SIGMAR1 and VLGR1. The Pearson coefficient R = 0.79
indicates positive association of both proteins in the cell. Exemplary analysis from three independent experiments.

revealed that the GO terms were mostly related
to ER and mitochondria localization and function
(Fig. S2 and Table S3, online only). We observed
that all three TAPs contained subunits of the
γ-secretase complex (Fig. 4A and B). Interestingly,
the γ-secretase complex has recently been reported
to be present in MAMs.38–40 In TAPs of VLGR1
and CD97, we identified nicastrin (NCSTN), prese-
nilins 1 and 2 (PSEN1 and PSEN2), as well as aph-1
homolog A (APH1A), but not presenilin enhancer
2 (PEN2), which is important for endoproteolysis
of presenilins, activating the enzyme. In TAPs of
LPHN2, the proteins NCSTN, PSEN2, and APH1A
were present (Fig. 4B). Notably, we also found that

GPR124_CTF interacts with NCSTN. In contrast,
we did not identify any γ-secretase subunits in the
BAI2_CTF TAP dataset.
Besides the γ-secretase complex itself, we also

found several γ-secretase modulators in the ADGR
TAPs. In all ADGR_CTF TAPs, the regulatory
subunit basigin (BSG) was present.41 Further-
more, we identified the presenilin cleavage proteins
histocompatibility minor 13 (HM13) and the
transmembrane p24 trafficking protein 10
(TMED10) in all ADGR_CTF TAPs, with the
exception of BAI2 TAP.42,43
We further aimed to determine whether ADGRs

may be substrates for the γ-secretase complex

153Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals, Inc. on behalf of New York Academy of Sciences.

 17496632, 2019, 1, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.14220 by U

niversitätsbibliothek M
ainz, W

iley O
nline L

ibrary on [04/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Functional modules related to adhesion GPCRs Knapp et al.

A B

C

D E F

Figure 4. ADGR_CTFs bind to the γ-secretase complex. (A) Components of the γ-secretase complex: nicastrin (NCSTN), aph-1
homolog A (APH1A), presenilin 1/2 (PSEN1/2), and presenilin-enhancer 2 (PEN2). (B) Table of γ-secretase subunits that bound
to ADGR_CTFs in TAP. (C) Amino acid sequence alignments of positively charged residues (colored) at the junction of the trans-
membrane helix 7 only of ADGRs and other receptors. Positively charged residues in Notch and APP (three to four residues after
the ε cleavage sites) are the primary determinants for substrate binding.44 (D) Schematic representation of ADGR cleavage by
γ-secretase. (E) VLGR1_CTF-HA is cleaved, releasing a smaller band of ∼26 kDa. ∗The intensity of the lower part was increased
relative to the upper part of the blot. (F) VLGR1-CTF and smaller VLGR1 fragments at ∼26 kDa are detected in PC12, IMCD3,
and RPE1 cell lysates. Panels E and F each show an exemplary western blot from three independent experiments.

(Fig. 4C–F). Amino acid sequence alignments
revealed conserved, positively charged residues
at the junction of transmembrane helix 7 only
in the ADGRs for which we found interac-
tions with γ-secretase components (Fig. 4C).
Charged residues located three to four residues
after the ε cleavage sites were recently described

for NOTCH and the amyloid precursor protein
(APP) as the primary determinants for substrate
binding.44
Since most γ-secretase subunits were found with

VLGR1 and yet overexpression of VLGR1_CTF
did not induce apoptotic effects, we chose VLGR1
for further investigation. Upon recombinant

154 Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals, Inc. on behalf of New York Academy of Sciences.

 17496632, 2019, 1, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.14220 by U

niversitätsbibliothek M
ainz, W

iley O
nline L

ibrary on [04/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Knapp et al. Functional modules related to adhesion GPCRs

expression of C-terminally tagged VLGR1_CTF-
HA inHEK293T cells, we observed that, in addition
to the full-length CTF with a molecular weight of
∼50 kDa, two smaller bands at ∼26 kDa occurred
(Fig. 4E). This size corresponds to the molecular
size of the ICD of VLGR1. In addition, correspond-
ing protein fragments were detected in cell lysates
of PC12, IMCD3, and RPE1 cells (Fig. 4F).
In conclusion, these data suggested that like

other γ-secretase substrates, VLGR1 is prote-
olytically cleaved in the transmembrane helix
7 by the γ-secretase. However, in several pre-
liminary experiments applying well-established
γ-secretase inhibitors, namely LY-411575 and
DAPT, we demonstrated the inhibition of APP
cleavage but did not observe any effect on ICD
release from ADGRs (data not shown).

ADGRs interact with nuclear proteins and
localize to the nucleus
Weobserved that all ADGRs studied here associated
with resident nuclear proteins, which are involved in
nuclear-specific functions, such as gene regulation,
RNA splicing, and transcription. This was the case
for both theADGR_CTF andADGR_ICDbaits and
was most prominent for GPR124, BAI1, and BAI2.
In TAPs of the GPR124_ICD and GPCR124_

CTF, we found an enrichment of proteins that
were assigned to the GO term nuclear speck-
les, the chromatin-free nuclear compartment of
RNA splicing. For GPR124_CTF and BAI2_CTF,
we observed an enrichment in proteins assigned
with the GO term nucleolus, the site of riboso-
mal RNA transcription. Furthermore, the ICDs of
BAI1 and GPR124 interacted with the PAF1 com-
plex, which is involved in RNA polymerase II tran-
scription elongation and transcription-coupled his-
tone modifications.45 GO terms related to histone
modification, splicing, and DNA unwinding were
enriched for all ADGRs; however, the numbers
greatly varied.
BAI1_ICD, GPR124_CTF, GPR124_ICD, BAI2_

CTF, LPHN2_ICD, CD97_ICD, and CD97_CTF
were additionally associated with karyopherins
(importins), which mediate nuclear import. Strik-
ingly, we observed that the ICDs of GPR123,
GPR124, GPR125, and BAI2 clearly show nuclear
localization when they are recombinantly expressed
in HEK 293T cells (Fig. 5A). GPR123_ICD,
GPR124_ICD, and GPR125_ICD show a puncta-

like enrichment in the nucleus, resembling nuclear
speckles, whereas BAI2_ICD showed much larger
nuclear accumulations.
The association with nuclear import proteins and

the nuclear localization of some of the ADGR_ICDs
led us to check whether ADGR_ICDs contain
nuclear localization sequences (NLSs). For this, we
applied the NLS prediction tool cNLS Mapper.46
We found high scores for BAI1 and BAI2 and
medium scores for BAI3 and GPR123. GPR124,
GPR125, and LPHN2 gave only low scores, whereas
noNLSs were predicted for VLGR1 andCD97 ICDs
(Fig. 5B).
The results from our TAPs, together with our

immunocytochemical localization analysis and the
presence of NLS in some ADGRs, indicate that the
ICDs of ADGRs may be cleaved and potentially act
as transcription factors in the nucleus. We therefore
checked our TAP data for proteins that act as tran-
scriptional regulators. Indeed, we found numerous
proteins that are related to transcriptional regula-
tion. The molecules involved in transcriptional reg-
ulation identified in our ADGR TAPs are included
in Table 4.

Identification of modulators of the Wnt
signaling pathway in ADGR TAPs
TheGO term analyses of our TAP data also revealed
an enrichment for the GO term Wnt signaling in
the BAI2_CTF, GPR124_CTF, and VLGR1_CTF
datasets. Furthermore, single proteins involved
in Wnt pathways were also found in TAPs of
CD97_CTF and LPHN2_CTF (Table 5). Most of
these molecules modulate Wnt signaling by target-
ing β-catenin. Some prey proteins have functions in
the nucleus. SLC30A9 is part of the β-catenin tran-
scription complex and participates in the regulation
of Wnt downstream genes.47

Discussion

In the present study, we identified previously
described binding partners and numerous novel
putative interactors of ADGRs by TAPs in combina-
tion with subsequent mass spectrometry. Neverthe-
less, our affinity capture approach bears limitations,
which have to be considered for the interpretation of
our datasets. In our study, we used HEK 293T cells
as established human cellular models for the ADGR
TAPs.19,20 Therefore, we were not able to capture
tissue- or cell-specific interacting partners that are
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Functional modules related to adhesion GPCRs Knapp et al.

Table 4. Molecules involved in transcriptional regulation identified in ADGR TAPs

BAI2 CD97 GPR124 LPHN2 VLGR1
Gene Protein function References ICD ICD ICD ICD ICD

BTAF1 Regulates transcription in association
with TATA binding protein (TBP)

129 – – + – –

BZW1 Enhances histone H4 gene
transcription

130 + + + + +

BZW2 Controls translation by inhibition of
eIF2

131 – + – + +

HOXA5 Transcription factor, essential for
embryonic development and the
nervous system

132 + – + – –

MAGEA1 Acts as an transcriptional repressor 133 – – + – –
MLF1 Posttranscriptional inhibitor and

activator of gene expression
134 + – + + –

PREB Transcription factor, probable role in
cell fate

135 + + + + +

TCF25 Transcription factor important for
embryonic development

136 + – + + –

UBR2 E3 ubiquitin-protein ligase plays a
critical role in chromatin
inactivation

137 + – – + –

UBR5 Involved in maturation and/or
transcriptional regulation of
mRNA

138 + – – – +

BAI2 CD97 GPR123 GPR124 LPHN2 VLGR1
Gene Protein function References ICD ICD ICD ICD ICD ICD

CTR9 Component of the PAF1 complex
required for Hox gene
transcription

139 + – – + – –

ELOB Activates elongation by RNA
polymerase II

140 – + – – + –

FHL2 Inhibits the transcriptional activity of
FOXO1

141 – – – – + +

HMGN5 Nucleosomal binding and
transcriptional activation

142 + – – – – –

MAPK1 Transcriptional repressor 143 – – – – + +
MAPK3 Regulation of transcription factors 144 – – – – – +
SETD7 Transcriptional activation of genes

(e.g., collagenase and insulin)
145 – – – + – –

SIRT1 Regulates epigenetic gene silencing 146 + – – + + –
TCEAL1 Modulates various viral and cellular

promoters
147 – – + – + –

Note: Only identified molecules that show a low occurrence in the CRAPome (less than 5%) are listed.
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Knapp et al. Functional modules related to adhesion GPCRs

B

A

Figure 5. Localization of ADGR_ICDs in the nucleus. (A) Immunocytochemical staining of SF-tagged ADGR_ICDs expressed
in HEK 293T cells by anti-FLAG antibodies. Exemplary analysis from three independent experiments. (B) Predictions of nuclear
localization signals (NLS) in ADGR_ICDs. ∗Scores: 8–10, exclusively localized to the nucleus; 6–7, partially localized to the
nucleus; 3–5, localized to both the nucleus and cytoplasm; 1–2, localized to the cytoplasm. Scale bars, 10 μm.

not expressed in HEK 293T cells. Since we cultured
the cells under standard conditions, we also missed
proteins that require specific physiological condi-
tions for binding to ADGRs, such as mechanical
or chemical ligand stimulation. Although TAP pro-
tein complexes are purified in close-to-native con-
ditions, the membrane protein complexes lose their
membrane context during the purification steps
and therefore are difficult to obtain in general.20
In addition, overexpression of ADGR domains may
lead to changes in the stoichiometry of purified
protein complex compositions. In any case, as in
other screens, it is necessary to validate all newly
identified putative binary interactions by applying
independent, complementary experiments from the
molecular to organismic level to sort out false pos-
itive hits. Nevertheless, the obtained datasets high-
light the usefulness of our affinity capture approach
even formembrane proteins. The identifiedADGR-

interacting proteins support previously discussed
functions of ADGRs, but more importantly define
novel physiological functions related to ADGRs.

ADGR subfamilies interact with
scaffold proteins
The TAP data of our study reveal numerous inter-
actions of ADGRs and scaffold proteins. All iden-
tified scaffold proteins possess PDZ domains and
all ADGRs investigated in the present study con-
tain a PBM at their C-terminal end (Fig. 1) that is
predetermined to bind to PDZ domains. Therefore,
their mutual interaction most probably occurs via
the binding of ADGRs’ PBM to PDZ domains. This
is also confirmed by previous experimental data.
We have previously shown that VLGR1 (USH2D)
directly binds the two other Usher syndrome pro-
teins, harmonin (USH1C) and whirlin (USH2D),
both of which serve as cytoplasmic anchors in

157Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
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Functional modules related to adhesion GPCRs Knapp et al.

Table 5. Modulators of the Wnt signaling pathway identified in ADGR TAPs

BAI2 CD97 GPR124 LPHN2 VLGR1
Gene Protein function Reference CTF CTF CTF CTF CTF

AMER1 Regulator of the canonical Wnt
signaling pathway

148 + – + – –

ATP6AP2 Functions as an adaptor between Wnt
receptors and V-ATPase

149 – – – – +

LRP1 Represses canonical Wnt signaling 150 – – – – +
PSEN1 Inhibitor for β-catenin 151 – + – – +
PTK7 Modulates Wnt signaling activity via

LRP6
152 – – – – +

RRM2 Inhibits Wnt signaling 153 – – – – +
SKP1 Mediates degradation of β-catenin 154 – – – – +
SLC30A9 Participates in transcriptional

activation of Wnt-responsive genes
47 – – + – +

UBR5 Ubiquitinates and upregulates
β-catenin

155 + – + – +

USP34 Regulates axin stability 156 – – + – –
WLS Regulates Wnt protein sorting and

secretion
157 + + + + +

Note: Only identified molecules that show a low occurrence in the CRAPome (less than 5%) are listed.

membrane adhesion complexes of the inner ear
hair cells and retinal photoreceptor cells.48–50 It
has also been reported previously that BAI1 and
GPR124 interact with DLG1 (SAP97).10,51 Inter-
estingly, although the direct interaction of DLG1
with the C-terminal PBM of CD97 has been shown
recently,52 we did not find DLG1 or any other PDZ-
containing protein in our TAPs of CD97. This is
most probably due to the fact that the interaction
of DLG1 with CD97 is induced by phosphorylation
of the PBM of CD97. However, this phosphoryla-
tion is induced by mechanical stimulation, a condi-
tion not present in our TAPs. Nevertheless, our TAP
data revealed the interaction of ADGRs of group
I (latrophilins), group III (GPR123, GPR124, and
GPR125), and groupVII (BAIs) with the same set of
scaffold proteins (Fig. 2B). The question of whether
the ADGRs are integrated in common protein net-
works and signaling hubs organized by scaffold pro-
teins in cells and tissues will be reserved for future
studies.

ADGR subfamilies are part of protein
networks at synapses
Although the identified scaffold proteins are ubiq-
uitously expressed, they are essential components
of the protein networks of synapses, particularly of
the postsynaptic density of neurons.53 These scaf-

fold proteins are mainly members of the MAGUK
family, which are involved in the establishment
and maintenance of cell polarity and the dynamic
arrangement of receptors and channels at synap-
tic membranes.10,54,55 In addition, we identified sev-
eral proteins involved in the targeting and fusion
of synaptic vesicles as putative interaction partners
of ADGRs (Fig. 2B), suggesting an involvement
of ADGRs in these processes too. For example,
SNAP23, which interacts with all ADGR_CTFs, is
known to be involved in the exocytosis of glu-
tamate receptors to the postsynaptic membrane.56
Our findings are also in line with the enrich-
ment of ADGRs, namely VLGR1, latrophilins, and
BAIs, at the postsynapse of dendrites50,57–59 and
the function of latrophilins and BAIs in synap-
tic remodeling.55,60–62 Although the ADGRs CD97,
GPR123, GPR124, and GPR125 have not been
mapped to synaptic subdomains, a role in synaptic
function cannot be ruled out yet.

ADGR interaction with the
γ-secretase complex
Our TAP data for the ADGR_CTFs also revealed
a close relationship of ADGR with the γ-secretase
complex. With the exception of BAI2, we identified
subunits of the γ-secretase complex in the TAPs
of all other ADGR_CTFs, indicating their close

158 Ann. N.Y. Acad. Sci. 1456 (2019) 144–167 © 2019 The Authors. Annals of the New York Academy of Sciences
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Knapp et al. Functional modules related to adhesion GPCRs

relationship with this intramembranous complex.
The γ-secretase complex is well known for the
generation of the β-amyloid peptide protein by
the sequential proteolysis of the APP, which is a
crucial step in the development of Alzheimer’s
disease.63 However, in addition to APP, the
γ-secretase also proteolytically cleaves a variety
of integral membrane proteins that initiate down-
stream pathways involved in transciptional regu-
lation in the nucleus.64 Indeed, we also observed
the release from several ADGRs of a fragment
with the size of the ICD in cultures of diverse cell
lines (Fig. 4). In addition, we demonstrated the
localization of ADGR fragments in the nucleus,
which is further supported by the presence of NLS
sequences in the ICDs of diverse ADGRs (Fig. 5).
Together, our findings suggest a novel signaling
mechanism of ADGRs that comprises the release of
an ICD upon γ-secretase cleavage and subsequent
translocation of the ICD into the nucleus for gene
regulation. This scenario is similar to the described
signaling pathway related to the γ-secretase sub-
strate polycystin 1 (PKD1).65 PKD1 shows high
structural similarity to ADGRs: it is also a multi-
spanning transmembrane protein that undergoes
autocleavage at a GPS, analogous to ADGRs.66,67
Upon γ-secretase cleavage, a small (∼30 kDa)
PKD1_ICD fragment is released and directed into
the nucleus.68,69 The release of PKD1_ ICD is most
probably induced by mechanical stimuli,68 an acti-
vation mechanism that has also been discussed for
ADGRs.70–72
Although our data favor a noncanonical sig-

naling pathway triggered by γ-secretase cleavage,
our approach of applying established γ-secretase
inhibitors did not alter the release of ICDs from
the ADGR. ADGRs may alternatively play a role
in γ-secretase positioning in specific membrane
domains (e.g., lipid rafts) or in its regulation. This is
supported by the fact that, besides γ-secretase sub-
units, we also identified γ-secretase regulators in
our TAPs, such as BSG, TMED10, and HM13. In
particular, BSG was found in the TAP datasets for
LPHN2, CD97, and VLGR1 CTFs and was previ-
ously described as a potential additional γ-secretase
regulatory subunit.41 TMED10 was present in all
ADGR_CTF TAPs except for BAI2. It is part of pre-
senilin complexes and regulates γ-secretase cleav-
age activity.73 Finally, HM13 was identified as a
TAP prey for all ADGR_CTFs. It is an activa-

tor for PSEN1 and thereby promotes γ-secretase
cleavage.43

In any case, our TAP data revealing the interac-
tion of ADGR with the γ-secretase complex pave
the way for further investigations to identify the
role of this interplay. Interestingly, the γ-secretase
complex is not only present in the plasma mem-
brane but is even more prominently associated
with internal cell membranes, such as the ER or
MAMs.38–40

Evidence for association of ADGRs with
MAMs and participation at biogenesis of
mitochondria
In the present TAPs, we identified many proteins
known to locate mainly to specific intracellular
compartments, such as the ER and mitochondria.
The high number of molecules related to intracel-
lular compartments suggests novel roles of ADGRs
in the cell that have not been described so far. In
particular, we found various proteins located at
contact sites between the ER and mitochondria,
namely the MAMs. Interestingly, the γ-secretase
subunits PSEN2 and PSEN1 are enriched in this
compartment. Besides γ-secretase subunits, we
identified the MAM protein SIGMAR1 as an
interactor for all ADGRs analyzed. The present
immunocytochemistry demonstrates partial colo-
calization of this MAM core protein with VLGR1.
SIGMAR1 regulates ITP3R-dependent calcium
efflux at the ER and the biogenesis of lipids.74 The
spatial regulation of calcium homeostasis and lipid
biogenesis are both major processes associated
with MAMs.27,75 In addition, our analyses of TAPs
indicate that all ADGRs interact with the voltage-
dependent anion channels 1 and 2 (VDAC1 or
VDAC2) that localize to the outer mitochondrial
membrane and allow the exchange of small
hydrophilic molecules.76,77 It is conceivable that
ADGRs assist in the function of the highly dynamic
MAMs.78
Surpisingly, we identified various ADGR inter-

actors that localize to the mitochondrial inner
membrane. The majority of the identified mito-
chondrial proteins have very low occurrence in the
CRAPome, indicating the specificity of their inter-
action with ADGRs. These TAP hits are subunits
of the respiratory chain complexes I, III, and IV,
as well as subunits of the F0F1 ATP synthase, all
localizing to mitochondrial cristae (Fig. 4).79,80 In
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Functional modules related to adhesion GPCRs Knapp et al.

addition, we identified components of the MICOS
complex, which is essential for cristae formation,35
and proteins that are involved in complex assembly
of the respiratory chain. Furthermore, we found
inner and outer membrane translocases (TIMs and
TOMs), which are essential for transmembrane
translocations.
ADGRs have not been found in mitoproteomes

so far.81,82 However, a previous report indicated a
substantial role of GPR126, a group VII ADGR,
in the biogenesis of mitochondria.6 GPR126 defi-
ciency results in mitochondrial defects in the
developing heart of mice. These defects manifest in
defective differentiation of mitochondrial cristae.
The present identification of putative ADGR inter-
actors that are localized to cristae or support the
formation of cristae suggests that ADGRs may
regulate the biogenesis of mitochondria in general.
Patra et al.6 also observed the accumulation of lipids
in Gpr126−/− cardiomyocytes, indicating defective
lipid metabolism. This is in line with a function of
ADGRs in MAMs, which are very important for
lipid biogenesis and represent sites of constant lipid
exchange.
It is noteworthy that the respiratory chain sub-

units that we identified are all transcribed in the
nucleus and have to be imported into mitochon-
dria. There is growing evidence that MAMs play
an essential role in this translocation processes.
Based on our findings, we hypothesize that ADGRs
are part of the dynamic MAMs and participate in
the control of the delivery of mitochondrial com-
ponents into mitochondria during mitochondrial
biogenesis. For this, they may interact only tran-
siently withmitochondrial proteins, whichmay also
explain why ADGRs are not present in the existing
mitoproteomes.

TAP data indicate regulation of ADGRs
by phosphorylation
The identification of diverse kinases and phos-
phatases in the present TAPs (Table 1) indicates
that both kinases and phosphatases bind to ADGRs.
ADGRs may serve as scaffolds for these enzymes.
Alternatively, they may regulate the ADGR func-
tion by the yin and yang of protein phosphoryla-
tion and dephosphorylation. The latter hypothesis
is supported by previous data demonstrating that
extracellular domain phosphorylationmay facilitate
ADGR signaling.12 However, most putative phos-

phorylation sites have been identified in the ICD
of ADGRs.12 This is also in line with the predicted
phosphorylation sites of all kinases identified by
the present TAPs. The phosphorylation of residues
in the PBMs of the ICD may regulate the bind-
ing to PDZ domains of diverse scaffold proteins
also identified as potential interactors in the present
study (see above). Such regulation has recently been
described for the binding of CD97 to one of the PDZ
domains of the DLG1 scaffold protein triggered
by the phosphorylation of the C-terminal PBM of
CD97.52 This mechanismmight be a general mech-
anism for the regulation of PBM and PDZ domain
interaction.
It is notable that we did not identify any mem-

ber of the GPCR kinase (GRK) family by TAPs.
GRKs phosphorylate activated canonical GPCRs,
which promotes the binding of arrestins, precluding
further G protein coupling.83 GRKs phosphory-
late GPCRs usually at serine, threonine, or tyrosine
residues present in the third intracellular loop of
the 7TM domain and the ICD. However, GRKs for
ADGR phosphorylation have not been identified so
far. Therefore, the absence of GRKs in our TAPs
can be due to the fact that we did not stimulate the
ADGRs in our TAPs or that indeed no GRKs exist
for ADGRs.
The identified kinases are part of signaling

pathways, which may be related to ADGR. For
example, MAPK1 and MAPK3 (also known as
extracellular signal–regulated kinases (ERK1/2))
are central kinases of the ERK pathway that plays an
important role in integrating external signals into
signaling events promoting cell growth and prolif-
eration inmanymammalian cell types.84 One of the
targets of theMAPK/ERK kinase cascade is another
identified kinase, CDK4, which controls the G1-S
phase in the cell cycle. The elucidation of the role of
ADGRs and their putative interacting kinases in sig-
naling pathways has to be reserved for future exper-
imental investigations.

ADGRs interact with Wnt/planar cell polarity
signaling proteins
Our TAP data provide several lines of evidence
that ADGRs are modulators of Wnt signaling.
This is in line with previous reports describing
crosstalk between the Wnt and ADGR pathways,
which focused onGPR124 andGPR125.85–89 In par-
ticular for GPR124, it has been shown that this
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Knapp et al. Functional modules related to adhesion GPCRs

interplay facilates angiogenesis in the central ner-
vous system.86,89–91 Since ADGRs and their inter-
acting partners (e.g., synaptic scaffold proteins, see
above) are localized at both the pre- and postsy-
napse, it is conceivable that ADGRs act together
with WLS in the transsynaptic translocation of the
Wnt1 ligand.92

Other Wnt-related interactors identified in TAPs
differ between the ADGRs analyzed. However, all
Wnt-related interactors indicate a modulating role
in Wnt signaling. The most Wnt-related preys were
identified in TAPs with VLGR1 constructs. These
include molecules previously linked to Wnt signal-
ing, such as ATP6AP2 and PTK7. As a planar cell
polarity (PCP) core protein, ATP6AP2 also interacts
with another ADGR, namely CELSR1.93–95 PTK7
is a regulator of both canonical and noncanonical
(PCP) Wnt signaling, and like VLGR1 it is essential
for hair cell development in the cochlea.96–98
For GPR124_CTF and VLGR1_CTF, we also

identified SLC30A9, which directly interacts with
β-catenin and is part of a complex that activates
Wnt-responsive gene transcription.99,100 Impor-
tantly, the transcriptional regulator FHL2, which
we found in the VLGR1_ICD dataset, is part
of the same complex. Moreover, GPR124_CTF
and BAI2_CTF interacted with AMER1, which
negatively regulates Wnt signaling by promoting
β-catenin degradation.101,102 Two additional pro-
teins identified in our TAP datasets, namely
NONO and SFPQ, further support the rele-
vance of this finding. The transcriptional activator
NONO, which colocalizes with AMER1 at nuclear
speckles,99 was found in TAPs of BAI2_CTF. SFPQ,
which forms heterodimers with NONO,103,104 was
found in both the GPR124_CTF and BAI2_CTF
datasets.
In summary, our data support the prominent role

of GPR124 in the regulation of the Wnt signaling
pathway.86,89–91 In addition, our findings indicate
that the crosstalk of ADGRs and Wnt signaling is
not only restricted to GPR124 or GPR12585 butmay
also be mediated by other ADGRs, namely VLGR1
and BAI2.

Concluding remarks

In conclusion, we identified protein networks
related to ADGRs by an affinity capture approach.
Our data not only support previous findings but
also reveal novel molecular relationships, which

suggest novel cellular functions for ADGRs. Our
data demonstrate that ADGRs of groups I, II, III,
VII, and IX are involved in synaptic processes and
are modulators of Wnt signaling. In addition, we
found evidence for an association of ADGRs with
the γ-secretase complex and cleavage of their ICDs,
which may act in transcriptional regulation in the
nucleus. Whether ADGRs are substrates of the
γ-secretase or other proteases remains to be deter-
mined. Moreover, our data indicate that ADGRs
may have novel roles associated with the intracel-
lular membranes of the ER and mitochondria, and
in particular with the joint protein complexes of the
MAMs. In any case, we regard the outcome of the
present study as springboard for future investiga-
tions that should be carried out in order to under-
stand the complex function of ADGRs in health and
disease.
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Abstract: The very large G-protein-coupled receptor 1 (VLGR1/ADGRV1) is the largest member
of the adhesion G-protein-coupled receptor (ADGR) family. Mutations in VLGR1/ADGRV1 cause
human Usher syndrome (USH), a form of hereditary deaf-blindness, and have been additionally
linked to epilepsy. In the absence of tangible knowledge of the molecular function and signaling
of VLGR1, the pathomechanisms underlying the development of these diseases are still unknown.
Our study aimed to identify novel, previously unknown protein networks associated with VLGR1
in order to describe new functional cellular modules of this receptor. Using affinity proteomics, we
have identified numerous new potential binding partners and ligands of VLGR1. Tandem affinity
purification hits were functionally grouped based on their Gene Ontology terms and associated with
functional cellular modules indicative of functions of VLGR1 in transcriptional regulation, splicing,
cell cycle regulation, ciliogenesis, cell adhesion, neuronal development, and retinal maintenance. In
addition, we validated the identified protein interactions and pathways in vitro and in situ. Our
data provided new insights into possible functions of VLGR1, related to the development of USH
and epilepsy, and also suggest a possible role in the development of other neuronal diseases such as
Alzheimer’s disease.

Keywords: adhesions GPCR; Usher syndrome; affinity proteomics; protein networks

1. Introduction

The longest isoform 1b of the very large G-protein-coupled receptor 1 (VLGR1/ADGRV1),
also known as GPR98, MASS1, or FEB4, is the largest adhesion G-protein-coupled receptor
(ADGR) in the human body (Figure 1a) [1–3]. Mutations in VLGR1/ADGRV1 can manifest
in two disease phenotypes. Most VLGR1 mutations are causative for the human Usher
syndrome type 2C (USH2C) [4]. Usher syndrome (USH) is a severe genetically heterogenous
autosomal recessive disorder and the most common cause of hereditary deaf-blindness [5,6].
There is growing evidence for a relation of haploinsufficiency of VLGR1 to epilepsy in
humans [7–10]. This association with epilepsy is consistent with the audiogenic seizure
phenotype in VLGR1 mutant mice [11–13].
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Figure 1. VLGR1 domain structures and VLGR1-associated protein networks. (a) The two long 
isoforms of VLGR1, the full-length protein VLGR1b, and the shorter isoform VLGR1a can be auto-
cleaved at the GPS (G-protein-coupled receptor proteolytic site) into the following fragments: N-
terminal fragment (NTF) and the C-terminal fragment (CTF), which are composed of a short intra-
cellular domain (ICD), the seven transmembrane domain (TM), and the long extracellular domain 
(ECD). (b) N- or C-terminally Strep II- FLAG (SF)-tagged VLGR1 constructs were used as baits. (c) 
Protein networks of prey identified with SF-N-VLGR1a (863 out of 925 prey proteins are intercon-
nected, based on the STRING database (https://string-db.org/; accessed on 10 September 2017), SF-
N-VLGR1_CTF (1054 out of 1135 prey proteins are interconnected), SF-C-VLGR1_CTF (939 of 1025 
prey proteins are interconnected), and SF-N-VLGR1_ICD (29 out of 40 prey proteins are intercon-
nected). (d,e) Venn diagrams of VLGR1 prey revealing overlaps between the interactomes found for 
the VLGR1 constructs. 

VLGR1 is mainly expressed in the nervous system, with a strong expression in the 
eye and the inner ear [5,12,14–16]. In both sensory organs, the VLGR1 protein is found at 
the synapses of the sensory cells [17,18]. In inner ear hair cells, VLGR1 is an essential com-
ponent of the ankle links, which connect neighboring stereocilia, and thereby stabilizes 
the nascent hair bundles of the cochlear during differentiation [14,16,19]. In the retinal 
photoreceptor cells, VLGR1 is also associated with fibrous connectors [20]. Here, the ex-
tremely long adhesive extracellular domain of VLGR1 spans between the membranes of 
the apical inner segment and of the connecting cilium of photoreceptor cells. In mice, de-
fects in VLGR1 cause the disruption of the fibrous links and the membrane–membrane 
adhesion in both sensory cell types [14,20]. 

Similar to other ADGRs, VLGR1 possesses a unique structure (Figure 1a) character-
ized by the N-terminal extracellular domains (ECD) that mediate cell–cell or cell–matrix 

Figure 1. VLGR1 domain structures and VLGR1-associated protein networks. (a) The two long iso-
forms of VLGR1, the full-length protein VLGR1b, and the shorter isoform VLGR1a can be autocleaved
at the GPS (G-protein-coupled receptor proteolytic site) into the following fragments: N-terminal
fragment (NTF) and the C-terminal fragment (CTF), which are composed of a short intracellular
domain (ICD), the seven transmembrane domain (TM), and the long extracellular domain (ECD).
(b) N- or C-terminally Strep II- FLAG (SF)-tagged VLGR1 constructs were used as baits. (c) Protein
networks of prey identified with SF-N-VLGR1a (863 out of 925 prey proteins are interconnected,
based on the STRING database (https://string-db.org/, accessed on 10 September 2017), SF-N-
VLGR1_CTF (1054 out of 1135 prey proteins are interconnected), SF-C-VLGR1_CTF (939 of 1025 prey
proteins are interconnected), and SF-N-VLGR1_ICD (29 out of 40 prey proteins are interconnected).
(d,e) Venn diagrams of VLGR1 prey revealing overlaps between the interactomes found for the
VLGR1 constructs.

VLGR1 is mainly expressed in the nervous system, with a strong expression in the
eye and the inner ear [5,12,14–16]. In both sensory organs, the VLGR1 protein is found
at the synapses of the sensory cells [17,18]. In inner ear hair cells, VLGR1 is an essential
component of the ankle links, which connect neighboring stereocilia, and thereby stabilizes
the nascent hair bundles of the cochlear during differentiation [14,16,19]. In the retinal
photoreceptor cells, VLGR1 is also associated with fibrous connectors [20]. Here, the
extremely long adhesive extracellular domain of VLGR1 spans between the membranes
of the apical inner segment and of the connecting cilium of photoreceptor cells. In mice,
defects in VLGR1 cause the disruption of the fibrous links and the membrane–membrane
adhesion in both sensory cell types [14,20].

Similar to other ADGRs, VLGR1 possesses a unique structure (Figure 1a) characterized
by the N-terminal extracellular domains (ECD) that mediate cell–cell or cell–matrix adhe-
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sion, combined with a secretin-like GPCR moiety [3] that includes a seven transmembrane
(7TM) domain and a cytoplasmic region. It is the N-terminus that mainly contributes
to the enormous size of VLGR1, which can undergo alternative splicing, thus yielding
also shorter variants such as VLGR1a (Figure 1) [2]. An important feature of ADGRs is
their capability to be self-cleaved at the so-called G-protein-coupled receptor proteolysis
site (GPS) [21], located close to the first of the seven transmembrane (7TM) domain and
embedded in the GPCR autoproteolysis-inducing domain (GAIN) [22]. The two resulting
fragments, an N-terminal (NTF) and a C-terminal fragment (CTF), mostly stay associated
as a dimer. However, there is increasing evidence that the NTF and CTF can execute
independent functions [23,24]. In particular, the expression of the NTF mediates a signal
independent from the coupled G protein, while the CTF alone results in the increased
activation of downstream signaling pathways compared to the full-length protein [25–28].
This is due to a tethered internal agonist that comprises the first 5–10 amino acids of the
CTF, the so-called Stachel [29]. For some ADGRs, there is evidence that the release of the
NTF triggers the binding of the Stachel peptide to the exoplasmic face of the ADGRs and,
in consequence, induces the conformational changes, which allows the binding of ADGR
effector proteins. In addition, there is also evidence for several ways of Stachel-independent
receptor stimulation, proving that ADGR activation is complex and far away from being
fully understood [30].

In any case, the active and inactive receptors most probably associate with differ-
ent protein complexes enrolled in diverse functional modules. Previous analyses of the
protein–protein interaction revealed that the cytoplasmic tail of VLGR1 binds through its
PDZ-binding motive to the PDZ domains of USH-related scaffold proteins, namely whirlin
(USH2D), harmonin (USH1C), and the USH genetic modifier PDZD7 [13]. These interac-
tions also mediate the integration of VLGR1 into the USH-protein networks associated
with membrane adhesion complexes. More recently, it became evident that defects in USH
molecules lead to dysfunctions in primary cilia, which are regarded as the sensory antennae
and signaling hub of the cell [31–34]. However, nothing is known about VLGR1 signaling in
primary cilia [35]. In addition, two studies addressing VLGR1 signaling pathways reported
contradictory pathways via Gαs/Gαq and Gαi, respectively [36,37].

Here, we aimed to identify novel proteins interacting with VLGR1 and thereby define
signaling pathways, protein networks, and functional cell modules related to VLGR1.
For this, we applied tandem affinity purifications (TAPs) coupled to mass spectrometry
analysis using different fragments of VLGR1 as bait. We identified numerous putative
novel complex partners, that we analyzed by bioinformatics tools to group the identified
prey according to their GO terms, and preliminarily validated some of the interactions.
Our analysis identifies VLGR1-related cell modules which shed light on possible cellular
functions of VLGR1 including neural development, gene and cell cycle regulation, cell
adhesion, and photoreceptor function.

2. Results and Discussion
2.1. Identification of Novel VLGR1 Protein Complex Partners by Tandem Affinity Purification (TAP)

To identify novel interactors of VLGR1 we applied affinity proteomics using TAPs [38].
We fused the tandem Strep II-FLAG (SF)-tag to the N-terminus of a full-length VLGR1a
isoform, the N- and/or C-terminus of the C-terminal fragment (VLGR1_CTF), and the
end of the C-terminus of the intracellular domain of VLGR1 (VLGR1_ICD) (Figure 1b).
These SF-tagged baits were expressed in HEK293T cells and TAPs were performed. Eluted
protein complexes were separated by liquid chromatography and their peptide content
determined with tandem mass spectrometry (LC-MS/MS). To identify interacting proteins,
we searched the raw spectra against SwissProt databases and verified the results applying
the Scaffold program. All prey identified for the four different VLGR1 constructs as baits
are listed in the Supplementary Table S1.

We identified ~1000 novel putative interacting partners of VLGR1 in TAPs with both
VLGR1_CTFs and VLGR1a as baits. In contrast, only 40 hits were found in VLGR1_ICD CT
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TAPs (Figure 1c). Half of the molecules identified in VLGR1_ICD TAPs were also found
in TAPs with the longer constructs VLGR1_CTFs and VLGR1a (Figure 1d). Comparisons
among TAP data sets between the two VLGR1_CTFs and VLGR1a revealed an intersection
of over 500 (Figure 1e). However, our analyses also revealed high diversity in prey found in
the different TAPs. The putative interaction partners belong to very heterogeneous protein
groups and families that exert functions in diverse cellular compartments. This may reflect
diverse functions of VLGR1 in different cellular contexts and/or may also depend on the
activation state of VLGR1. This section may be divided by subheadings. It should provide
a concise and precise description of the experimental results, their interpretation, as well as
the experimental conclusions that can be drawn.

2.1.1. Specificity of TAP Hits

In order to gauge the reliability of the identified interaction partners, we compared
our datasets to the Contaminant Repository for Affinity Purifications, short CRAPome, which
contains a collection of common contaminants in affinity proteomics data sets [39]. About
half of the identified VLGR1 prey occur in less than 5% of all protein listed in the CRAPome
(corresponding to a cutout ≤20), which indicates a high degree of specificity.

A comparison of TAP hits with previously identified VLGR1 binding partners [35] con-
firmed the two USH scaffold proteins whirlin (DFNB31/USH2D) and harmonin (USH1C)
as the binary binding partners of VLGR1 in VLGR1_ICD TAPs (Supplementary Table S1).
We have also previously shown that VLGR1 directly binds with its PDZ-binding motif
(PBM) in the C-terminal end of the VLGR1_ICD to one of the PDZ domains of the two
scaffold proteins [15,17]. Although there is no doubt that we have also identified some
false-positive interactors, our validation proves the specificity of selected interactions and
confirms the suitability of our affinity capture approach for the identification of novel
interactors of transmembrane receptor proteins, such as VLGR1.

2.1.2. Grouping and Categorizing of TAP Hits

We grouped and categorized TAP hits by Gene Ontology (GO) term enrichment analy-
ses, applying the Cytoscape (http://www.cytoscape.org, accessed on 10 September 2017)
plugin ClueGO [40] for all three GO term categories, Biological Process, Cellular Component,
and Molecular Function, and, in addition, for KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways (Supplementary Tables S2–S5). In our data sets, we found multiple, often unex-
pected, links to different cellular processes. Some of the most interesting connections are
examined and discussed in the following.

2.2. VLGR1 G Protein Coupling Switches between Gαs/Gαq and Gαi

As expected for a GPCR, we identified in our VLGR1 TAPs several subunits of het-
erotrimeric G-proteins, namely Gβ1 (GNB1), Gβ2 (GNB2), Gαi3 (GNAI3), and Gαs (GNAS).
Interestingly, we found the association of a full-length VLGR1a with Gαi and Gαs, respec-
tively, whereas the VLGR1_CTFs only interacted with Gαi, which primarily inhibits the
cAMP dependent pathway by inhibiting adenylyl cyclase activity, decreasing the produc-
tion of cAMP and resulting in decreased activity of the cAMP-dependent protein kinase.
To analyze the Gα coupling of VLGR1 in more depth, we first measured the concentration
of the second messenger cAMP in HEK293T cells expressing VLGR1a (Figure 2a). Overex-
pressing VLGR1a revealed a dose-dependent increase of cAMP, indicating the coupling
of VLGR1 to Gαs. We also found a significant increase of cAMP upon the co-expression
of VLGR1a with a Gαsq chimera, suggesting an activation of Gαq (Figure 2b). Based on
the assumption that the CTF mutant represents the active conformation of VLGR1, we
expected to see an increase in cAMP levels (Gs pathway) as well as IP levels (Gq path-
way) when comparing CTF to full length constructs (Figure 2c). The proper surface and
total expression of the full-length and CTF mutant was controlled using ELISA assays
(Figure 2d). Surprisingly, constitutive activity of the CTF was seemingly only confirmed for
Gq-mediated IP accumulation, while Gs-mediated cAMP levels were reduced. However,

http://www.cytoscape.org
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cAMP reduction can also be caused by activation of Gi proteins. Indeed, utilizing a Gqi
chimera, this activation could be shown for the CTF mutant. These findings are consistent
with previous results from independent groups reporting signaling of VLGR1 via Gαs/Gαq
and Gαi [36,37]. Shin et al. (2013) used a shortened version of VLGR1 that contained an
artificial NTF comprising the PTX domain, the EAR domain, and five Calxα domains.
This VLGR1 version appeared to be essential for Gαs signaling, which is in line with our
data observed with VLGR1a (Figure 2b). In contrast, Hu and coworkers (2014) used the
VLGR1_CTF for their measurements and found the coupling to Gαi. In accordance with
these previous results, we observed a stronger activation of Gαi with VLGR1_CTF, com-
pared to VLGR1a (Figure 2c). For Gαs, we did not detect significant differences between
both constructs in their basal activity levels. However, the association of Gαs with VLGR1a,
but not VLGR1_CTF in our TAPs, and the dose-dependent increase of basal activity upon
VLGR1a overexpression (Figure 2a), all indicate a preferred coupling of Gαs to full-length
VLGR1a, compared to VLGR1_CTF, which in turn favors Gi-coupling. A signaling switch
from basal Gs to active Gi has been previously shown for ADGRG3/GPR97 [41]. Interest-
ingly, switches between Gα coupling are not restricted to ADGRs, but were previously also
reported for other GPCRs [42]. A physiological role for these signaling switches in VLGR1
remains to be determined. Interestingly, the activation of the Gq protein is utilized by the
receptor in its full-length as well as in its CTF version (Figure 2b,c). The same Gq-preferred
activation can be found when screening for potential Stachel-derived agonistic peptides in
a cAMP assay. We found that peptides of 10 and 11 amino acids of the respective tethered
agonist region could significantly activate VLGR1 when adding a Gsq chimera (Figure 2e).
As in other ADGRs, the release of the NTF from VLGR1 may trigger the binding of this
11-amino-acids Stachel peptide to the exoplasmic face of the VLGR1_CTF. The resulting
conformational changes in the receptor may induce the switch from Gαs- to Gαi-mediated
signaling of VLGR1, as indicated in the TAPs for VLGR1a and VLGR1_CTF.

2.3. TAP Data Analysis Indicates Coupling of VLGR1 to Various Downstream Signaling Pathways

Enrichment analyses of VLGR1 TAP data sets in the categories of the KEGG pathway
and Biological Process displayed the participation of VLGR1 at 13 different signaling path-
ways. However, the number of prey identified with three different VLGR1 baits for these
pathway categories obviously differs. Based on these differences we were able to predict
how VLGR1 molecules are connected to the specific pathway. KEGG pathway analysis
revealed, for VLGR1_ICD prey proteins, two mitogen-activated protein kinases, MAPK1
and MAPK3, categorized to the mTOR-pathway, which is involved in the cellular response
to energy levels and nutritional or environmental cues [43]. An enrichment of prey related
to mTOR-signaling was also found for SF-N-VLGR1a but not for VLGR1_CTF TAPs.

Categorized pathways assigned by the identified prey proteins identified in TAPs with
the VLGR1a and VLGR1_CTF as baits are listed in Table 1. For both, full-length VLGR1a
and the VLGR1_CTFs, we found proteins which participate in the AMP-activated protein
kinase (AMPK) pathway, MAPK signaling, the neurotrophin pathway, and Wnt signaling.
Prey proteins connected to Hypoxia-inducible factor 1 (HIF-1) signaling were enriched for
VLGR1a as bait. This suggests that the less active full-length VLGR1a participates in the
HIF-1 pathway and regulations related to hypoxia [44]. In contrast, protein prey related to
the Notch signaling pathway, the insulin receptor-mediated pathway, and Ephrin signaling
or the sphingolipid pathway were almost exclusively identified in TAPs performed with
VLGR1_CTFs. The interaction of these pathways with VLGR1 probably only occurs in the
active receptor stage.

Interestingly, protein prey categorized to integrin signaling was mainly associated with
SF-C-VLGR1_CTF, but not with SF-N-VLGR1_CTF. The N-terminal tags at VLGR1_CTF
most probably may hinder receptor activation by the tethered Stachel agonist [29,45]. Thus,
our data favor that Stachel-mediated activation of VLGR1 is essential for downstream inte-
grin signaling. In contrast, proteins involved in Wnt and Sonic Hedgehog (Shh) signaling,
namely Smoothened (SMO), Frizzled 7 (FZD7), and protein tyrosine kinase 7 (PTK7), were
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only found in TAPs with the N-terminally tagged VLGR1_CTF. This indicates that a free,
untagged C-terminus of VLGR1 is important to interact with these proteins. Notably,
VLGR1, SMO, and FZD7 all contain C-terminal class I PDZ-binding motifs (PBMs). The
binding of PBMs to PDZ domain scaffolding proteins likely mediates the interaction of the
proteins and their clustering at the membranes. Moreover, we found 30 proteins related
to the ER-associated protein degradation (ERAD) pathway that is activated by misfolded
proteins [46]. This might be due to overexpression of the aGPCR bait. We also noticed that
VLGR1_CTFs interacted with several proteins associated with apoptotic pathways. How-
ever, we did not observe an apoptotic effect upon the overexpression of these molecules in
HEK293T cells.
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Figure 2. Signal transduction and activation of VLGR1. (a) HEK293T cells were transfected with
increasing amounts (100–600 ng/well) of plasmids encoding either human VLGR1 or human P2Y12.
VLGR1, but not P2Y12, a known Gi coupling receptor, caused a dose-dependent increase of cAMP.
Statistics displayed significant linear regression for VLGR1. (b) Coupling analysis of VLGR1a using
chimeric G proteins in cAMP accumulation assay revealed significant 2nd messenger accumula-
tion with a chimera that couples to a Gq-binding receptor. (c) Comparison of basal 2nd messenger
production of full length and CTF, where the NTF was replaced with the N-terminus of P2Y12 to
ensure proper surface expression of the mutant. Constitutive activity of the CTF is observed in IP
accumulation assay with and without a Gqi chimeric protein, indicating coupling to Gq and Gi.
(d) Cell surface (SE) and total cell expression (TE) of full length and CTF mutant constructs of
VLGR1 in relation to P2Y12 (100%), which served as positive control. (e) Screening for VLGR1
Stachel-mimicking peptides. A Stachel-derived peptide library of VLGR1 was tested in cAMP with
and without the addition of a Gsq chimeric G protein. Peptides 10 and 11 amino acids long were
found to significantly activate VLGR1 in comparison to pcDps when the Gsq chimera was added.
(a–e): Data are given as means ± S.D. of three independent experiments each performed in tripli-
cate. (b,c): Statistics was performed using one-way ANOVA with Bonferroni as post-hoc test and
(d) utilized one-way ANOVA with Sidak’s multiple comparison test. p-values in b, c and e:
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

2.4. VLGR1 Participates in Signaling at Focal Adhesions

Beside their signaling function, ADGRs possess adhesive properties. In VLGR1 TAPs
with HEK293T cell lysates, we identified 96 proteins that are assigned to the GO term focal
adhesion, of which 25 have a CRAPome value 20 (Figure 3a). The high number of focal
adhesions (FA)-associated prey is consistent with data from RPE1 cells performed in a
parallel study [47]. Figure 3b shows the localization of VLGR1 in FAs of primary mouse
brain astrocytes, concordant with data of the latter study [47]. FAs are macromolecular
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assemblies at contact sites of cell membranes with the extracellular matrix (ECM) [48]. There
they act as hubs for bidirectional signaling, the “inside-out” transmission of intracellular
forces to the ECM, and the “outside-in” signal transmission of shear forces between the
cell and the ECM from the environment to the cell interior [49]. While no FA protein was
found in the VLGR1_ICD TAPs, the prey for SF-N-VLGR1a, SF-N-VLGR1_CTF, and SF-C-
VLGR1_CTF contained several FA core proteins. Being proteins directly associated with
integrins, the core FA adhesion molecules were mostly restricted to both VLGR1_CTF TAPs.
This suggests that the interaction with integrin complexes depends on the activity level of
VLGR1. All in all, these data further support our recent findings that VLGR1 functions as a
metabotropic mechanosensor in FAs that is critical for cell spreading and cell migration [47].

Table 1. VLGR1 is connected to several cellular signaling pathways (selection is based on KEGG
pathway and Biological Process enrichment analysis, see also Supplementary Tables S1–S4). Prey
proteins with CRAPome values ≤ 20 are shown. Baits: SF-N-VLGR1a (full-length VLGR1a), SF-N-
VLGR1_CTF (N-CTF), and SF-C-VLGR1_CTF (C-CTF).

Pathways Prey
Proteins VLGR1a Baits

N-CTF C-CTF Prey
Proteins VLGR1a Baits

N-CTF C-CTF

AMPK pathway: coordinates
cell growth,
autophagy and metabolism

CPT1A
G6PC3

HMGCR
IGF1R
PCK2

+

+
+

+
+
+
+

+
+
+
+

PIK3R2
PRKAG1

SCD
SCD5

+

+
+

+
+ +

+

Ephrin signaling: development
ADAM10
APH1A
EFNB1

+ +
+

+
+
+

NCSTN
PSEN2

+ + +
+

FoxO pathway: regulation of
cell cycle, apoptosis and metabolism

FOXG1
G6PC3
IGF1R

PIK3R2

+

+
+

+
+

PCK2
PRKAG1

RAF1
TGFBR1

+

+
+

+
+
+

HIF 1 pathway: regulates
hypoxia inducible genes under
hypoxic conditions

CUL2
EIF4E
HK2

HMOX1

+
+
+ +

+
+

IGF1R
PIK3R2
TCEB1
TCEB2

+
+
+
+

+ +

Insulin receptor pathway:
controls critical energy functions
such as glucose and lipid
metabolism, connected to FoxO
signaling pathway

ATP6AP1
ATP6V0A1
ATP6V0A2
ATP6V0D1
ATP6V1F
ATP6V1H

EIF4E
IGF1R

LAMTOR1

+

+
+

+
+
+
+
+
+

+
+

+
+
+
+
+
+

+
+

LAMTOR3
NCAM1

PIGU
PIK3R2
PIK3R4

PRKAG1
RAF1

SPNS1

+

+
+

+

+
+
+
+

+
+
+

+

+
+

Integrin signaling:
development, tissue maintenance
and repair

ADAM10
ADAMTS

CD47
+

+

+

ITGA5
ITGA6
SPNS1 + +

+

+
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Table 1. Cont.

Pathways Prey
Proteins VLGR1a Baits

N-CTF C-CTF Prey
Proteins VLGR1a Baits

N-CTF C-CTF

MAPK pathway: involved in
proliferation, differentiation,
motility, stress response,
apoptosis and survival

ARL6IP5
ATP6AP1
ATP6AP2

CD81
CDK5RAP3

FN1
FZD7

GDF15
HMGCR

IGF1R
ILK

INHBE
IRAK1

LAMTOR1
LAMTOR3

+

+

+

+

+
+

+
+
+

+

+
+
+

+
+

+
+
+
+
+

+

+
+
+

LEMD2
MAP2K7
MTCH1
NCAM1
NPTN
PIGU

PPM1L
PSEN1
RAF1

RHBDD3
SPNS1

SYNJ2BP
TAB2

TGFBR1
VRK2

+
+

+

+
+
+
+

+

+

+
+
+
+
+
+
+

+
+

+

+
+
+
+

+
+
+
+
+

mTOR pathway: senses and
integrates nutritional and
environmental cues

EIF4E
LAMTOR1

LAMTOR3P

+
+ +

+

K3R2
RICTOR

+
+

Neurotrophin pathway:
regulates survival, development
and function of neurons

ADAM17
APH1A
IRAK1

LAMTOR3
NCAM1
NCSTN

PIGU

+
+

+

+
+
+

+
+

+
+
+
+
+
+

PIK3R2
PSEN2
RAF1

RICTOR
SMPD2
SORT1
SPNS1

+

+
+

+
+

+

+
+
+

+
+

+
+

Notch pathway: regulates cell
fate determination during
development and maintains
adult tissue homeostasis

ADAM10
ADAM17
APH1A

APP
GALNT11
GOLT1B

MAGEA1

+
+
+
+

+
+

+

+

+
+

NCSTN
PSEN1
PSEN2
SEL1L

SYNJ2BP
TSPAN15

+ +
+

+
+
+

+
+
+
+
+
+

SMAD pathway: regulates
cell growth,
differentiation & development

GDF15
INHBE
LNPEP

+
+

+ +

NCEH1
SLC33A1
STOML1

+ +
+

+
+

Sphingolipid pathway:
regulate cellular responses
to stress

ABCC1
BAX

CERS1
CERS2
CERS4
CERS5
CERS6
DEGS1
PIK3R2

+
+

+

+
+
+
+
+
+
+

+

+
+
+
+
+
+

PLCB4
PLD2
RAF1

SGPL1
SGPP1
SMPD2
SPTLC1
SPTLC2

+
+

+
+

+

+
+
+
+
+
+

+
+
+
+

+
+

Wnt pathway: regulates cell
migration, cell polarity, neural
patterning and organogenesis

ATP6AP2
FZD7
GPC6
ILK

LRP1
MESDC2

+

+

+
+

+

+

+

PSEN1
PTK7
SMO

SPNS1
UBR5
WLS

+

+

+
+
+
+

+

+
+

+
+
+
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Figure 3. Association of VLGR1 with focal adhesions. (a) Venn diagram of VLGR1 prey assigned
to the GO term focal adhesion in the category Cellular Component. Black font: CRAPome value ≤ 20;
Grey font: CRAPome value > 20. (b) VLGR1 is expressed at focal adhesions (FA) in primary astrocytes
derived from murine brain, where it co-localizes with the FA marker Vinculin and actin stress fibers.
Scale bar: 10 µm.

2.5. VLGR1 Partners Participate in Cell Cycle Regulation, Cell Division, and Ciliogenesis

Our TAP data showed a high enrichment for proteins attributed with the GO term
cell cycle (over 100 prey). VLGR1 interaction partners with a CRAPome value ≤ 20 could
be further grouped into positive cell cycle regulators, negative cell cycle regulators, and
other proteins (Figure 4a). It is worth noting that APP and other Alzheimer’s disease-
related proteins, such as APBB1 and ADAM17, are part of these categories. In addition, we
identified the checkpoint kinases, cell division cycle 6 (CDC6), CDC7, and CDC45, which
regulate G1/S transition [50–52].
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Figure 4. Association of VLGR1 with cell cycle regulators, mitotic spindle components, and pri-
mary cilia. (a) Venn diagrams of VLGR1 prey involved in cell cycle regulation. Interactions between
these regulators are visualized in a STRING (https://string-db.org/, accessed on 10 September 2017)
network. (b) VLGR1 prey that are assigned to the GO terms spindle and spindle pole in the cat-
egory Cellular Component. Black font: CRAPome value ≤ 20; Grey font: CRAPome value > 20.
(c) Triple immunofluorescence staining of VLGR1 (green), the spindle microtubules by α-tubulin
(α-Tub, red), and the centriole/spindle pole marker protein pericentrin-2 (PCTN, white) in RPE1 cells
reveals the localization of VLGR1 at spindle poles. Chromosomal DNA is stained by DAPI (blue).
(d) Triple immunofluorescence staining revealed VLGR1 (red) co-localization with PCTN2 at the base
of primary cilia in RPE1 cells. (e) siRNA-mediated knock-down of VLGR1 in RPE1 cells results in
decrease of the ciliary length. Scale bars: 10 µm and 2 µm (magnified primary cilium). siCon, control
siRNA (non-targeting); siVlgr1, siRNA directed against VLGR1; * p < 0.05.

We also observed that over 30 proteins were additionally assigned with the GO terms
spindle, and, more specifically, the spindle pole (Figure 4b). The interaction partners for
the full-length VLGR1a and VLGR1_CTF partially differed in these categories, suggesting
different roles of the full-length protein and its C-terminal fragment in this cellular context.
The association of VLGR1 with the spindle apparatus was confirmed by the immunocy-
tochemical staining of spindle poles by antibodies raised against the C-terminal part of
VLGR1 in dividing RPE1 cells (Figure 4c). In contrast, VLGR1 was localized to the base of
primary cilia in quiescent cells (Figure 4d), which is in line with the localization of VLGR1
at the periciliary membrane complex of photoreceptor cells [20]. The SiRNA-mediated
knock-down of VLGR1 revealed a significant reduction in cilia length when compared
to the non-targeting control (NTC) knock-down (Figure 4e). This fits to our finding that
various novel identified interaction partners of VLGR1, such as nucleotide binding protein 2
(NUBP2), the IQ motif containing B1 (IQCB1/NPHP5 (nephrocystin-5)), the actin-binding
protein Filamin A (FLNA), and Fas binding factor 1 (FBF1), participate in ciliogenesis [53–56].

https://string-db.org/


Molecules 2022, 27, 3108 11 of 26

FBF1 and Filamin A both play a role in the modification, positioning, and anchoring of
the mother centriole at the plasma membrane during ciliogenesis, and IQCB1/NPHP5 is
thought to additionally regulate the ciliary import at the ciliary base of the cilium where
VLGR1 is found [54,57].

Furthermore, we identified proteins which have been previously associated with non-
and syndromic retinal ciliopathies: the Retinitis pigmentosa 1 protein (RP1), localized in
the axoneme of photoreceptor cilia [33,58], and the Kinesin family member KIF11, which is
found in the periciliary region at the base of the photoreceptor cilium [59], but interestingly,
also at the spindle poles of dividing cells [60]. In summary, we found evidence for the
involvement of VLGR1 in cell cycle regulation and ciliogenesis. The molecular background
of these functions remains to be determined.

2.6. VLGR1 Is Part of Protein Networks in the ER and Nucleus

Our TAP datasets contain over 400 proteins, which are assigned to the Cellular Com-
ponent GO term nucleus. The vast majority of these proteins also belong to the GO term
category of the nuclear outer membrane–endoplasmic reticulum membrane network. About
196 proteins are part of the latter group, including 124 proteins with a CRAPome value ≤ 20,
which suggests a high specificity. For the GO term category “endoplasmic reticulum”, a
large number of prey were found for SF-C-VLGR1_CTF (334), SF-N-VLGR1_CTF (348), and
VLGR1a (259). In contrast, in SF-N-VLGR1_ICD TAPs, only two proteins were categorized
to the ER. The association of VLGR1 with the nucleus suggested by the GO terms of the prey
proteins were confirmed by the immunocytochemistry in the primary astrocytes derived
from a murine brain. Immunostaining demonstrated the localization of VLGR1 in the
plasma membrane (arrowhead), nucleus, focal adhesions (arrow), and in the perinuclear
cytoplasm (asterisk) (Figure 5a). The association of VLGR1 with the ER suggested by the GO
terms was verified by immunostaining VLGR1 and the ER component CLIMP63 in HeLa
cells (Figure 5b). The staining of VLGR1 overlapped not only with the nuclear marker DAPI,
but also with the ER marker CLIMP63, indicating the presence of VLGR1 in the ER. There, as
with other transmembrane receptors, the aGPCRs are properly folded by chaperones present
in the ER to be transported to the site of their activity. In addition, there is also evidence from
our TAPs that VLGR1 may well play a role in ER function. In several TAPs, the prey were
assigned to mitochondria-associated membranes (MAMs), a compartment that is formed
by the adhesion of the ER membrane to the outer mitochondrial membrane [61]. This is in
line with the localization of VLGR1 in this ER–mitochondria junction complex, as perilously
shown [62]. In a parallel study, we have demonstrated that VLGR1 is part of a protein
complex which is essential for the proper release of Ca2+ from the ER of the MAM, thereby
controlling the Ca2+ homeostasis (Krzysko et al., in prep).

The identified prey of the nuclear categories participate in nuclear-specific functions,
such as gene regulation, pre-RNA splicing, and transcription. We found 20 proteins
that fall into the transcriptional factors and regulators category, and which have a
CRAPome value ≤ 20 (Figure 5c). These include the ligand-dependent nuclear receptor
interacting factor 1 (LRIF1), a repressor of retinoic acid receptor alpha (RARA) transcrip-
tional activity [63]. Further, we identified transcriptional regulators that are involved in
brain and inner ear development (FOXG1) [64,65], and the differentiation of progenitor
cells in the retina (NR2F1) [66]. Moreover, amyloid beta precursor protein binding family
B member 1 (APBB1) was included in this dataset, which forms a transcription complex
with the intracellular domain of the amyloid precursor protein (APP) (APP_ICD) [67].
Both Notch_ICD and APP_ICD are products of γ-secretase cleavage. Strikingly, we also
found four different subunits of the γ-secretase complex in our VLGR1 TAPs (see below),
indicating that VLGR1 is a target for γ-secretase cleavage. In a parallel study, we obtained
evidence that VLGR1_ICD is also cleaved and appears in the nucleus [62]. Since there is no
obvious nuclear localization sequence in VLGR1 predicted by in silico analysis applying
NLStradamus [68], it is probably co-shuttled with one of their binding proteins into the
nucleus for fulfilling its nuclear function.
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Figure 5. VLGR1 nuclear localization and its interaction with transcriptional regulators and com-
ponents of the spliceosome. (a) Indirect immunofluorescence of VLGR1 counter stained for the
nucleus by DAPI (blue) in astrocytes derived from mouse brains. VLGR1 (green) is localized in the
plasma membrane (arrowhead) in the cytoplasm, in focal adhesions (arrow), and in the nucleoplasm of
the nucleus (asterisk). (b) Double immunofluorescence of VLGR1 (green) and the ER marker CLIMP63
(red), counter stained for nuclear DNA by DAPI (blue) in HeLa cells demonstrating prominent
VLGR1 localization in the ER. (c) Venn diagram of VLGR1 prey with a function in transcriptional
regulation (CRAPome value ≤ 20). (d) STRING network of VLGR1 TAP prey assigned to the GO
term mRNA splicing, via spliceosome. (e) Validation of the interaction of VLGR1 with the spliceosome
component PRPF6. GFP-PRPF6 pulled down VLGR1_CTF in a GFP-Trap® assay. TCL: total cell lysate,
CTF: C-terminal fragment, ICD; intracellular domain, SF: Strep II-FLAG. Scale bars in (a,b): 10 µm.
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In addition, we identified several proteins that are known to participate in roles
regarding pre-mRNA splicing catalyzed by the spliceosome (Figure 5d), a compositionally
dynamic complex assembled stepwise on pre-mRNA [69]. We identified the RNA-binding
protein Fox-1 homolog 2 (RBFOX2) as a highly reliable interactor (CRAPome value 14)
which serves as an important regulator of alternative exon splicing, particularly in the
nervous system [70]. In addition, we found the SNW domain containing 1 protein (SNW1),
which is proposed to recruit peptidylprolyl isomerase-like 1 (PPIL1), an additional high-
fidelity prey (CRAPome value 19), to the spliceosome [71,72]. To test whether VLGR1 is part
of the spliceosomal core, we analyzed its interaction with the pre-mRNA-processing factors
PRPF6 by pull down assays (Figure 5e). We observed the binding of HA-N-VLGR1_CTF to
GFP-PRPF6 in contrast to GFP in GFP-Trap® pull-downs. This exemplifies the interaction
of VLGR1 with spliceosome components, as suggested by the TAP results.

Taken together, we identified VLGR1 in association with the protein networks of the
functional modules of the ER, MAMs, and nucleus, suggesting multiple roles of VLGR1 in
gene regulation, pre-RNA splicing, transcriptional control, and balancing Ca2+ homeostasis.

2.7. VLGR1 Is Associated with the γ-Secretase Complex

We found several subunits of the γ-secretase complex in our TAP, namely nicastrin
(NCSTN), the two presenilins, PSEN1 and PSEN2, and APH1a [73], as well as the occasional
subunit of the γ-secretase Basigin (BSG) [74]. Although the γ-secretase complex is best
known for its proteolytic action on APP, resulting in amyloid β-peptide (Aβ) accumulation,
it also conducts to the intramembranous proteolytic excision of numerous other single
and multiple transmembrane proteins [75]. γ-secretase cleavage of the multi-spanning
transmembrane protein polycystin 1 (PKD1) results in the release of its intracellular C-
terminus, which acts as a transcriptional regulator [76–79]. There are several lines of
evidence that VLGR1 is a substrate of γ-secretase, such as positively charged residues at the
junction of transmembrane helix 7, which are known primary determinants of the substrate
binding of the secretase, and the general presence of released VLGR1_ICD in cells [62].
In addition, the nuclear localization and prey identified in VLGR1 TAPs include various
transcriptional regulators as putative targets for the ICD of VLGR1 in the nucleus [62]
(Figure 5a). Therefore, it is reasonable to speculate that VLGR1 regulates transcription
by a mechanism similar to the transcriptional regulation by PKD1. However, a direct
experimental proof for this hypothesis is still lacking. In addition, beside γ-secretase itself,
VLGR1 TAPs also contain validated substrates of the γ-secretase, such as the ephrin beta 1
(EFNB1), the insulin-like growth factor 1 receptor (IGF1R), the LDL receptor-related protein
1 (LRP1), and the amyloid precursor protein (APP). Accordingly, it would also be possible
that VLGR1 is indirectly linked to the γ-secretase via the interaction of these receptors, or it
may act as a regulatory component of the proteolytic cleavage of these substrates.

2.8. VLGR1 Interacts with Proteins Involved in Neurogenesis

In VLGR1 TAPs we found 161 proteins in total assigned to the GO term neurogene-
sis, which is in line with the high expression of VLGR1 in the developing brain [2]. These
hits were reduced to 69 proteins by filtering against the CRAPome dataset (cutout ≤ 20)
(Figure 6a). Fourteen of them were categorized to the GO term neuron projection guid-
ance, which includes the Alzheimer disease-related proteins APP, three subunits of the
γ-secretase (NCSTN, PSEN2, APH1A), and Slit guidance ligand 2 (SLIT2) (Figure 6a).
SLIT2 acts as a guidance cue for retinal ganglion cells [80,81]. Interestingly, SLIT2 is re-
lated to the fibronectin leucine-rich transmembrane protein 3 (FLRT3) [82], a ligand of the
ADGR Latrophilin 2 (LPHN2, ADGRL2) [83], which we also identified in VLGR1a TAPs
(Supplementary Table S1). The APP-binding protein APBB1 and the protein tyrosine kinase
7 (PTK7), an inactive kinase known to participate in Wnt signaling [84], were categorized
to the category positive regulators of neuron projection. In accordance with the role of
VLGR1, in the outgrowth of neuron projections is our finding that the overexpression of
VLGR1_CTFs and myristoyl-palmitoyl-tagged VLGR1_ICD induces the formation of long
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“axon-like” cell projections (Figure 6b). Nevertheless, other prey were categorized to nega-
tive regulators of neurogenesis, which includes APP, PSEN1, and the integral membrane
protein 2C (ITM2C), a regulator of APP [85].
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Figure 6. VLGR1 associates with neurogenesis. (a) Venn diagrams of VLGR1 prey that are assigned
to the GO term neurogenesis in the category Biological Process. (b) Overexpression of VLGR1_CTF-SF
and myristoyl-palmitoyl-(mp) VLGR1_ICD induces “axon-like outgrowth” (arrowheads) which are
not found in myristoyl-palmitoyl-CFP transfected HEK293T cells. Note that VLGR1_CTF-SF is also
localized at the plasma membrane (arrows). Scale bars: 10 µm.

GO term categorization also showed that several prey of VLGR1 TAPs play a role in
the development of the neuronal retina. These include Sidekick 2 (SDK2), which is essential
for the establishment of the well-defined characteristic layers of the neuronal retina [86].
Similar to VLGR1, SDK2 harbors a C-terminal type 1 PBM responsible for binding to PDZ
domains in scaffold proteins. This is also essential for SDK2 localization to synapses [87].
Evidence suggests that SDK2 and VLGR1 bind to MAGI proteins (membrane-associated
guanylate kinase (MAGUK) with a reversed arrangement of protein–protein interaction
domains) and the postsynaptic density protein 95 (PSD95), respectively, thereby, in this
manner, clustering at the membrane of the postsynaptic terminal [87].
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TAP prey also point to a role of VLGR1 in retinoid acid receptor-mediated signaling,
which essential for the development of retinal photoreceptors determining the ratio of
rod and cone photoreceptors in the retina [88]. We identified in VLGR1 TAPs the ligand-
dependent nuclear receptor interacting factor 1 (LRIF1), which regulates the retinoic acid
receptor alpha (RARA) transcription [63] and SNW1, which binds to RXR receptors, proba-
bly together with the nuclear receptor coactivator 1 (NCOA1) [89]. The interplay of VLGR1
with RAX and NCOA1 is supported by own unpublished findings from yeast-2-hybrid
screens that indicated a direct interaction of VLGR1 with NCOA1. Interestingly, both
SNW1 and VLGR1 have also been shown to be part of protein interactomes associated with
pre-RNA splicing (see above) [90].

In summary, our data indicate that VLGR1 plays a role in neurogenesis, particularly
during the development of the neuronal retina, and is implicated in axon guidance, synapse
formation, and related signaling pathways.

2.9. VLGR1 TAPs Confirm and Specify Roles in the Function of the Mature Retina and
Photoreceptor Cells

VLGR1 is highly expressed in the neuronal retina of vertebrates, mainly localized to
specialized adhesion complexes such as the periciliary membrane complex at the base of
the photoreceptor cilium, the retinal ribbon synapses of photoreceptor cells [5,20]. Accord-
ingly, in VLGR1 TAPs we have identified several proteins that are attributed to the Cellular
Component GO terms, the photoreceptor outer segment, axoneme, photoreceptor connecting cil-
ium, photoreceptor inner segment, and neuronal postsynaptic density (Figure 7a,b). Among the
enriched GO terms in the Biological Process category, we found several terms connected
to retinal or ciliary function. These are, for example, cilium organization, visual perception,
retina development in the camera-type eye, retina homeostasis, phototransduction, neurotransmitter
secretion, and the regulation of the synapse structure or activity (Figure 7c). Data analysis with
the cytoscape plugin stringApp (http://apps.cytoscape.org/apps/stringapp, accessed on
10 September 2017) demonstrated that the interconnection of about half of these proteins
is supported by STRING data (https://string-db.org/, accessed on 10 September 2017).
Notably, TAP prey assigned with GO terms related to the photoreceptor outer segment, con-
necting cilium, cilium organization, and visual perception were exclusively found in the dataset
of the full-length protein VLGR1a. Prey assigned to the inner segment, phototransduction,
and retinal development were identified in all three datasets, the full-length VLGR1a and the
two VLGR1_CTFs, whereas prey assigned to the neuronal post-synaptic density and regulation
of the synaptic structure or activity were mainly found with the VLGR1_CTFs.

These data indicate an important role of VLGR1 in retinal photoreceptor cell func-
tion. This is further strengthened by the fact that mutations in the VLGR1 gene cause
USH2C, which is also characterized by a strong ocular component leading to vision loss [4].
As already discussed above, VLGR1 TAPs indicate the interaction with proteins associ-
ated with syndromic and non-syndromic retinal ciliopathies, such as KIF11 [91], Nephro-
cystin 5 (IQCB1/NPHP5), associated with Senior-Løken syndrome [92], and Retinitis
pigmentosa 1 (RP1), the product of the autosomal dominant Retinitis pigmentosa RP1
gene [93,94]. Furthermore, VLGR1 TAPs contain Wolframin (WFS1) which is highly ex-
pressed in the human retina [95] and it is, similar to VLGR1, part of the photoreceptor
ciliome [96]. In addition, as in VLGR1, mutations in WFS1 can cause deafness [97].

2.10. TAP Data Support a Role of VLGR1 Associated with Epilepsy

VLGR1 is highly expressed in the central nervous system [2]. VLGR1 mutant mice are
prone to audiogenic seizures and so considered as models for epilepsy [11–13]. In addition,
there is increasing evidence that the haploinsufficiency of VLGR1 and epilepsy are related
in humans [7,9,10,98]. This prompted us to screen our TAP data for candidate molecules
related to the different forms of epilepsy. Previous studies indicated that defects in the
CHRNA4 gene, which encodes a subunit of the high-affinity nicotinic acetylcholine receptor
(nAChR), lead to autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) [99].

http://apps.cytoscape.org/apps/stringapp
https://string-db.org/
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Interestingly, in our VLGR1_CTF TAP data, CHRNA5, another subunit of the nAChR,
which has not been associated with ADNFLE so far, was present. However, in these
VLGR1_CTF TAPs, we additionally found the voltage-gated Cl- channels, CLCN1, CLCN3,
and CLCN7. Missense variants in CLCN7 are enriched in epilepsy patients, making them
candidates for the disease [100]. Furthermore, we found NIPA2 (non-imprinted in the
Prader-Willi/Angelman syndrome region protein 2) in all VLGR1_CTF TAPs. NIPA2 is a
highly selective Mg2+ transporter and NIPA2 mutations were previously described within a
population of patients with childhood absence epilepsy [101]. Taken together, our findings
are in line with a role of VLGR1 in the pathogenesis in epilepsy.
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Figure 7. VLGR1 prey associates with molecules related to photoreceptors and retinal functions.
(a) Scheme of a rod photoreceptor cell, (b) VLGR1 prey assigned with GO terms in the Cellular
Component category that are related to photoreceptor cells and cell synapses. OS, outer segment; CC,
connecting cilium; IS, inner segment; OLM, outer limiting membrane; PSD, postsynaptic density; Ax,
axoneme. Black font: CRAPome value ≤ 20; Grey font: CRAPome value > 20. (c) Relation of VLGR1
prey to retinal function. Venn diagrams of VLGR1 prey that are assigned to retina-related GO terms
in the Biological Process category. Black font: CRAPome value ≤ 20; Grey font: CRAPome value > 20.
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2.11. VLGR1 Protein Networks Are Linked to Neuron Death and Degenerative Diseases of the
Central Nervous System

In line with a role in neuronal degeneration, TAP prey were assigned to the GO term
neuron death (Figure 8). After filtering against the CRAPome (cutout ≤ 20) 24 proteins
remained that belong to this category. These include, e.g., 24-Dehydrocholesterol reduc-
tase (DHCR24), Sigma non-opioid intracellular receptor 1 (SIGMAR1), and Wolframin
(WFS1), which have cell protective functions. Mutations in these proteins are associated
with severe diseases, such as Alzheimer’s disease, Amyotrophic lateral sclerosis (ALS),
and Wolfram syndrome [102–104].
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Figure 8. VLGR1 associates with neuron death. VLGR1 prey are associated with neuron integrity.
Venn diagram of VLGR1 prey assigned with the GO term neuron death. Some of these proteins are
related to neurodegenerative diseases such as Alzheimer’s disease, Amyotrophic lateral sclerosis,
and Wolfram syndrome.

2.12. VLGR1 Is Found in Alzheimer’s Disease-Related Protein Complexes

In VLGR1 TAPs, we identified several molecules in whose genes mutations cause early-
onset familial Alzheimer’s disease (AD). An amyloid precursor protein (APP) occurred
as a prey in one of our TAPs with SF-N-VLGR1_CTF. Mutations in the APP are related
to AD, whereby APP processing by secretases plays a critical role in the Alzheimer’s
disease’s progression [105]. In addition to the γ-secretase discussed above, we also found
additional proteins that are involved in APP processing, regulation, and/or signaling. We
identified, for example, the metalloproteases ADAM10 and ADAM17 that both cleave
APP in the extracellular domain, preceding γ-secretase cleavage in the non-amyloidogenic
pathway [106,107]. Another regulator of APP found in the VLGR1 TAPs is LRP1 which
is involved in endocytosis of the released APP770 fragment, and its protein expression is
decreased in Alzheimer’s patients [108]. Furthermore, we found the amyloid beta precursor
protein-binding family B member 1 (APBB1) that binds to the intracellular fragment of
APP (APP_ICD). Both LRP1 and APBB1 act together in gene expression [109,110]. APBB1
also co-localizes with APP in the ER and/or Golgi and, presumably, in endosomes, where
it regulates the APP metabolism [111]. Interestingly, the above-mentioned TAP prey and
γ-secretase substrate LRP1 modulates APBB1/APP-mediated gene activation [112,113].

The TAP prey DHCR24 (24-Dehydrocholesterol reductase) is also related to Alezheimer’s
disease and plays a role in the cholesterol metabolic pathway [114]. It has a protective effect
against Aβ-induced toxicity and is downregulated in Alzheimer’s patients [108]. Last but
not least, we found the protein four and a half LIM domains 2 (FHL2), which binds to both
ADAM17 [115] and PSEN2 [116], and thereby could indirectly regulate APP cleavage.

In summary, we identified a whole set of VLGR1 interactors that are related to
APP metabolism. Whether VLGR1 is itself processed by γ-secretase and/or metallopro-
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teases, or whether it is implicated in APP-mediated pathways in a different way, remains
to be elucidated [102–104].

3. Materials and Methods
3.1. Plasmids

Plasmids used for tandem affinity purifications were coded for Strep II-FLAG (SF)-tagged
human VLGR1a (Uni-Prot ID Q8WXG9-2, aa 1- 1967), VLGR1_CTF (Uniprot ID Q8WXG9-1,
aa 5891-6306), and VLGR1_ICD (Uniprot ID Q8WXG9-1, aa 6155-6306). The SF-tag was
inserted between aa 66 and 67 in the VLGR1a construct, N-terminally and C-terminally fused
in VLGR1_CTF, and N-terminally fused in VLGR1_ICD. For myristoyl-palmitoyl-tagged
VLGR1_ICD, VLGR1_ICD was subcloned into the MyrPalm-eCFP vector (plasmid 14867,
Addgene, Cambridge, MA, USA). For 3xHA-tagged VLGR1 constructs, VLGR1_CTF and
VLGR1_ICD were subcloned into the p3xHA/DEST vector. Receptors for second messenger
assays were sublconed into pcDps vector and HA- and Flag-tagged at the N- and C-terminus,
respectively. Truncated CTF receptor version was fused to the N-terminus of P2Y12 to ensure
proper membrane expression, as described in Liebscher et al. [29].

3.2. Cell Culture

HEK293T, HeLa, and hTERT-RPE1 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM and DMEM-F12, respectively) containing 10% heat-inactivated fetal
calf serum (FCS). Primary astrocytes were isolated from mouse brains and cultured, as
described in [117]. Cells were transfected with GeneJuice® (Merck Millipore, Darmstadt,
Germany) according to manufacturer’s instructions, if not indicated differently.

3.3. Tandem Affinity Purification (TAP)

The tandem affinity purification (TAP) was performed as described in [118]. Four TAPs
were performed for VLGR1a, three TAPs for each VLGR1_CTF construct and two TAPs for
VLGR1_ICD. In brief, SF-tagged proteins were overexpressed in HEK293T cells for 48 h.
Mock treated cells were used as a control. The cells were lysed and the lysate was cleared
by centrifugation. The supernatant was then subjected to a two-step purification on Strep-
Tactin®Superflow® beads (IBA, Göttingen, Germany) and anti-FLAG M2 agarose beads
(Sigma-Aldrich, Hamburg, Germany). Competitive elution was achieved by desbiothin
(IBA, Göttingen, Germany) in the first step and FLAG® peptide (Sigma-Aldrich, Hamburg,
Germany) in the second step. The eluate was precipitated by methanol–chloroform and
then subjected to mass spectrometric analysis.

3.4. Mass Spectrometry

Mass spectrometry was performed as previously described by [38]. In brief, SF-TAP-
purified protein complexes were solubilized before subjecting to trypsin cleavage. Resulting
peptides were desalted and purified using stage tips before separation on a Dionex RSLC
system. Eluted peptides were directly ionized by Nano spray ionization and detected by
a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
We searched the raw spectra against the human SwissProt database using Mascot, and
verified the results by Scaffold (version Scaffold 4.02.01, Proteome Software Inc., Portland,
OR, USA) to validate MS/MS-based peptide and protein identifications.

3.5. Data Processing

Mass spectrometry data of the different VLGR1 fragments were compared to the
according data for mock-transfected cells. Proteins that occurred in the mock dataset
were not considered for subsequent analysis. Datasets of identical VLGR1 fragments were
combined for further analysis. Gene names (according to HGNC) of VLGR1 prey were
used as input for the Cytoscape plugins, STRING and ClueGO. The parameter confidence
(score) cutout was set to 0.40 and the parameter maximum number of interactors was set to
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0 for STRING analysis. ClueGO v2.3.3 was used for Gene Ontology (GO) term enrichment
analysis. Network specificity was set to default (medium).

3.6. Antibodies

The following antibodies were used: rabbit anti-VLGR1 [20], mouse anti-Vinculin
(Merck KGaA, Darmstadt, Germany, clone hVIN-1), mouse anti-CLIMP63 (Enzo Life
Sciences, Lörrach, Germany, G1/296), rat anti-HA (Roche, clone 3F10), mouse anti-FLAG
M2 (Merck KGaA, clone M2), rabbit anti-GFP (kind gift from Dr. Clay Smith, University
of Florida), mouse anti-α-Tubulin (Abcam, Cambridge, UK, clone DM1A), and goat anti-
Pericentrin 2 (Santa Cruz Biotechnology, Dallas, TX, USA, clone C-16). Secondary antibodies
conjugated to Alexa 488, Alexa 568, or Alexa 647 were purchased from Molecular Probes
(Life Technologies, Darmstadt, Germany) or from Rockland Inc. (Gilbertsville, PA, USA).
Nuclear DNA was stained with DAPI (1 mg/mL) (Merck KGaA).

3.7. Immunocytochemistry

Cells were fixed and permeabilized in ice cold methanol for 10 min and washed
with PBS. After washing, the cells were covered with blocking solution and incubated
overnight with the primary antibody at 4 ◦C. Cells were washed and then incubated with
the secondary antibody in blocking solution containing DAPI for 1.5 h at room temperature.
After washing, sections were mounted in Mowiol (Roth). Specimens were analyzed on a
Leica DM6000B microscope, and images were processed with Leica imaging software and
Adobe Photoshop CS (intensity adjustment).

3.8. siRNA Knock Down

For VLGR1 knock-down, hTERT-RPE1 cells (1 × 105) were seeded on 6-well plates.
After 18 h, cells were transfected with 100 µmol of a siRNA pool targeted against VLGR1
(L-005656-00-0005, Dharmacon, Lafayette, CO, USA) and non-targeting siRNA (D-001810-
10-05), respectively, using Lipofectamin® RNAiMAX (Life Technologies, Darmstadt,
Germany), according to the manufacturer’s protocol. Concomitant with siRNA knock-
down, cells were starved for 72 h in OptiMEM® to induce cilia formation.

3.9. GFP-Trap®

GFP-fused proteins were immobilized on nanobody GFP-Trap® agarose beads (Chro-
moTek, Planegg-Martinsried, Germany) and used for co-precipitation assays according to
the manufacturer’s protocol. Briefly, cell lysates from co-transfected HEK293T cells (GFP-
tagged proteins with HA-tagged proteins) were suspended in lysis buffer, spun down,
and the supernatant was diluted to 1 mL dilution buffer. Next, 50 µm were separated
as input (total cell lysate) and samples were added to equilibrated beads for 2 h at 4 ◦C
under constant shaking. After washing, precipitated protein complexes were eluted with
SDS-sample buffer and subjected to SDS–PAGE and Western blotting.

3.10. Immunoprecipitation

For co-IP, HA-PRPF31 was co-expressed with SF-N-VLGR1_ICD in HEK293T cells and
lysed in Triton-X-100 lysis buffer containing PI-mix. Co-IP was performed using anti-HA
affinity gel (Biotool, Munich, Germany), according to the manufacturer’s protocol. Briefly,
cell lysates were incubated with equilibrated HA-affinity beads for 2 h at 4 ◦C. After three
washing steps, samples were eluted with SDS-sample buffer and subjected to SDS-page
and Western blot analysis.

3.11. Second Messenger Assays

Measurements of cAMP and IP were performed as described previously [119]. In
brief, HEK293T cells were split into 12-well plates (IP assay) and 48-well plates (cAMP
assay) and transfected with LipofectamineTM2000 (Invitrogen, Paisley, UK), according to
the manufacturer’s protocol. For the IP assay, cells were incubated with 2 µCi/mL myo-
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[3H]inositol (18.6 Ci/mmol, PerkinElmer Life Sciences, Waltham, MA, USA) for 24 h. After
washing with 10 mM LiCl in serum-free DMEM, cells were incubated with 10 mM LiCl for
1 h at 37 ◦C. Intracellular IP levels were determined by anion-exchange chromatography, as
described in [120]. IP accumulation data were analyzed using GraphPad Prism version 4.0
for Windows (GraphPad Software, San Diego, CA, USA). For the cAMP assay, transfected
cells were incubated with 3-isobutyl-methyl-xanthine (1 mM)-containing medium for 1 h.
Cells were lysed in LI buffer (PerkinElmer Life Sciences, Monza, Italy) and frozen at −20 ◦C
until measurement. The cAMP concentration was determined with the Alpha Screen
cAMP assay kit (PerkinElmer Life Sciences), according to the manufacturer’s protocol,
and measured with the Fusion AlphaScreen multilabel reader (PerkinElmer Life Sciences).
The surface expression of the HA-tagged receptors was determined by an indirect cellular
enzyme-linked immunosorbent assay (ELISA), as described in [121]. Peptide synthesis was
performed, as described in [122].

4. Conclusions

Our results, obtained by systematic affinity proteomics, point to diverse roles of
VLGR1, depending on its cellular localization and structural or state of activation (Figure 9).
We provide evidence that VLGR1 harbors a tethered agonist sequence, which mediates
a switch in Gα-mediated signaling. Our data also suggest that VLGR1 is active in func-
tional modules of the cell that include cellular Ca2+ homeostasis, transcriptional regulation,
pre-mRNA splicing, cell differentiation, and primary cilia integrity. In addition, our study
provides evidence for the role of VLGR1 in the maintenance of sensory-neuronal systems,
and the identified interactions with disease molecules support previously found associa-
tions with diseases such as Usher syndrome and epilepsy, but also suggest links to other
neuronal disorders, such as Alzheimer’s disease. Whether these functions are mediated via
the activation of signaling cascades, the adhesive function of VLGR1, or a combination of
both will need to be elucidated in future detailed studies.
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binding. Both full-length and VLGR1_CTF interact with proteins involved in neuron projection
formation, cellular homeostasis, transcription regulation, cell cycle regulation, and pre-mRNA splic-
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potential extracellular ligands for VLGR1, interacting with its NTF. VLGR1 full-length was linked to
HIF-1 signaling coupled to Gαi and Gαs. VLGR1_CTF is coupled to Gαi and linked to Wnt, Notch,
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SUMMARY

Primary astrocytes have gained attention as an important model for in vitro bio-
logical and biochemical research in the last decades. In this protocol, we describe
a fast and cost-effective technique for isolating, culturing, and maintaining pri-
mary mouse astrocytes at � 80% purity levels, which can be used in in vitro
studies for migration and focal adhesion dynamics. In addition, we present an
optimized transfection and manual quantification approach for focal adhesion
analysis in fixed and living cells.
For complete details on the use and execution of this protocol, please refer to
Kusuluri et al. (2021).

BEFORE YOU BEGIN

Dissection of mice and preparation of brain culture should be performed under sterile conditions. All

equipment (Biosafety cabinet, forceps, scissors and plates, etc.) should be sterile to prevent any

contamination. In this protocol, the isolation of primary astrocytes cells depends on the differential

binding method which separates primary astrocytes, oligodendrocyte progenitor cells (OPCs) and

microglia cells based on their different affinities for bacterial grade plastic dishes. Do not use plates

that have been treated for animal cell culture because all cell types will attach to these plates with

equal affinities. Primary astrocytes were isolated from brains of P0 C57BL/6J (wild type). This proto-

col was also successfully applied for two mouse models for Usher syndrome 2C namely Vlgr1/

del7TM (McMillan and White, 2004) and Drum B mutated mice (Potter et al., 2016), bred on a

C57BL/6J background and we did not observe any difference in protocol efficiency. All experiments

described herein were performed in accordance with the guidelines provided by Association for

Research in Vision and Ophthalmology.

Before starting the experiment several chemicals and surgical instruments should be prepared (For

detailed information please see key resources table and materials and equipment section).

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-GFAP (Glial fibrillary acidic protein),
working dilution 1 in 1000

DAKO-Agilent Cat#ZO334

Mouse monoclonal anti-GFAP (Glial fibrillary acidic protein),
working dilution 1 in 1000

Sigma-Aldrich Cat#G3839

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Guineapig monoclonal anti-MAP2 (Microtubule associated
protein), working dilution 1 in 1000

Synaptic systems Cat#188004

Mouse monoclonal anti-Vinculin, working dilution 1 in 100 Sigma-Aldrich Cat#V9131

Rabbit polyclonal anti- PDGFR-a, working dilution 1 in 200 Santa Cruz Biotechnology, Inc. Cat#sc-338

Rat monoclonal anti-CD68, working dilution 1 in 200 Bio-Rad Laboratories Cat#MCA1957

Chemicals, peptides, and recombinant proteins

Alexa Fluor 488-conjugated goat anti-rabbit IgG, working
dilution 1 in 400

Molecular Probes Cat#A-11034

Alexa Fluor 568-conjugated goat anti-rat IgG, working
dilution 1 in 400

Biotrend Cat#20092-1

Alexa Fluor 640-conjugated goat anti-mouse IgG, working
dilution 1 in 200

Biotrend Cat#20177

Phalloidin-TRITC, working dilution 1 in 400 Sigma-Aldrich Cat#P1951

Dulbecco‘s Modified Eagle Medium (DMEM) GibcoTM Cat#31966-021

Fetal bovine serum (FBS) GibcoTM Cat#16000044

Penicillin-streptomycin GibcoTM Cat#15140122

103 Hanks’ Balanced Salt Solution (HBSS) GibcoTM Cat#14065-056

1 M HEPES solution GibcoTM Cat#15630106

DNase I, recombinant, Grade II, from bovine pancreas Merck Cat#10104159001

0.01% Poly-L-Lysine solution Sigma-Aldrich Cat#25988-63-0

0.05% Trypsin-EDTA (13) GibcoTM Cat#25300-054

13PBS GibcoTM Cat#14190-094

Opti-MEM� I Reduced Serum Medium Thermo Fisher Scientific Cat#31985062

GeneJuice� Transfection Reagent Merck Cat#70967-6

Fibronectin bovine plasma Merck Cat#F4759-5MG

Albumin crude from chicken egg = Ovalbumin PanReac AppliChem Cat#A4344

Gelatin From Cold Water Fish Skin, 40–50% in Water Sigma-Aldrich Cat#G7765-250ML

Deposited data

Raw and analyzed data This paper and Kusuluri et al. (2021) N/A

Experimental models: organisms/strains

Mouse: C57BL/6J (P0 age) The Jackson Laboratory Stock no: 000664

Mouse: Vlgr1/del7TM (P0 age) Breed on a C57BL/6 background McMillan and White (2004)

Mouse: Drum B (P0 age) Breed on a C57BL/6 background Potter et al. (2016) and Kusuluri et al. (2021)

Recombinant DNA

RFP-Paxillin Rudolf E. Leube, Rick Horwitz Rudolf E. Leube, Rick Horwitz

Software and algorithms

ImageJ software National Institutes of Health (NIH) http://imagej.nih.gov/ij/download.html

Focal adhesion analysis server https://faas.bme.unc.edu Berginski and Gomez (2013)

Other

Stereomicroscope Leica Microsystems Leica WILD M3B

Cold light source Leica Microsystems Schott KL750

Inverted microscope Nikon Instruments Inc. Nikon Eclipse Ti2-E

Spinning disc unit Yokogawa Electric Corporation CSU-W1

Leica confocal microscope Leica Microsystems DM6000B

Centrifuge Eppendorf Centrifuge 5430 R

Medium-sized scissors A. Dumont & Fils Cat#T5074

Dumont #3 curved forceps A. Dumont & Fils Cat#T504

Dumont #4 standard tip forceps A. Dumont & Fils Cat#T505

Dumont #7 standard tip forceps A. Dumont & Fils Cat#T508

Vannas spring scissors A. Dumont & Fils Cat#T5322

100 mm petri dish (cell culture) Greiner Bio-One Cat#664160

100 mm bacterial grade petri dish SARSTEDT AG & Co. KG Cat#82.1472

T-75 culture flasks Greiner Bio-One Cat#658170

6-well culture plates Greiner Bio-One Cat#657160

15 mL Centrifuge Tubes SARSTEDT AG & Co. KG Cat#62.554.502

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

10 mm glass coverslips Carl Roth GmbH +Co. KG Cat#YX02.1

0.22 mm filter Carl Roth GmbH +Co. KG Cat#KH541

0.45 mm filter Carl Roth GmbH +Co. KG Cat#CCX9.1

m-Slide 4 Well chamber Ibidi GmbH Cat#80426
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MATERIALS AND EQUIPMENT
Growth medium

Reagent Final concentration Amount

Dulbecco‘s Modified Eagle Medium (DMEM) n/a 450 mL

Fetal bovine serum (FBS) 10% 50 mL

Penicillin-streptomycin 2% 11 mL

Total n/a 511 mL
CRITICAL: Final antibiotic concentration may be adjusted, since different antibiotic con-
centrations can affect cell proliferation and differentiation.
13

Rea

103

1 M

ddH

DN

Rea

DN

13

Tot
Note:Growth medium should be kept at +4�C for a maximum of 1 month. If there is a pH level

change during storage which can be distinguished by a color change, new medium should be

prepared.
HBSS for brain tissue storage during dissection

gent Final concentration Amount

HBSS 13 100 mL

HEPES 0.01 M 10 mL

2O n/a 890 mL
CRITICAL: Adjust pH 7.0 of buffer using 1 N HCl or 1 N NaOH and sterile medium by pass-

Total n/a 1000 mL
ing through a 0.22 mm filter.
Note: Medium should be stored at +4�C for a maximum of 1 month. If there is a pH level

change during storage which can be distinguished by the color change in medium, the new

medium should be prepared.
ase I solution

gent Final concentration Amount

ase I 0.05% 100 mg

HBSS n/a 200 mL

al n/a 200 mL
CRITICAL: Do not dissolve the DNase I by using vortex as mechanical force may denatu-
rate the enzyme which can cause decrease in the activity. The solution should be prepared

by pipetting and sterilized by passing through a 0.22 mm filter. To prevent any freeze/thaw
STAR Protocols 2, 100954, December 17, 2021 3
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cycles which may reduce activity, 1–5 mL aliquots can be prepared and kept at –20�C or

–80�C for a maximum of 6 months.
Blocking solution

Reagent Final concentration Amount

Ovalbumin 0.1% 0.1 g

40–50% Fish gelatin 0.5% 1.1 g

13 PBS n/a 100 mL
Note:Mix the Ovalbumin and 40%–50% Fish gelatin in 100 mL PBS for 12–16 h. The day after,

bring the temperature of the solution to 50�C. Centrifuge for 10 min at 3000 RCF to remove

undissolved particles. Sterile medium by passing through a 0.45 mm filter. In order to prevent

freeze/thaw cycles, prepare 1–2 mL aliquots and keep at �20�C for a maximum of 12 months.

STEP-BY-STEP METHOD DETAILS

Preparation of primary brain culture

Timing: 10–15 days

Before starting dissection of mice pups, place 10 mL of 13 HBSS (in a 15 mL Falcon tube), 1 mL of

0.05% DNase I and 1 mL of 0.05% trypsin on ice and arrange dissection tools, microscope, a cold

light source and 70% ethanol under the dissection hood. This step includes dissection and prepara-

tion of primary brain cultures. To obtain a confluent layer of primary astrocytes cells, collect 3–4

pups’ brains in a 15 mL tube containing 13 HBSS solution.

Preparation of brain tissue

Timing: 15–30 min

1. Before starting the dissection, gently hold themice pup and spray the neck with 70% of ethanol to

prevent contamination.

2. Decapitation of mice can be done by using sharp scissors in one cut.

CRITICAL: Brain isolation can take time due to inexperience. In order to achieve high ef-

Total n/a 100 mL
ficiency after the procedure and healthy brain culture, only one decapitation should be

applied at a time and the remaining decapitation procedures should be carried out after

step 14 is finished from the first mouse.
3. To keep the head fixed and stabile use anchoring forceps at orbital cavities (Figure 1A).

4. Make an incision of the skin at the hindbrain and follow along the midline to eye level where trans-

verse cuts to the eye cavity will be made (Figure 1B).

5. Grasp the skin from both sides by using Dumont #5 forceps and pull it aside to reveal the skull

(Figure 1C).

6. Carefully cut the cranium using a small scissors. The cut should start from the neck where the

vertebral foramen is located and extended anteriorly to the nose. Make additional transverse

cuts to the eye cavity.

CRITICAL: While cutting the cranium be sure that no excess pressure is applied to the
brain. This may cause deformation in brain tissue and bleeding, which can lower culture

purity because of contamination with red blood cells and endothelial cells.
4 STAR Protocols 2, 100954, December 17, 2021



Figure 1. Dissection of the brain from PN0 mouse

(A and B) (A) Cut should be performed to remove the skin and (B) skull layers covering the brain. Dashed lines indicate

the cuts using Vannas spring scissors. The cut starts from the neck where the vertebral foramen is located and extends

anteriorly to the nose.

(C) Exposed brain. Scale bar: 5 mm.
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7. Carefully pull apart the cranium using forceps to reveal the brain.

8. Take out the brain with the help of a small spatula. First, place the spatula under the cerebellum

and gently push it towards the olfactory bulbs and scoop out by lifting. This will disconnect the

brain from the skull base.

9. Transfer the brain to a 10 cm petri dish containing ice-cold 13 HBSS under sterile conditions.

The brain should submerge completely in the liquid.

10. Remove olfactory bulbs in order to free the meninges. Meninges can be distinguished by their

reddish color resulting from blood vessels (Figures 2A and 2B).

11. Reversing the brain and starting from the bottom side can help to remove meninges easily.

Dissect the meninges from the surface of the cortical layer by using fine forceps.

Note: We observed that keeping brain integrity during the process may reduce the risk of

meningeal cells and fibroblast contamination and ensure full removal.

12. Flip the brain and continue meninges removal.

13. Carefully check whether there is any meninges residue and if not, cut the brain into 6–10 pieces

using forceps or sharp blades in order to increase disassociation efficiency (Figure 2C).

14. Place the brain pieces into a 15 mL tubes that contain 10 mL 13 HBSS and keep on ice (Fig-

ure 3A).

CRITICAL: Only 3–4 brains should be collected in 10 mL 13 HBSS. If more brain tissue is
needed, use a 50 mL Falcon and increase the volume of 13 HBSS for 5 brains to 11 mL

and for 12 brains 20 mL. If the brain pieces are not submerged completely, tap the bottom

of the Falcon tube. This may help to submerge brain pieces that float on top.
Note: After obtaining meninges-free brain, repeat the steps 1–14 for the rest of the mice. Do-

ing only one brain at a time will ensure healthy cultures.

15. Under the sterile condition, add ice cold 0.05% DNase I into the tube and gently triturate brain

tissue 10–15 times with a 10 mL and 2 mL pipette, respectively.

16. Afterwards, add 0.05% trypsin, mix by using 10 mL pipette 20–30 times and incubate at room

temperature (22�C–25�C) for 20 min.

CRITICAL: The amount of DNase I and trypsin can be adjusted depending on the number
of brains in one tube. For 3–4 brains; 1 mL of DNase I and 1 mL of trypsin, for 5 brains;

1.5 mL of DNase I and 1.5 mL of trypsin, for 12 brains; 3 mL of DNase I and 3 mL of trypsin

should be added.
STAR Protocols 2, 100954, December 17, 2021 5



Figure 2. Dissection of mouse brain at P0

(A and B) Removing the meninges from mouse brain. (A) Dorsal view (B) and ventral view of isolated mouse brain.

Meninges can be distinguished by reddish color in the cortex of the mouse brain. (A0 and B0) Meninges removal from

the cortex of the mouse brain. Arrows indicate removed meninges from the cortex of the mouse brain. (A00 and B00)
Dorsal and ventral view of completely meninges-free brain.

(C) Dissection of brain parts with a sharp razor blade or fine forceps. Scale bars: A and B: 10 mm; C: 5 mm.
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17. During incubation time, prepare one T-75 flask for 3–4 brains and coat with 3 mL of 0.01% Poly-

L-Lysine (PLL) for 20 min. Place the T-75 flask in the incubator.

18. 20 min after incubation of brain pieces mix the Falcon tube thoroughly (Figure 3B).

19. Centrifuge for 10 min at 150 RCF to the pellet brain tissue (Figure 3C).

20. After centrifugation, carefully aspirate the supernatant using a Pasteur pipette connected to a

pump (Figure 3D).

Note: If there is any meninges residue or blood vessel contamination, which can be distin-

guished by a reddish color on top of the pellet, also aspirate and discard this layer. Resuspend

pellet with 2 mL of complete growth medium and repeat centrifugation step.

21. Resuspend cell pellet with 2–4 mL of DMEM with a 10 mL pipette and mix thoroughly 10–20

times in order to obtain a single-cell suspension (Figure 3E).

22. Aspirate PLL from the T-75 flask and rinse with 10 mL of DMEM to completely wash out any res-

idue. Add 8–10 mL of pre-warmed 37�C DMEM supplemented with 10% FBS and 2% pen/strep.

23. Plate the resuspended cell pellet and incubate at 37�C with 5% CO2 in an incubator.

24. Change the medium on day 1, day 2 and day 7 after plating the primary cells (Figure 7A).
6 STAR Protocols 2, 100954, December 17, 2021



Figure 3. Dissociation of mouse brain tissue for primary cell cultivation

(A) Brain tissue dissected from wild type mice in 13 HBSS.

(B) Homogenized mouse brain tissue (MBT).

(C) MBT pellet after centrifugation.

(D) MBT pellet after removing supernatant.

(E) Resuspended MBT pellet in complete growth medium.
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Note: In order to remove unattached and death cells wash the plate by using 13 PBS, before

adding fresh complete growth medium.

Deriving pure primary mouse astrocyte culture

Timing: 7–15 days

This step will be used for the separation of primary astrocytes cells from oligodendrocyte progenitor

cells (OPCs), microglia and neurons. In confluence, their tight arrangement at the bottom of the cul-

ture flask can distinguish primary astrocytes cells from other cell types. Widefield microcopy distin-

guishes microglia cells from other brain-derived cells revealing a bright and small rounded cell

morphology.

Removal of oligodendrocyte progenitor cells (OPCs)

Timing: 10–20 min

25. Mixed primary cell cultures which were obtained in steps 1 to 24 reach full confluency on days

10–15. When mixed cell culture reach confluency, gently tap the flask from both sides several

times in order to detach the OPCs layer. After tapping the flask, check the cells under the micro-

scope. Detach OPCs can be distinguished as floating cells in the plate (Figure 4).

Note: In case of incomplete detachment repeat tapping several times. Tapping should be

done gently so as not detach the astrocyte layer.

26. After theOPCs are released aspirate themedium completely to remove detached cells and rinse

remaining cells carefully with 10 mL of complete growth medium.

Note: To avoid any loosening or loss of astrocyte layer, medium aspiration and rinsing should

be done carefully. A 10 mL pipette should be placed at the corner of the flask and the medium

should be slowly added against the wall of the flask and not directly onto the attached cells.

27. After removing OPCs, add 10 mL of complete growth medium and ice cold 0.5 mL DNase I to

loosen the remaining cell layer and incubate 5 min at 37�C with 5% CO2 in an incubator.

28. After DNase I treatment, the remaining OPCs are released by horizontal shaking the T-75 Flask

20–30 times.
STAR Protocols 2, 100954, December 17, 2021 7



Figure 4. Detached oligodendrocyte progenitor cells after tapping the flask

OPCs are distinguished as floating cells above the monolayer of astrocytes and microglia. Arrow heads indicate round

shaped floating OPCs. Scale bars: 100 mm.
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Note:While too gentle shaking may cause insufficient OPCs removal, too intense shaking can

damage the astrocyte layer. Shaking should be performed at a steady speed by hand.

CRITICAL: Shaking can cause foaming; therefore, the shaken flask should be held vertically
for 30 s to allow the foam to float on the top.
Removal of microglia

Timing: 2–2.30 h

29. Aspirate the medium which may still contains OPCs, and wash the astrocytes and microglia layer

with 3–4 mL PBS.

30. Add 3–4 mL of 0.05% trypsin and incubate 3–5 min at 37�C with 5% CO2 in an incubator.

CRITICAL: Cells should not be incubated with trypsin for more than 5 min. Longer incuba-
tion time may harm primary astrocytes and results in an unhealthy culture.
31. After incubation, check the cells under the microscope. If there is incomplete detachment, tap

the slide of the flask several times and check under the microscope again.

32. After trypsinization, add 6–7 mL of complete growth medium and resuspend the cells.

33. Transfer the suspension to a new 15 mL Falcon tube and pellet detached cells by centrifugation

for 10 min at 150 rcf.

34. During centrifugation, prepare 4 sterile 10-cm bacterial grade plates. Add 2 mL of complete

growth medium in each of 4 Petri dishes.

35. Aspirate the supernatant which you obtain after step 33 and resuspend cells with 4 mL of com-

plete growth medium.

36. Add 1 mL of the cell suspension to each petri dish (Figure 5A) and incubate at 37�C with 5% CO2

in the incubator for 20 min (Figure 5B).
STAR Protocols 2, 100954, December 17, 2021



Figure 5. Differential surface binding of primary astrocytes from mouse brain

(A) Whole brain cell suspension which obtained in step 35.

(B) Red arrow heads indicate settled microglia after 20 min of incubation.

(C) Transferring the supernatant which obtained in step 37 to a new bacterial grade plate.

(D) Red arrows indicate settled microglia after 90 min of incubation. Scale bar: 50 mm.
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Note: In this step, remaining microglia cells should adhere to the bacterial grade plate while

primary astrocyte cells should not.

37. After incubation, collect all supernatants containing astrocytes of all 4 Petri dishes and pool

them to a new 10-cm bacterial grade plate (Figure 5C).

CRITICAL: The transfer of supernatant should be performed carefully as shaking of the
plate may result in loosening bound microglia. Gently tilt the plate and collect the super-

natant from the side of the plate.
38. Incubate the supernatant (obtained in step 37) contains �10–12 mL medium at 37�C with 5%

CO2 in the incubator for 90 min (Figure 5D).

Note: After incubation, check the cells under the microscope. Microglia cells should

completely adhere after this step and primary astrocytes can be distinguished as floating cells

in the culture medium.

39. Transfer the supernatant containing primary astrocytes into a new T-75 flask.

Note: According to volume of the obtained supernatant, add additional amount of pre-

warmed complete growth medium to the T-75 flask to fill up to 20 mL.

40. Incubate the primary astrocytes for 7–15 days at 37�C with 5% CO2 in the incubator. Primary

astrocytes are reaching confluency in between day 7–15 after isolation. After culture reach con-

fluency, primary astrocytes can be used for downstream experiments (Figure 7B).

CRITICAL: Change the complete growth medium by aspirating half of the old medium
(approx. 10 mL) and replacing it with a fresh, pre-warmed complete growth medium

(approx. 10 mL) every 4 days during cultivation. This will provide you with a conditioned

medium that will help maintain a healthy culture.
Transfection of isolated primary astrocytes and live-cell imaging

Timing: 3 days
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In these steps, we describe how to transfect primary mouse astrocytes with a focal adhesion (FA)

construct namely RFP-Paxillin and how to perform live imaging to investigate FA dynamics. For

live-cell imaging, we use a m-Slide 4 Well chamber (Ibidi, Munich, Germany) and for transfection,

we use GeneJuice� transfection reagent (Merck, Darmstadt, Germany).

41. First, coat the m-Slide 4 Well chamber with 300 mL of fibronectin 5 mg/mL dissolved in dH2O for

1 h at 37�C.
42. Next, remove the fibronectin from the wells and wash the wells once with 500 mL of sterile 13

PBS or water. After the washing, place the chamber in the incubator in order to dry it.

Note: Fibronectin solution can be used up to 3 times, therefore discarded fibronectin can be

store at �20�C for further usage.

CRITICAL: If the purpose of the experiment is to study migration or focal adhesion dy-
namics, we strongly recommend the usage of fibronectin instead of poly-L-Lysine coating,

since fibronectin may enhance cell adhesion and spreading (Blau 2013).
43. Wash the primary astrocytes when reach confluency which are cultured in T-75 flask with 13 PBS

and add 3 mL of 0.05% trypsin for 5 min at 37�C to detach cells.

44. Collect the detached cells in a 15 mL tube and add 1–5 mL of growth media for preparing cell

suspension. Count the number of cells and prepare 5 3 104 cell/mL suspension.

45. Add 700 mL (�35,000 cells) of cell suspension into each well and incubate 1 day at 37�C with 5%

CO2 in the incubator.

Note: Cell number can be adjusted based on chamber size used. Cells should be at least 50%

confluent before transfection.

46. The day after incubation, change the medium to fresh 700 mL of complete growth medium.

Note: Transfection reagent volumes and DNA amount can be scaled up if more than 4 wells

are needed.

47. For the single transfection of focal adhesion construct, prepare 1 Eppendorf tube and add

100 mL of Opti-MEMTM and add 6 mL of GeneJuice�. Vortex the solution thoroughly to mix it

and incubate at room temperature for 5 min.

48. Add 2 mL of focal adhesion construct at a 1 mg/mL concentration into the serum-free/

GeneJuice� mixture and mix it by tapping the tubes and incubate at room temperature for

15 min.

CRITICAL: Do not vortex the solution after adding the DNA construct, vigorousmixing can
cause low transfection efficiency.
49. Drop-wisely add 27 mL of reagent/DNA mixture to the cells and rock the chamber to homoge-

nize the solution in the complete growth medium.

50. After 24 h of transfection remove the old medium which contains transfection reagent and add

pre-warmed complete growthmedium and incubate the cells for additional 24 h at 37�Cwith 5%

CO2 in the incubator.

51. Before starting live-cell imaging, turn on the temperature and CO2 controller of Nikon Eclipse

Ti2-E/Yokogawa CSU-W1 Spinning disk microscope and wait till the condition stabilizes for

usage.

52. Acquire the movies at 1 frame/3–5 min with 20 z-stacks at 0.5 mm step size for 1.25 h to 3-h time

course (Methods video S1).
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Note: Time interval between frames and z-stacks size and steps can be adjusted based on your

experimental setup. After determining the parameter, all movies should be acquired using the

same settings in order to provide experimental consistence.

53. Apply maximum projections to the movies and analyze focal adhesion assembly/

disassembly rates by using Focal Adhesion Analysis Server (FAAS) (Figure 10) (Berginski and Go-

mez 2013).

Note: Microtubule induced focal adhesion disassembly experiment can be used as a control

experiment in order to establish the protocol (Ezratty et al., 2005).
Immunostaining of focal adhesion molecules in fixed primary astrocytes

Timing: 4 days

We used a Leica DM6000B microscope (Leica, Bensheim, Germany) for imaging of specimens.

54. Prepare 10 mm glass coverslips in 6-well plates and coat with fibronectin as described in step

41–42.

55. Seed 1–1.53 105 cells in each well and incubate the primary astrocytes cells for 48 h at 37�Cwith

5% CO2 in the incubator.

56. After the 48 h incubation, carefully remove the growth medium and wash one time rapidly with

13 PBS and do second time washing using 13 PBS for 10 min in room temperature.

57. Prepare a parafilm sheet and place it a wet chamber for keeping humidity during incubation

times. Take the coverslips out from wells, place onto parafilm sheet and fix the cells by using

50 mL of 2% of PFA in 13 PBS for each coverslip for 10 min at room temperature.

58. Wash the cells 2 times for 10 min with 13 PBS to remove any remaining PFA.

59. Permeabilize the cells with 50 mL of 0.2% Triton-X-100 in PBS solution.

60. Remove the permeabilization solution and wash cells with 50 mL of 50mMNH4Cl in PBS for 5min

in room temperature.

61. Incubate the cells with 50 mL of blocking solution (0.1% Ovalbumin and 0.5% Fish gelatin in 13

PBS) for 60 min in room temperature.

62. After incubation, treat the cells with 50 mL of primary antibodies 12–16 h at 4�C. We used rabbit

anti-GFAP (1:400 dilution) and mouse anti-vinculin (1:200 dilution) prepared in blocking

solution.

Note: Primary antibodies can be incubated at room temperature for 2–3 h.

63. After primary antibody incubation, wash the cells with 13 PBS one time rapidly and two addi-

tional times for 10 min.

64. Apply the 50 mL of secondary antibodies for each coverslip. Alexa Flour 488-conjugated goat

anti-rabbit 488 IgG antibody (1:400 diluted in blocking solution), Alexa Fluor 640-conjugated

goat anti-mouse IgG antibody (1:400 diluted in blocking solution) and the dyes TRITC-phalloi-

din (1:400 diluted in blocking solution) for labeling actin filaments (F-actin) and 40,6-Diamidino-

2-Phenylindole (DAPI) (1:400 diluted in blocking solution) for counterstaining of nucleus were

prepared in a 1.5 mL tube. Incubate the cells with antibodies at room temperature for

60–75 min in room temperature.

65. Wash the cells with 13 PBS one time rapidly and three times for 10 min.

66. Mount the coverslips with Mowiol.

CRITICAL: Step 63–66 should be conducted in subdued lighting to prevent bleaching of
the fluorescent probes.
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Figure 6. Step by step quantification of focal adhesion (FA) numbers and lengths

Step 77: Representative image shows merged image of primary mouse astrocytes which co-labeled with vinculin

marker (magenta), actin filaments (red), GFAP (green) and for nuclear staining DAPI (blue). Step 78: After

splitting channels, only vinculin staining is shown. Step 79: 8-bit image. Step 80: FFT Bandpass filter applied image.

Step 81–83: Subtracting background and detecting FAs in the cell. Scale bar: 10 mm.
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OPEN ACCESS Protocol
Quantification of number and length of focal adhesion molecules in the primary astrocyte

cells

Timing: 1–2 days

Images were acquired on Leica DM6000Bmicroscope (Leica, Bensheim, Germany) with a 633 objec-

tive and 20 cells for each condition were used for quantification. The number and length of focal

adhesion molecules were quantified by using Fiji (Figure 6). For this, we modified a protocol which

previously described (Horzum et al., 2014).

67. Open the images using ImageJ software.

68. If Z-projection is not created
12
a. Go to Image-Stacks-Z Project-Maximum Projection.
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b. Save the processed image in the folder.
69. Pick an exported and processed image from the images folder.

70. To set the scale: First, draw a straight line on the image scale bar.
a. Go to Analyze-Set scale

b. And mark as global.
71. Verify the scale by drawing a line on the scale bar.

72. Make a duplicate image named DUP1 for the RGB image (for comparison).

73. Draw a scale bar in the image near to the cell to be cropped.
a. Analyze-Tools-Scale bar
74. Now, select the Rectangle box symbol from the imageJ toolbar and draw around the cell.

75. Then right-click within the drawn box and press duplicate.
a. Go to Image-Adjust-Brightness and contrast for adjustments and then save the image in the

folder.
76. Again, go to 1st duplicate RGB image and again right-click within yellow box for the FFT

image.

77. Separate the merged imaged
a. Go to Image-Color-Split channels

b. And pick the channels which contain focal adhesion staining
78. To acquire the FFT image, change the RGB image to an 8-bit image.
a. Image-Type 8-bit
79. In order to subtract background
a. Process-FFT Bandpass filter

b. Set pixel size for large structure to 20 pixels and small 1 pixel.

c. Adjust tolerance of direction to 5%

d. Select Autoscale after filtering

e. Select Saturate image when autoscaling

f. And press OK
80. Go to Image-Adjust-Brightness
a. Adjust brightness till getting black background and save the Min/Max values for applying to

other images.

b. Adjust maximum & then minimum.
81. Save the FFT filtered image.
a. Duplicate image.

b. Image-Type-RGB color as in this step you cannot save 8-bit image.

c. Close RGB image.
82. Go to Image-Adjust-Threshold
a. Select Dark Background.

b. In first drop-down box select-Huang.

c. In the second drop-down box select-B&W.

d. Then apply.
83. Run analyze particles.
a. Set the parameter for size: 40-Infinity and for circularity 0.00–0.99.

b. Select pixel units and show the outlines option.

c. Select display results, clear results, summarize & include holes.
84. Quantification of focal adhesion numbers per cell area
a. Open the image with F-actin staining.

b. Draw a line around the cell body using the freehand tool in imageJ tool bar.

c. Press control+M, this will give the area of the cell body.

d. Save the results.

e. Transfer the data to an Excel file.

f. Count the number of focal adhesions and divide it by the total cell area.
85. Use Mann-Whitney-Wilcoxon Test for the significant test.
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Figure 7. Growth of BL/6 mouse primary astrocyte cells in mixed brain culture and pure culture

(A) Representative differential interference contrast (DIC) images show growth of different cell types during culturing days before applying the

differential binding method.

(B) Primary astrocytes in culture after applying the differential binding method. After differential binding method primary astrocytes reached the

confluency. Red asterisks indicate microglia cells, arrows indicate fibroblast cells and green arrowhead indicates a neuron. Scale bars: 100 mm.
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EXPECTED OUTCOMES

In this protocol, we provide a cost-efficient, reproducible isolation of primary astrocytes from P0

BL/6 mice without the requirement of commercial kits or special equipment. Applying our protocol,

a healthy and easy to maintain primary astrocyte culture can be obtained from wild type or mutant

mice strains (Figure 7). Furthermore, and most importantly, the purity of the primary astrocyte cell

culture is suitable for studying several astrocytes dependent or related physiological processes. Iso-

lated primary astrocytes can be identified by indirect immunofluorescence using antibodies against

the glial fibrillary acidic protein (GFAP). In addition, we applied immunofluorescence staining of

microtubule-associated protein (MAP2), PDGRF-alpha and CD68 as marker, respectively, for the

identification primary neurons, OPC and microglia, to confirm the purity of astrocyte culture

(Figure 8).

We applied our isolation protocol described above for the analysis of focal adhesion dynamics in

murine isolated primary astrocytes (Figure 9). Focal adhesions (FAs) are highly dynamic molecules

which serve as bi-directional signaling hub in the cell by sensing environmental (outside-in) and intra-

cellular cues (inside-out) (Shen et al., 2012; Sun et al., 2016). With this unique bi-directional signaling

feature FA molecules play essential roles in the migration and spreading (Kim et al., 2012; Kim and

Wirtz 2013). Namely, size and turnover of FAs are highly important for the migration capacity of the

cell. We recently showed that the adhesion G protein coupled receptor (GPCR) ADGRV1/VLGR1

(very large G protein coupled-receptor-1) is a component of FAs and mutations in VLGR1 cause

defects in FA growth and maturation processes (Kusuluri et al., 2021). In the latter study, we used

isolated primary BL/6 wild-type astrocytes, Vlgr1/del7TM mice lacking the seven transmembrane

domains (7TM) and the intracellular domain (ICD) of Vlgr1 (McMillan and White, 2004), and

mutant Drum B mice in which only a small portion of the N-terminal fragment is present and the

entire C-terminal fragment is missing (Potter et al., 2016; Kusuluri et al., 2021). A significant decrease

in the number and length of FAs was observed in both Vlgr1 mutant mice compared with primary

BL/6 wild-type astrocytes (Figure 10) (Kusuluri et al., 2021). For the quantifications, we applied
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Figure 8. Representative indirect immunostaining of BL/6 mouse brain primary cell cultures

(A) Indirect immunofluorescence double staining of MAP2 (green) and primary astrocyte marker GFAP (magenta), as

common markers for primary neurons and primary astrocytes, counterstained by DAPI (blue) for nuclear DNA, before

and after the purification of astrocytes.

(B) Immunofluorescence staining of a primary astrocyte culture after primary astrocyte purification. OPC, microglia

and primary astrocytes cells were stained by antibodies against PDGRF-a, CD68 and GFAP, respectively.

(C) Quantification of the number of GFAP, PDGRF-a and CD68-stained positive cells after astrocyte purifications

demonstrates that primary astrocytes are the most prominent cell type (�80%). N = 360–490 cells per condition, 3

independent experiments. Scale bar: 10 mm.
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the ImageJ protocol described above in step 67 to 85. Moreover, our study demonstrated that

VLGR1 is metabotropic mechanosensor at FAs and provided novel insights into the pathomechan-

isms underlying VLGR1-associated diseases, such as human Usher syndrome (Reiners and Wolfrum

2006) and epilepsy (Wang et al., 2015; Myers et al., 2018).

LIMITATIONS

This protocol is designed for isolation of primary astrocytes from P0 mice and all isolation steps are

optimized for this age. Nevertheless, our protocol can be adjusted for different aged mice brain cul-

ture. It might be taken under consideration that precursor and adult primary astrocyte can show

different transcriptional profile which may affect experimental outcome (Zhang et al., 2016; Clarke

et al., 2018; Bronzuoli et al., 2019). In addition, there might be species-specific differences between

species that primary astrocyte derived may show differences in transcriptomic and protein
STAR Protocols 2, 100954, December 17, 2021 15



Figure 9. VLGR1 deficiency alters FA morphology

Representative images of FAs in VLGR1-deficient mouse primary astrocytes.

(A and D) FAs were stained for vinculin (magenta), F-actin with TRITC-phalloidin (red), and nuclei with DAPI (blue);

GFAP (green) was used as an astrocyte marker. FA number and length were reduced after VLGR1-depletion in primary

astrocytes of both Vlgr1 mutant mouse lines.

(B and C) (B) 20 cells per condition, (C) �1300–1700 FAs per category for control and �200–1000 FAs for mutant

astrocytes.

(E and F) (E) 20 cells per condition, (F) �950–1250 FAs per condition for control and �410–510 FAs for mutant

astrocytes. Scale bars: (A and D) 10 mm. Data are represented in B and E are shown as box plot and statistical analyses

were done using two-tailed Mann-Whitney U test. Data in C and F are represented as meanGSD. Statistical analyses

were done using Sidak’s multiple comparison test; *p % 0.05, **p % 0.01, ***p % 0.001.

(A–F). Figure is acquired and adapted from Figures 3D–3H in Kusuluri et al. (2021) with the permission of Elsevier.
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interaction level. In human andmice astrocytes, it has been reported that metabolism andmitochon-

dria related protein network was higher in mice astrocyte whereas defensive response and extracel-

lular space related proteins were higher in human astrocytes (Li et al., 2021). In rat and mouse

astrocytes, significant differences in GFAP expression level, cell proliferation and morphology has

been also shown (Puschmann et al., 2010). We observed that primary astrocytes can only be sub-

passaged up to 3 times. As more than 3 sub passaging cause astrocyte marker (GFAP) expression

loss and unhealthy cell phenotype such as poor cell growth, reduce in cell migration capacity and

changes in cell morphology, we highly recommend that experiments should be planned in advance

and passage 1 and passage 2 should be used. Astrocytes are one of the main parts of active infor-

mation transport in central nervous system by interacting with neurons. Neuron-astrocyte interaction

through messenger and signaling molecules such as Ca2+ and glutamate, is highly important in the

CNS for function, development and pathology of the brain (Wilhelm et al., 2004; Benarroch 2005;

Nimmerjahn 2009). Therefore, it should be taken under consideration that pure primary astrocyte

culture may not always reflect in-vivo physiology in the absence of different cell types.
16 STAR Protocols 2, 100954, December 17, 2021



Figure 10. Analysis of assembly and disassembly of focal adhesions by life cell imaging in RFP-Paxillin transfected BL/6 mouse primary astrocytes

(A) Tracking of RFP-Paxillin molecules in focal adhesions (FAs) by live cell imaging. Images were acquired for 85 min with 3 min time intervals. Arrows

point to an individual FA which assembles and asterisk indicated a FA which disassembles during the time course of imaging. Lower panel shows color

coded individual FAs identified and analyzed via the Focal adhesion analysis server (FAAS) (Berginski and Gomez 2013).

(B) Assembly and disassembly rates of FAs in a single BL/6 primary mouse astrocyte.

(C) Automated intensity analysis of RFP-paxillin in an individual FAs during assembly by FAAS. Green line in the intensity plot indicates the trend line of

assembling FA. Scale bar: 10 mm.
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TROUBLESHOOTING

Problem 1

Contamination of fibroblast and endothelial cells in the primary cultures (step 10).

Potential solution

Fibroblast and endothelial cells are the two major cell types present in meninges. Poor handling in

meningeal removing increases the contamination level in culture. These two cell types can reach

confluency very rapidly which may cause a reduced number of astrocytes and purity of cultures.

Meninges should peel away using fine forceps. Be sure that meninges are removed in one piece,

if not there can be patches of meninges left which may cause contamination.

Problem 2

Insufficient dissociation of brain tissue (step 21).

Potential solution

When performing dissociation of brain tissue, be sure to use freshly thawed ice-cold DNase I solution

as DNase I is enzymatically helping dissociation of brain tissue. Due to environmental and mechan-

ical stress during the dissociation process DNA can leak as a result of cell damage. Released DNA is
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often the cause of cell clumps that affects efficiency of dissociation. Start the resuspension of cell pel-

let with a 10 mL pipette and continue with 5 mL and 2 mL pipettes, respectively. Using a smaller

pipette size can increase dissociation efficiency and reduce aggregation levels.
Problem 3

Cell viability is not sufficient after plating (step 24).
Potential solution

This problem may occur because of excessive Poly-L-Lysine (PLL) residue in flask. Therefore, wash

the plates coated with PLL thoroughly before plating single-cell suspension. After plating single-

cell suspension, cellular growth should be observed on day 1, day 2, day 7 and day 14. Differential

binding should be performed when cultures reach full confluency, as insufficient cell numbers may

affect the cell viability.
Problem 4

OPCs contamination in isolated astrocyte cultures (step 25).
Potential solution

After 7–15 days of culturing, primary astrocytes reach confluency. It is important to keep the astro-

cyte layer attached to the flask surface during the OPCs. While too gentle shaking of flask may cause

lower yield of OPCs removal, too intense shanking may damage the astrocyte layer. Therefore,

shaking should be done carefully.
Problem 5

Microglia contamination after differential binding (step 29).
Potential solution

After trypsinization, transfer medium containing astrocytes and potential microglia cells to the bac-

terial grade plates. Microglia cells are attached to the surface of bacterial grade plates whereas pri-

mary astrocytes do not. After 20 min of transferring to bacterial grade plate, check the cells, primary

astrocytes can be distinguished easily as they float in the medium. Collect the medium containing

primary astrocytes and repeat the step carefully for another 90 min. When collecting medium, be

careful not to shake the plate or the microglia may become detached.
Problem 6

Low transfection rate (step 41).
Potential solution

An efficient transfection rate is very important for successful experiment. We have observed that

transfection efficiency in primary astrocyte was the range of 15%–30%. To optimize transfection

efficiency for your gene/protein of interest, youmay try different transfectionmethods, such as trans-

fection by electroporation or transfection by liposomes. Transfection efficiency may depend on

several factors, such as DNA:transfection reagent ratio, purity and composition of the DNA, the de-

gree of confluency of the culture and transfectionmethod. Therefore, to achieve sufficient number of

transfected cells and transfection protocol must be optimized. Plasmid DNA should be prepared by

using Endotoxin-free isolation kit, as residue of bacterial toxin may lower the efficiency. After obtain-

ing endotoxin-free DNA, different transfection reagent:DNA ratios should be tested to optimize

transfection.
Problem 7

Poor migration speed during live-cell imaging (step 52).
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Potential solution

Extracellular matrix is vital for migration of cells in vitro and in vivo. Primary astrocytes produce and

secrete extracellular matrix (ECM) proteins such as laminin in vitro condition to provide growth and

spreading condition (Chiu et al., 1991). However, in low cell density such as single cell migration

study, migration speed can reduce dramatically due to lack of sufficient ECM. A potential solution

to this problem is to coating the surface using fibronectin at a 5 mg/mL. Since, different ECM concen-

trations have an effect on migration speed and migrating cell numbers (Desban and Duband 1997;

Millon-Fremillon et al., 2008), effective fibronectin concentration from 1 mg/mL to 10 mg/mL may be

tested before starting the experiment. Also, providing conditioned astrocyte medium can enhance

the migration speed of primary astrocyte cells as it contains ECM molecules.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Uwe Wolfrum (wolfrum@uni-mainz.de).

Materials availability

Reagents and resources used in this study are commercially available with the exception of RFP-

paxillin plasmid which was kindly provided by Drs. Leube and Hortwitz. Nevertheless, requests for

resources and reagents can be directed to and will be fulfilled by the lead contact.

Data and code availability

This study did not generate new data sets.
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* Correspondence: wolfrum@uni-mainz.de; Tel.: +49-6131-39-25148

Abstract: The very large G protein-coupled receptor (VLGR1, ADGRV1) is the largest member of the
adhesion GPCR family. Mutations in VLGR1 have been associated with the human Usher syndrome
(USH), the most common form of inherited deaf-blindness as well as childhood absence epilepsy.
VLGR1 was previously found as membrane–membrane adhesion complexes and focal adhesions.
Affinity proteomics revealed that in the interactome of VLGR1, molecules are enriched that are
associated with both the ER and mitochondria, as well as mitochondria-associated ER membranes
(MAMs), a compartment at the contact sites of both organelles. We confirmed the interaction of
VLGR1 with key proteins of MAMs by pull-down assays in vitro complemented by in situ proximity
ligation assays in cells. Immunocytochemistry by light and electron microscopy demonstrated the
localization of VLGR1 in MAMs. The absence of VLGR1 in tissues and cells derived from VLGR1-
deficient mouse models resulted in alterations in the MAM architecture and in the dysregulation of
the Ca2+ transient from ER to mitochondria. Our data demonstrate the molecular and functional
interaction of VLGR1 with components in MAMs and point to an essential role of VLGR1 in the
regulation of Ca2+ homeostasis, one of the key functions of MAMs.

Keywords: adhesion GPCR; mitochondria-associated ER membranes (MAM); mitochondria-
endoplasmic reticulum contact sites (MERCS); Ca2+ transient at ER and mitochondria; Ca2+ homeostasis

1. Introduction

VLGR1 (very large G protein-coupled receptor-1), also known as ADGRV1, GPR98,
and MASS, has a molecular weight of up to 700 kDa, making it the largest member of
the 33 adhesive G protein-coupled receptors (ADGRs), a unique subfamily of the GPCR
superfamily [1]. The molecular architecture of ADGRs is characterized by an extended
large extracellular domain (ECD), a seven-span transmembrane domain (7TM) and a short
intracellular domain (ICD) (Figure 1A). Autoproteolysis at the highly conserved GPCR
proteolytic site (GPS) in the GAIN (autoproteolysis-inducing) domain positioned next to
the 7TM results in a bipartite receptor molecule [2]. The resulting molecules consist of the
N-terminal fragment (NTF), which contains characteristic cell-adhesive protein motifs and
the G protein signaling 7TM-containing C-terminal fragment (CTF).

VLGR1 is expressed almost ubiquitously in humans and mice with high expression
levels in the nervous system [4]. In humans, mutations of the VLGR1 gene cause Usher
syndrome (USH), the most common form of hereditary deaf-blindness [5]. Haploinsuffi-
ciency in VLGR1/ADGRV1 has been associated with childhood absence epilepsy [4,6,7]. In
mice, defects in Vlgr1 lead to audiogenic seizures [4,6,7].
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Figure 1. VLGR1 protein domain composition, VLGR1_CTF constructs for TAPs and overlap of pro-
teins associated to ER, mitochondria and MAM identified in VLGR1_CTF TAPs. (A) VLGR1 protein 
domain composition: VLGR1 molecules consist of a C-terminal fragment (CTF) and a N-terminal 
fragment (NTF) which result from the cleavage at the highly conserved GPCR proteolytic site (GPS) 
in the GAIN (autoproteolysis-inducing) domain positioned next to the seven-span transmembrane 
domain (TM). After autoproteolytic cleavage the first 11 amino acids of VLGR1_CTF, the so-called 
Stachel peptide, can act as a tethered internal agonist for receptor activation [3]. The extracellular 
domain (ECD) of VLGR1b contains numerous Ca2+ binding calcium exchanger β motifs (Calx-β), 
seven epilepsy-associated/Epitemptin-like (EAR/EPTP) repeats and a pentaxin/laminin G-like do-
main (LamG/PTX). The intracellular domain (ICD) ends with a class-1 PDZ binding motif (PBM). 
(B) VLGR1_CTF, N- or C-terminal tagged with Strep II/FLAG (SF)-tag used as baits in TAPs. (C) 
Venn diagram shows an overlap of 81 proteins of ER-related TAP prey for polled VLGR1_CTF N-
and C-terminal tagged TAPs from HEK293T and hTERT-RPE1 cells. (D) Mitochondria-related prey 
proteins from VLGR1_CTF N-and C-terminal tagged TAPs in HEK293T and hTERT-RPE1 cells, 
compared in a Venn diagram with an overlap of 69 proteins. (E) 14 common MAM prey proteins 
are identified in TAPs from HEK293T and hTERT-RPE1 cells. (F) Protein networks of ER, mitochon-
dria and MAM-related proteins, illustrated by Cytoscape analysis of preys identified in 
VLGR1_CTF N-and C-terminal tagged TAPs. 

VLGR1 is expressed almost ubiquitously in humans and mice with high expression 
levels in the nervous system [4]. In humans, mutations of the VLGR1 gene cause Usher 

Figure 1. VLGR1 protein domain composition, VLGR1_CTF constructs for TAPs and overlap of
proteins associated to ER, mitochondria and MAM identified in VLGR1_CTF TAPs. (A) VLGR1
protein domain composition: VLGR1 molecules consist of a C-terminal fragment (CTF) and a N-
terminal fragment (NTF) which result from the cleavage at the highly conserved GPCR proteolytic
site (GPS) in the GAIN (autoproteolysis-inducing) domain positioned next to the seven-span trans-
membrane domain (TM). After autoproteolytic cleavage the first 11 amino acids of VLGR1_CTF,
the so-called Stachel peptide, can act as a tethered internal agonist for receptor activation [3]. The
extracellular domain (ECD) of VLGR1b contains numerous Ca2+ binding calcium exchanger β motifs
(Calx-β), seven epilepsy-associated/Epitemptin-like (EAR/EPTP) repeats and a pentaxin/laminin
G-like domain (LamG/PTX). The intracellular domain (ICD) ends with a class-1 PDZ binding motif
(PBM). (B) VLGR1_CTF, N- or C-terminal tagged with Strep II/FLAG (SF)-tag used as baits in TAPs.
(C) Venn diagram shows an overlap of 81 proteins of ER-related TAP prey for polled VLGR1_CTF
N-and C-terminal tagged TAPs from HEK293T and hTERT-RPE1 cells. (D) Mitochondria-related
prey proteins from VLGR1_CTF N-and C-terminal tagged TAPs in HEK293T and hTERT-RPE1 cells,
compared in a Venn diagram with an overlap of 69 proteins. (E) 14 common MAM prey proteins are
identified in TAPs from HEK293T and hTERT-RPE1 cells. (F) Protein networks of ER, mitochondria
and MAM-related proteins, illustrated by Cytoscape analysis of preys identified in VLGR1_CTF
N-and C-terminal tagged TAPs.
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We have previously shown that VLGR1 is a part of membrane–membrane adhesion
complexes associated with the photoreceptor primary cilium and the ankle-links of stere-
ocilia of the developing hair cells [8]. In addition, VLGR1 functions as a metabotropic
mechanoreceptor in focal adhesions [9]. More recently, our affinity proteomics-based
studies provided the first evidence that VLGR1 associates with molecules of intracellular
membrane networks, namely of the endoplasmic reticulum (ER) and the mitochondria-
associated ER membranes (MAMs) [3,8].

MAMs, also named MERCs (mitochondria-ER contacts), are specialized subcellular
compartments that are shaped by specific subdomains of the ER surface juxtaposed to the
outer mitochondria membrane. MAMs are composed of a characteristic set of molecules
which guarantees the juxtaposition between these organelles and determines several intra-
cellular processes, such as Ca2+ and lipid homeostasis, immune response or autophagy [10].
The MAM contact sites are dynamic and the dysfunction of MAMs has been associated with
various neurodegenerative disorders, such as Alzheimer’s or Parkinson’s disease [11,12].

Here, we demonstrate the localization and functions of an aGPCR in the ER, partic-
ularly in the MAM complex. We show that VLGR1 contributes to the arrangement of a
protein complex that is crucial for regulating Ca2+ flux from the ER into the MAM interface
and the uptake through the outer mitochondria membrane. We demonstrate that the ar-
rangement of the MAMs is altered in Vlgr1-deficient neurons. Further, live cell imaging of
Ca2+ shows that the Ca2+ fluxes from the ER and into mitochondria are severely impaired
in primary astrocytes from Vlgr1-deficient Vlgr1del7TM. The morphological changes and
disrupted Ca2+ homeostasis observed in the absence of VLGR1 from the MAM possibly
contribute to the pathophysiology of the disorders caused by defects in VLGR1 in USH2
and childhood absence epilepsy patients.

2. Materials and Methods
2.1. Animals

All experiments were performed in compliance with guidelines established by Associ-
ation for Research in Vision and Ophthalmology. Mice were kept under 12/12 h light/dark
cycles, food and water ad libitum. Vlgr1del7TM mice harbor a nonsense mutation in Vlgr1,
V2250X, which results in loss of Vlgr1’s transmembrane and cytoplasmic domain [13].
Breeding background of Vlgr1del7TM mice was the C57BL/6 strain. The use of mice in
research was approved by District administration Mainz-Bingen, 41a/177-5865-§11 ZVTE,
30.04.2014. Zebrafish were obtained from the Institute of Molecular Biology (IMB). Porcine
eyes were obtained from the local slaughterhouse.

2.2. Antibodies

The following primary antibodies were used: rabbit anti-Nogo-A/RTN4 (AHP1799,
Biorad, Feldkirchen, Germany), mouse anti-TOM20 (Santa Cruz, CA, USA, sc-17764), mouse
anti-SIGMA1R (Santa Cruz, sc-137075), rat anti-SIGMA1R (Merck, Darmstadt, Germany,
ICR-SIG1R-A), mouse anti-ACSL4 (Santa Cruz, sc-365230), mouse anti-Myc (Cell Signaling,
Danvers, MA, USA, 2276), rabbit anti-HA (Sigma-Aldrich, St. Louis, MO, USA, H6908), rat
anti-HA (Roche, Basel, Switzerland, 3F10), rabbit anti-VLGR1, raised against the against
the C-terminus of murine VLGR1 (amino acids 6198–6307) and previously characterized
in [9,14], rabbit anti-α-Tubulin (Abcam, Cambridge, UK, DM1A), rabbit anit-COX IV
(NEB, Ipswich, MA, USA, 3E11), rabbit anti-GFAP (Dako Agilent, Santa Clara, CA, USA,
Z0334), rat anti-RFP (Chromotek, Planegg, Germany, 5F8), mouse anti-CLIMP63, (Enzo Life
Sciences, G1/296), goat anti-Pericentrin 2 (Santa Cruz, C-16), mouse anti-Arl13b (Abcam,
Cambridge, UK, ab136648), goat anti-Centrin 2 [15]. Secondary antibodies conjugated
Alexa 488, Alexa 555, Alexa 568 or Alexa 647 were purchased from Molecular Probes (Life
Technologies, Darmstadt, Germany) or Rockland Inc. (Gilbertsville, PA, USA). Nuclear
DNA was stained with DAPI (4′,6-diamidino-2-phenylindole, 1 mg/mL: Sigma-Aldrich).
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2.3. Cell Lines

We used the following cell lines: HEK293T cells constitutively expressing Simian virus
40 (SV40) large T antigen isolated from human embryonic kidney tissue were mainly used as
highly transfectable cells in assays, such as tandem affinity purifications (TAPs, Section 2.6).
hTERT-RPE-1 are human telomerase reverse transcriptase (hTERT)-immortalizeretinal cells
from the retinal pigment epithelium (RPE) of the human eye [8]. The genetically stable,
nearly diploid hTERT-RPE1 cells have been previously used in studies on VLGR1 and were
used here in additional complementary TAPs [9]. HeLa cells, epithelial cells isolated from
cervical carcinoma were used for the analysis of the ER-mitochondria interface. All cell
lines were initially purchased from American Type Culture Collection (ATCC).

2.4. Cell Culture

HEK293T and HeLa were cultured in Dulbecco’s modified Eagle’s medium (DMEM),
and hTERT-RPE1 cells were cultured in DMEM-F12, respectively, all supplemented with
10% fetal bovine serum (FBS) (ThermoFisher Scientific, Waltham, MA, USA). Cells were
transfected with GeneJuice® (Merck Millipore, Darmstadt, Germany) according to manu-
facturer’s instructions. Primary astrocyte cultures were prepared from cerebral cortices of
C57BL/6 WT, Vlgr1/del7TM mice, as previously described [16]. In brief, mouse pups from
C57BL/6 WT, Vlgr1/del7TM were dissected postnatal day 0 (PN0), and cerebral cortices
were collected in 1x HBSS (ThermoFisher Scientific, Waltham, MA, USA) medium contains
Dnase/trypsin (Merck, Darmstadt, Germany) for enzymatic dissociation. Additionally
collected cortices were mechanically dissociated by 10 mL and 5 mL pipettes, respectively.
Single cell suspensions were cultured in DMEM/10% FBS/2% penicillin/streptomycin
(ThermoFisher Scientific, Waltham, MA, USA) and growth medium was changed on day 1,
day 2, and day 7. Upon confluency, oligodendrocytes and neurons were removed by
shaking the plates. To remove microglia cells, trypsin and DNase were added to dishes and
cells were passed over successive bacterial grade dishes. Primary astrocytes were cultured
for 14 days in complete growth medium and used for downstream experiments.

2.5. DNA Constructs

VLGR1_CTF (Uniprot ID Q8WXG9-1, aa 5891-6306) sequence was used for VLGR1 con-
structs. For tandem affinity purifications, Strep II-FLAG (SF)-tagged human VLGR1_CTF
was used. The SF-tag was N-terminally and C-terminally fused in VLGR1_CTF. For HA-and
RFP-tagged constructs, VLGR1_CTF was subcloned into a HA/DEST vector (pDEST520;
Invitrogen, Waltham, MA, USA) and an RFP/DEST vector (pDEST733; Invitrogen). The
SIGMA1R-Myc (S1R-Myc) construct was a kind gift from Christian Behl (University Med-
ical Center Mainz). Indicators for calcium imaging were pCMV CEPIA2mt and pCMV
G-CEPIA1er [17].

2.6. Tandem Affinity Purification (TAP) and Mass Spectrometry

The tandem affinity purification (TAP) and mass spectrometry (LC-MS/MS) analy-
sis were performed as previously described [8,18]. The two Strep II/FLAG-(SF)-tagged
VLGR1_CTF (Figure 1B) were expressed in HEK293T cells or hTERT-RPE1 cells, respectively
for 48 h, lysed and cleared by centrifugation. Mock-treated cells were used as controls.
Subsequently supernatants were subjected to a two-step purification on Strep-Tactin®

Superflow® beads (IBA, Göttingen, Germany) and anti-FLAG M2 agarose beads (Merck).
In these steps competitive elutions were achieved by desbiothin (IBA) and FLAG® peptide
(Merck), respectively. Methanol-chloroform precipitated eluates were subjected to liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS).

2.7. Data Processing

Obtained raw MS spectra were searched against the human SwissProt database using
Mascot and results were verified by Scaffold (version Scaffold 4.02.01, Proteome Software
Inc., Portland, OR, USA) for the validation of MS/MS-based peptide and polopeptide iden-
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tifications. Mass spectrometry results for the tow VLGR1_CTF fragment were compared to
the according data for mock-transfected cells and to common control TAPs of the RAF1-
protein [18]. Proteins in mock and RAF1 datasets were excluded for subsequent analysis.
VLGR1_CFT preys were used as input for the Cytoscape plugins STRING, ClueGO and the
STRAP software according to their gene names based on HGNC. Confidence (score) cutout
0.40 and maximum number of interactors 0 were set as parameters for STRING analysis.
Gene Ontology (GO) term enrichment analysis was performed by ClueGO v2.3.3. Network
specificity was set to default (medium).

2.8. RFP-Trap®/Myc-Trap®

Nanobody RFP-Trap®/Myc-Trap® agarose beads (ChromoTek) were used for precipi-
tation assays according to the manufacturer’s protocol. Briefly, RFP/Myc-tagged proteins
were expressed in HEK293T cells (24 h). For cell lysis, Triton X-100 lysis buffer (50 mM Tris–
HCl pH 7.5, 150 mM NaCl, and 0.5% Triton X-100) containing protease inhibitor cocktail (PI
mix; Roche) was used. 10% of total cell lysates were separated for input. Remaining lysates
were incubated on equilibrated beads for 2 h at 4 ◦C under constant rotation. After washing
the beads with dilution buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA,
precipitated proteins were eluted with SDS buffer. Samples were analyzed by SDS-PAGE
and western blotting.

2.9. Immunocytochemistry and Fluorescence Microscopy

Cells were fixed with 4% paraformaldehyde in PBS for 10 min at RT, washed with PBS,
permeabilized with PBST (0.1% Triton-X100 (Roth, Karlsruhe, Germany)) 5 min at RT and
blocked with 0.1% ovalbumin, 0.5% fish gelatine in PBS for 45 min at RT. Primary antibodies
were incubated overnight at 4 ◦C, followed by washing with PBS and secondary antibody
incubations 1 h at RT. After a final washing cycle (3 × 10 min), cells were mounted with
Mowiol 4.88 (Hoechst) and analyzed with a Leica DM6000B microscope (Leica, Wetzlar,
Germany). Images were acquired by sCMOS K5 camera (Leica-microsystems GmbH) with
a Leica HCX PL 63x/1.32 objective and processed using the Leica Application Suit X, Adobe
Photoshop CS® (Adobe Systems, San Jose, CA, USA), and Image J.

2.10. Isolation of Mitochondria-Associated Membrane Fraction

MAMs were isolated from HEK293T cells transfected with VLGR1_CTF_HA according
to the protocol by Wieckowski et al. [19]. The workflow of the isolation of MAMs are
illustrated in the Figure S1. In brief, 48 h after transfection cells were harvested and
homogenized in IBcells1 buffer (225 mM D-Mannitol, 75 mM sucrose and 30 mM-Tris-HCl
and 0.1 mM EGTA, pH 7.4) using a Dounce homogenizer (B. Braun Melsungen, Melsungen,
Germany). To remove unbroken cells, plasma membranes and nuclei a centrifugation
step applied at 700× g for 5 min using an Eppendorf Centrifuge 5430 R. Supernatants
were carefully collected and additional centrifugation step at 7000× g for 10 min were
carried out to obtain the supernatants for cytosolic fractions containing ER, lysosomes, and
microsomes (Mic), and the pellet for crude mitochondria fraction. In a 1st step, supernatants
were transferred to new centrifugation tubes and centrifugated at 20,000× g for 30 min
in an Eppendorf Centfigure 5910 R (Eppendorf FA-6 × 50 rotor) to separate the ER and
microsomes. Pure ER pellets were obtained with further ultra-centrifugation at 100,000× g
for 1 h (Beckman Coulter OptimaTLX, SW 40 Ti Swinging-Bucket Rotor, Brea, CA, USA)
and resuspended in MRB buffer (250 mM D-Mannitol, 25 mM HEPES, 1 mM EGTA).
In a 2nd step, pellets for crude mitochondria fractionation were resuspended in IBcells-
2 buffer (225 mM D-Mannitol, 75 mM sucrose, 30 mM Tris-HCl) and centrifugated at
7000× g for 5 min in two rounds to remove contaminants. The obtained pellets of crude the
mitochondrial fraction were then resuspended in MRB buffer and added on 8 mL cushion
of 30% Percoll in 225 mM D-Mannitol, 25 mM HEPES, 1 mM EGTA for the subfractionation
of MAMs and pure mitochondria. After ultra-centrifugation at 95,000× g for 30 min, MAM
and mitochondria fractions could be distinguished as two separated bands in the tubes.
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Mitochondria fractions were collected from the band localizing close the bottom of the tube
and MAM fractions were collected from the band above. Collected mitochondria fractions
were resuspended in buffer and centrifugated for 10 min at 7000× g to remove potential
MAM contaminants. Supernatants were discarded and pellets resuspended in MRB buffer
as the pure mitochondria. Finally, MAM fractions from previous steps were centrifugated at
100,000× g for 30 min to remove mitochondria contaminants. Supernatants were removed
and pellets resuspended in MRB buffer as pure MAM fractions. All obtained fractions were
analyzed by Western blot applying markers of the different subcellular fractions.

2.11. Co-Localization Analysis

Pearson correlation coefficient (R) was used to determine the degree of colocalization
between VLGR1_CTF_RFP and ER-mitochondrial interface in cells [20]. The correlation
value has a range from +1 to −1. A value of 0 indicates no association, greater than
0 indicates a positive association and less than 0 indicates a negative association between
the two variables. The Pearson coefficient was calculated using the Coloc 2 plugin of
ImageJ (https://imagej.nih.gov/ij/ (accessed on 19 December 2019)). To determine the
localization of the interface of mitochondria and ER the immunofluorescences staining
for TOM20 and Nogo-A/RTN4 [21] were subtracted by applying “subtract function” in
Adobe Photoshop® CS5 V5 (AP) (Adobe Systems). For this, immunofluorescence signals
for the ER marker Noga-A and the mitochondria marker TOM20 in the whole image were
screened via AP function: screen and subtracted via AP function: subtract, leaving only the
signals with an overlap (Noga-A/TOM20 co-staining), which allowed us to demonstrate
the Noga-A and TOM20 signal interface of ER and mitochondria, roughly representing
the MAM compartment. We additionally validated the co-localization of immunostained
molecules by fluorescence intensity line plots. For this, lines were drawn across to the
region of interest (ROI) and pixel intensities were analyzed using Leica Application Suit
X (Leica-microsystems). The co-localization of VLGR1_CTF_RFP with ER-mitochondrial
markers were determined by the peak values of the signals in fluorescence intensity plots.

2.12. Transmission Electron Microscopy (TEM)

For conventional TEM dissected eyeballs and brains were pre-fixated for 2 h in buffered
2.5% glutaraldehyde containing sucrose and post-fixated in buffered 2% OsO4 as previously
described [22]. For the pre-embedding labeling of VLGR1 in adult zebrafish retinas and
porcine retinas, the antibody against the C-terminal of murine VLGR1 (see Section 2.2.
Antibodies) was used in our previously published protocol of pre-embedding labeling
for TEM [23]. In brief, perforated fish eyes and eye cups of porcine eyes were pre-fixed
in buffered 4% paraformaldehyde, dissected, infiltrated with 30% buffered sucrose, and
cracked by several freezing-thawing cycles. After embedding in buffered 2% Agar (Sigma-
Aldrich) agar blocks were sliced with a Leica VT1000S vibratome. Endogenous peroxidase
activities of vibratome sections were suppressed by incubation with H2O2. Vibratome
sections were incubated with primary antibodies against VLGR1 for 96 h and overnight
with anti-rabbit biotinylated secondary antibody, which were visualized by a Vectastain
ABC-Kit (Vector Laboratories, Newark, CA, USA). Retina sections were then postfixed
sequentially in buffered 2.5% glutaraldehyde and 0.5% OsO4. Dehydrated specimens were
flatmounted between ACLAR®-films (Ted Pella Inc., Redding, CA, USA) in Renlam® M-1
resin (Sigma-Aldrich). After heat-polymerization, flatmounts were and clued on top of
empty Araldit blocks for ultrathin sectioning. Specimens were ultrthin-sectioned with
an Ultracut S ultramicrotome (Leica) and collected on Formvar-coated copper or nickel
grids. Sections were counter stained with heavy metals before analyzed and imaged in
a Tecna12 BioTwin TEM (FEI) equipped with a SIS Mega-View3 CCD camera (Surface
Imaging Systems) was used. Images were acquired with a charge-coupled camera (SIS
Megaview3; Olympus Soft Imaging Solutions GmbH, Muenster, Germany), archived by
analSIS (Olympus Soft Imaging Solutions GmbH), and processed with Adobe Photoshop
CS® (Adobe Systems, San Jose, CA, USA).

https://imagej.nih.gov/ij/
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2.13. Proximity Ligation Assay (PLA)

In situ proximity ligation assays (PLA) were performed using the Duolink® In Situ
Red Starter Kit Mouse/Rabbit (Sigma-Aldrich), according to the manufacturer’s protocol.
Primary antibodies were incubated overnight at 4 ◦C. Anti-rabbit PLUS and anti-mouse
MINUS secondary PLA probes were applied. The two complementary oligonucleotides
were then hybridized, ligated and amplified by rolling circle amplification. Targeted
proteins with a proximity under 40 nm result in a fluorescence signal.

2.14. Ca2+ Imaging

For imaging the Ca2+ signals in the ER and mitochondria, pCMV G-CEPIA1er and
pCMV CEPIA2mt were expressed in the cells, respectively [17]. Images were acquired with
an eclipse Ti microscope (Nikon, Tokyo, Japan) equipped with a 63xApo TIRF oil objective
(1.49 NA; Nikon). Dyes were excited with a 488 nm laser (Coherent; MPB communications
Inc., Pointe-Claire, QC, Canada). The exposure time was 25 ms. Images were captured by a
sCMOS camera (Orca-Flash 4.0 Hamamatsu Photonics, Herrsching, Germany) controlled
by NIS-Elements Advanced Research acquisition software (Nikon). Experiments were
performed at 35 ◦C. Extracellular solution contained, in mM: NaCl, 145; KCl, 2.5; glucose,
24; HEPES, 10; MgCl2, 2, CaCl2, 2; the pH was 7.3–7.4. Ca2+ transients were evoked by the
addition of 10 µM ATP. Data were analyzed using Fiji, Prism (GraphPad, San Diego, CA,
USA) and Microsoft Excel. The fluorescence values were normalized to the first 10 s of the
measurement F/F0 = F(t)/F(t0 − 10s).

3. Results
3.1. Affinity Proteomics Identified Interactions of VLGR1 with Proteins of MAMs

To identify novel interaction proteins of VLGR1, we applied tandem affinity purifica-
tion (TAP) [18,24]. We performed standard TAPs in highly transfectable HEK293T kidney
cells and confirmed them in hTERT-RPE1 cells derived from the retinal pigment epithe-
lium of the human eye. Both cell types were transfected with VLGR1_CTF constructs
tagged with Strep II/FLAG (SF) (Figure 1B). Since tags can interfere with the interaction of
molecules especially in the region of the tags and we aimed to identify proteins interacting
with the N- and the C-terminal end of the VLGR1 molecule, we used N- and C- terminal
tagged VLGR1_CTFs for our TAPs. After SF-TAPs eluted protein complexes were sepa-
rated by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS)
to determine their peptide contents. The raw spectra were searched against SwissProt
databases to identify interacting proteins and results were verified in the Scaffold program.
Next, proteomic data sets were analyzed by Software Tool for Researching Annotations of
Proteins (STRAP) [25] and prey proteins were grouped according to their Gene Ontology
(GO) terms by using a Cytoscape (http://www.cytoscape.org/) plugin (ClueGO; accessed
on 10 September 2017) and STRING data (https://string-db.org/) (STRING; accessed on
20 March 2022) [26]. Our analysis revealed GO terms´ enrichments of proteins related to
the endoplasmic reticulum (ER) and mitochondria for both cell types used (Figure 1C–E)
(Table S1). 257 proteins for VLGR1_CTF baits in HEK293T cells and 94 in hTERT-RPE1
cells, with an overlap of 81 proteins were identified. As mitochondria-related proteins we
found 157 preys in HEK293T and 69 in hTERT-RPE1 cells, all of them were also present in
the HEK293T pool (Figure 1C,D). Interestingly, we identified 30 TAP preys in HEK293T
and 19 in hTERT-RPE1 cells, which associate to MAMs (Figure 1E) (Table 1). Among them
are core MAM molecules related to the structural arrangement and formation of MAMs
(5 proteins), such as the reticulon 4 protein (RTNA4, neurite outgrowth inhibitor or Nogo-
A) and the vesicle-associated membrane protein-associated protein B (VAPB), which both
are known to participate in ER-mitochondria tethering [21,27]. Other MAM-related prey
proteins are known to be engaged in important MAM functions, namely the regulation
of lipid metabolism (8 proteins) and/or Ca2+ homeostasis (9 proteins) or are implicated
in tethering the membranes of the ER and mitochondria at MAMs (Table 1). Examples
of identified molecules associated with lipid metabolism are long-chain fatty acid CoA

http://www.cytoscape.org/
https://string-db.org/
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ligase 4 (ACSL4), SLC27A4, or the two phosphatidylserine synthases PTDSS1 and PTDSS2.
VLGR1 TAP preys associated with Ca2+ homeostasis are the sigma-1 receptor (S1R), which
regulates the inositol trisphosphate receptor (IP3R) that mediates Ca2+ release from the ER
upon stimulation. The two voltage-gated anion channels VADC1 and VADC2 in the outer
mitochondrial membrane are responsible for the Ca2+ uptake of the mitochondria [28].
Cytoscape analysis demonstrated that the prey proteins identified in the VLGR1 TAPs
related to the ER, mitochondria, and MAM cluster in specific protein networks (Figure 1E).

Table 1. MAM related proteins identified by VLGR1 TAPs in HEK293T and hTERT-RPE1 cells proteins
associated with: Ca2+ homeostasis, orange ; lipid metabolism, yellow , MAM structure, gray .

Gene Protein Protein Function Reference HEK RPE1

ACSL4 Long-chain-fatty-acid—CoA ligase 4 lipid biosynthesis & fatty
acid degradation [29] + −

AIFM1 Mitochondrial apoptosis-inducing
factor 1 apoptosis, mito. morphology [30] + −

AMFR Autocrine motility factor receptor ubiquitination [31] + −

BCAP31 B-cell receptor-associated protein 31 apoptosis [32] + −

BSG Basigin regulatory component
of γ-secretase [33] + +

CANX Calnexin calcium pump [34] + +
CISD2 CDGSH iron sulfur domain 2 calcium homeostasis [35] + −

ERLIN2 Erlin-2 targets IP3Rs for degradation [36] + +
ERP44 ER resident protein 44 ER protein retention [37] + −
G6PC3 Glucose-6-phosphatase 3 gluconeogenesis [38] + −
HSPA5 Heat shock protein 5 chaperone, ER stress [39] + +
HSPA9 Mitochondrial heat shock protein 9 chaperone, binds VDAC [40] + +

LCLAT1 Lysocardiolipin acyltransferase 1 chardolipin acyl chain remodeling [41] + −
LMAN1 ERGIC-53 mannose-specific lectin [42] + −

MAVS Mito. antiviral-signaling protein activation of NF-kb/IRF3 [43] + +
P4HB Protein disulfide-isomerase ER protein retention [44] + +

PIGN Phosphatidylinositol glycan anchor
biosynthesis, class N glycolipid, GPI syntheses [41] + −

PSEN1 Presenilin-1 component of γ-secretase [45] + −
PSEN2 Presenilin-2 component of γ-secretase [45] + −

PTDSS1 Phosphatidylserine synthase 1 phospholipid metabolism [46] + −
PTDSS2 Phosphatidylserine synthase 1 phospholipid metabolism [46] + −
RHOT1 Mitochondrial Rho GTPase 1 mitochondrial trafficking [47] + −
RTN2 Reticulon-2 formation of tubular ER [48] + +

RTN4 Reticulon 4, neurite outgrowth
inhibitor, Nogo-A

ER-mitochondria tethering,
membrane trafficking [21] + +

SCD Stearoyl-CoA desaturase fatty acid transport [49] + +

SIGMAR1 Sigma-1 receptor, SR1
chaperone, lipid transport ,

Ca2+ signaling
[39] + +

SLC27A4 Long-chain fatty acid transport
protein 4 fatty acid transport [50] + +

SOAT1 Sterol O-acyltransferase 1 cholesterol metabolism [42] + +
VAPB VAMP-associated protein ER-mitochondria tethering [27] + −

VDAC1 Voltage-dependent anion-channel 1 ion exchange, Ca2+ transport [40] + +
VDAC2 Voltage-dependent anion-channel 2 ion exchange, Ca2+ transport [51] − +
WSF1 Wolframin, ER, transmembrane Ca2+ transport, ER stress [52] + −
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3.2. VLGR1 Interacts with MAM-Associated Proteins

Next, we validated the interaction of VLGR1_CTF with the MAM core proteins,
namely ACSL4 and the S1R, previously described as ER residents [12,53], and the mi-
tochondrial import receptor subunit TOM20, a component of the mitochondrial outer
membrane [54]. In RFP-Trap® immunoprecipitations of mRFP-tagged VLGR1_CTF ex-
pressed in HEK293T cells endogenous S1R, ACSL4 and TOM20 were recovered confirming
their interaction with VLGR1 (Figure 2A,C,D). However, S1R was not recovered by mRFP-
tagged VLGR1_ICD, indicating an interaction of the transmembrane or loop domains of
VLGR1 with S1R (Figure S2). None of the MAM-associated proteins was co-precipitated
with mRFP. Reciprocal Myc-Trap® immunoprecipitation of Myc-tagged S1R and mRFP-
tagged VLGR1_CTF co-expressed in HEK293T cells, confirmed the interaction of S1R and
VLGR1_CTF (Figure 2B).
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CoA ligase 4) and TOM20 are precipitated by VLGR1_CTF-mRFP. (D) Western blot of Myc-Trap® 
from HEK293T cells coexpressing VLGR1_CTF-mRFP or mRFP and S1R-Myc. VLGR1_CTF-mRFP 
binds to S1R-Myc. (E) Schematic illustration of interactions complex of VLGR1 at the MAM site: 
pull-downs show that VLGR1 interacts with the ER membrane molecules ACSL4 and S1R. S1R 
binds to IP3R (inositol trisphosphate receptor), regulating the Ca2+ effluxes through the receptor. 
IP3R is in turn connected via GRP75 to voltage-gated anion channels VDAC1/2 in the outer mito-
chondrial membrane, where they are associated with the mitochondrial importer subunit TOM20 
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VLGR1_CTF-mRFP or mRFP. Endogenous S1R (sigma-1 receptor), ACSL4 (long-chain fatty acid
CoA ligase 4) and TOM20 are precipitated by VLGR1_CTF-mRFP. (D) Western blot of Myc-Trap®

from HEK293T cells coexpressing VLGR1_CTF-mRFP or mRFP and S1R-Myc. VLGR1_CTF-mRFP
binds to S1R-Myc. (E) Schematic illustration of interactions complex of VLGR1 at the MAM site:
pull-downs show that VLGR1 interacts with the ER membrane molecules ACSL4 and S1R. S1R binds
to IP3R (inositol trisphosphate receptor), regulating the Ca2+ effluxes through the receptor. IP3R is
in turn connected via GRP75 to voltage-gated anion channels VDAC1/2 in the outer mitochondrial
membrane, where they are associated with the mitochondrial importer subunit TOM20 which also
interact with VLGR1. Mito, mitochondria. (F) Proximity ligation assay (PLA) for endogenous VLGR1
and S1R in HEK293T cells. White PLA signals represent colocalization of both proteins. Both, anti-S1R
and anti-VLGR1 (not shown) only were probed with both PLA (rabbit, rb and mouse, ms) secondary
antibodies including PLUS and MINUS complementary sequences and used as negative control.
(G) PLA assay for VLGR1_CTF-HA and S1R in VLGR1_CTF-HA transfected HEK293T cells. Protein-
protein interaction is indicated by white PLA signals. Anti-S1R and anti-VLGR1 (not shown) with
PLA (rabbit, rb and mouse, ms) secondary antibodies including PLUS and MINUS complementary
sequences were used as negative control, no signal was observed in the control. All images of the
respective replicates were acquired using the same light exposure and intensity settings. Nuclei were
stained with DAPI (blue). Scale bar, 10 µm. (H) Representative Western blot analysis of fractions
obtained in MAM isolation assay with VLGR1_CTF-HA transfected HEK293T cells. Purity of cellular
fractions was validated by marker proteins, namely α-Tubulin for the cytoplasm, CLIMP63 for the
ER. TOM20 as markers for the inner and outer mitochondrial membrane, respectively, and sigma-1
receptor (S1R) and ACSL4 as the MAM component [12]. VLGR1_CTF is present in isolated/crude
mitochondria (Mc), ER and MAM fractions. Cell homogenate (Hg), crude mitochondria (Mc),
endoplasmic reticulum (ER), pure mitochondrial fraction (Mp), mitochondria-associated membranes
(MAM) and cytosolic (Cy). A total of ~30 µg of protein was loaded for each fraction. The pulldown
experiments shown in (A–C) and the PLAs shown in (F,G) were each performed three times. The
fractionations for MAM isolation analyzed in (H) were carried out five times.

Next, we validated the interaction between overexpressed VLGR1_CTF and en-
dogenous VLGR1 with S1R in HEK293T cells by in situ proximity ligation assays (PLA)
(Figure 2E–G). We observed positive PLA signals and close proximity of VLGR1 and S1R in
both scenarios, confirming the interaction of the two proteins in cells. No signals were ob-
served in either control PLA. The interaction of VLGR1 and S1R observed in HEK293T cells
was confirmed in Hela cells (Figure S3). Taken together, these findings strongly support the
molecular interaction of VLGR1 with MAM core proteins.

3.3. VLGR1 Is Enriched in ER and MAM Fractions

We next wanted to verify the presence of VLGR1 in the MAM compartment by
applying a cell fractionation assay modified from Wieckowski et al. [19] (Figures S1 and 2H).
HA-tagged VLGR1-CTF transfected HEK293T cells were fractionated and the obtained
fractions were validated by Western blots for specific marker proteins [19,55]. The MAM
marker S1R was detected in the enriched MAM fraction [12]. As expected, S1R was
additionally found in the whole cell lysate and in the fraction of crude mitochondria, which
was also positive for the mitochondria marker TOM20 and in the ER fraction specified by
the presence of the ER-resident protein CLIMP63 [56]. VLGR1_CTF was detected together
with the MAM core proteins S1R and ACSL4 in crude mitochondria fraction, the ER and
more importantly also in the fraction enriched for MAMs. This finding supports that
VLGR1 is a component of the ER and the MAM.

3.4. VLGR1 Is Localized at the ER-Mitochondria Interface

Next, we aimed to validate the presence of VLGR1 in the MAM compartment by im-
munocytochemistry. For this, we immunostained the ER-resident protein Nogo-A/RTN4
and the outer mitochondrial membrane protein TOM20 which were both present in the
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VLGR1_CTF TAPs as prey, in HeLa cells expressing VLGR1_CTF_HA (Figure 3A). Im-
munofluorescence microscopy showed the co-staining of VLGR1 with the ER marker
Nogo-A, confirmed by a positive Pearson correlation coefficient value (R = 0.70) and
an overlapping staining with the outer mitochondrial membrane marker TOM20 with a
positive but lower Pearson correlation coefficient (R = 0.33). Next, we determined the local-
ization of the ER-mitochondria interface in HeLa cells by applying the “subtract function”
tool in Adobe Photoshop® subtracting the immunofluorescences signal of TOM20 and
Nogo-A (Figure 3A). Merging the immunofluorescence of VLGR1 with the fluorescence
subtraction result revealed the co-localization of VLGR1 with the ER-mitochondrial in-
terface, which was also confirmed by the Pearson correlation coefficient (R = 0.40). The
higher magnification of the zoom-ins of the merged images (Figure 3A, bottom panel) and
the common peaks in the fluorescence intensity plots of the three channels of the region
of interest (Figure 3B) further support these results. These findings indicate that VLGR1
is localized in ER membranes associated with ER-mitochondria interface of the MAM
compartment illustrated in Figure 3C. The localization of VLGR1 at the interface of MAMs
was confirmed by immunoelectron microscopy in sections through the inner segments of
retinal photoreceptor cells of two different vertebrate species, namely the domestic pig (Sus
scrofa) and zebrafish (Danio rerio) (Figure 3D).
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at the ER-mitochondria interface in HeLa cells. Noga-A and TOM20 were used as markers for the ER
and for the outer membrane of mitochondria, respectively. ER-mitochondria interface is visualized
by the overlay of Nogo-A and TOM20 signals and subtraction of all individual Nogo-A and TOM20
signals. VLGR1_CTF-HA single staining and merged with DAPI (blue). VLGR1_CTF (red) is localized
at the ER-mitochondria interface (Pearson coefficient 0.40). VLGR1_CTF is also localized at the ER
with a Pearson coefficient of 0.70 and at mitochondria with a Pearson coefficient of 0.33. Pearson
coefficients were calculated for 50 cells in three independents experiments. (B) Triple immunofluo-
rescence of VLGR1_CTF-HA (red), TOM20 (green), and Nogo-A (grey), counterstained with DAPI
(blue) for nuclear localization. Normalized intensity plot of the tree channels of region of interest
(ROI) indicated by the black dashed arrow in the magnified image. Shared intensity peaks (asterisks)
indicate the co-localization of VLGR1_CTF-HA with TOM20 and Nogo-A. (C) Schematic representa-
tion of Nogo-A and TOM20 distribution in ER and mitochondria and along the interface of the two
organelles. VLGR1 localization is indicated at the ER-mitochondrial interface. (D) Immunoelectron
microscopy of the inner segment (IS) of retinal photoreceptor cells from a zebrafish (Danio rerio) and
a domestic pig (Sus scrofa) showing localization of VLGR1 along the membranes of mitochondria
(M) (red arrowheads) in close proximity to the ER. Cartoon of a rod photoreceptor cell demonstrating
the localization of mitochondria-ER interfaces (red arrowheads). Connecting cilium (CC) and the
outer segment (OS) are indicated. Scale bars: (A) 10 µm, 5 µm; (B) 10 µm, 5 µm; (C) 400 nm.

3.5. VLGR1 Deficiency Alters the Structure of the ER-Mitochondria Interface

Characteristic changes in the MAM structure have been described in several dis-
eases whose pathophysiology is associated with a MAM perturbation [11,57,58]. To de-
termine whether VLGR1 deficiency also affects MAM structure, we focused on cerebral
neurons and photoreceptor cells, both neurons whose dysfunction has been linked to
neurologic disorders, such as epilepsy [59] as well as USH [11,57], respectively. To evaluate
whether the deficiency of VLGR1 also affects the MAM structure, we examined MAMs
in neurons of wild-type (WT) and Vlgr1delta7TM mice lacking the Vlgr1_CTF by trans-
mission electron microscopy (Figure 4 and Figure S4). It has been previously highlighted
that the contact point distances at the ER-mitochondrial interface are a key structural
parameter related to MAM functions [57]. We measured the latter parameter in ultrathin
sections through neurons of the cerebellum and the inner segment of retinal photore-
ceptor cells (Figures 4A and S4A). Quantitative morphometric analyses revealed that the
contact point distances at the ER-mitochondrial interface were significantly enlarged in
both cerebellar neurons and photoreceptor cells of Vlgr1del7TM mice when compared to
wild-type controls.

Furthermore, we morphometrically analyzed two additional structural parameters
of MAMs, namely the mitochondrial surface coverage by the ER and the mitochondrial
perimeter in both cerebellar neurons and photoreceptor cells (Figures 4B,C and S4B,C).
While the mitochondrial surface coverage by the ER was increased in both types of neu-
rons, the mitochondrial perimeter was only increased in cerebellar neurons and not in
photoreceptor cells of Vlgr1del7TM mice when compared to wild-type controls.

3.6. Ca2+ Transients at ER-Mitochondria Contact Sites Are Impaired by VLGR1 Deficiency

The MAMs represent a critical platform for the Ca2+ transfer from ER to mitochon-
dria [60,61]. To monitor the Ca2+ flux in the two organelles, we made use of genetically
encoded Ca2+ indicators targeted to ER, (G-CEPIA1er) and mitochondria (CEPIA2mt) [17].
We previously showed that primary astrocytes from mouse brain are well suited for studies
of VLGR1 in cells [3,9]. Both Ca2+ indicators were transfected into primary brain astrocytes,
derived from Vlgr1del7TM or wild-type control mice. To trigger the release of Ca2+ from
the ER and to promote the mitochondrial Ca2+ uptake at the ER-mitochondria interface, we
applied adenosine triphosphate (ATP) to the culture medium of the astrocytes. ATP stimu-
lates purinergic receptor P2Y receptors, which activate phospholipase C (PLC), leading to
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hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and in-
ositol triphosphate (IP3). Binding of IP3 to IP3 receptor (IP3R) on the ER membrane triggers
the release of Ca2+ from the ER [62,63]. We monitored the dynamics of Ca2+ fluxes in the ER
and the mitochondria in response to ATP in G-CEPIA1er- and CEPIA2mt-expressing astro-
cytes of Vlgr1del7TM and WT by live-cell imaging (Figure 5 and Figure S5A). We quantified
the time course of Ca2+ release from the ER (Figure 5A) by calculating the amplitude and
the kinetics of the G-CEPIA1er signal, respectively (Figure 5B,C). The experiments showed
significantly decreased Ca2+ release from the ER (Figure 5B), which was accompanied by
an almost significant slowing of Ca2+ efflux in Vlgr1del7 TM astrocytes compared with
wild-type control astrocytes (Figure 5C). Further, the measurement of CEPIA2mt signals
showed a significant decrease of mitochondrial Ca2+ uptake in Vlgr1del7TM astrocytes
(Figures 5D,E and S5B). In conclusion, our data demonstrate that VLGR1 is necessary for
the proper regulation of Ca2+ homeostasis at MAMs and absence of VLGR1 results in
dysregulated Ca2+ homeostasis at MAMs, as illustrated in Figure 5F.
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Figure 4. Electron microscopy analysis of the ER-mitochondria interface in murine cerebellum
neurons and retinal photoreceptors and S1R abundance at the ER. (A) Representative TEM image for
the measurement of contact point distance at the ER-mitochondrial interface (WT mice). Mitochondria
(M) and the ER (yellow spacer lines) are indicated. Calculation of contact point distance at the ER-
mitochondrial interface in WT control and Vlgr1del7TM cerebellar neurons and photoreceptor cells.
(B) The mitochondrial surface coverage by ER is indicated by yellow lines in the representative TEM
image. Measurements of mitochondrial surface coverage in WT control and Vlgr1del7TM cerebellum
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neurons and photoreceptor cells. (C) The mitochondrial perimeter indicated in purple in the rep-
resentative TEM image was measured in WT control and Vlgr1del7TM cerebellum neurons and
photoreceptors. Three independent samples of mature mice of both genotypes and sexes at the age of
4 to 6 months were analyzed. Student’s t-test for statistical significance: ** p < 0.01, *** p < 0.001, n.s.
no significance.
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Figure 5. VLGR1 deficiency decreases the Ca2+ release from ER and uptake to mitochondria in
astrocytes. (A) Averaged time-course of the ER Ca2+ signal in response to ATP stimulation at 120 s,
monitored by G-CEPIA1er, in WT control (black) and Vlgr1del7TM (red) astrocytes. (B) Quantification
of G-CEPIA1er signal amplitude, p = 0.0056. WT: n = 3 individual experiments; Vlgr1del7TM: n = 3
individual experiments. (C) Quantification of time constant (τ) of the G-CEPIA1er signal decay
(fitting by single exponential function), p = 0.2814. (D) Mitochondrial Ca2+ signals were measured
using CEPIA2mt after stimulation with ATP at 120 s in WT control and Vlgr1del7TM astrocytes.
(E) Amplitude of signals for mitochondrial Ca2+ response after ATP stimulus; p = 0.0438. WT: n = 3
individual experiments; Vlgr1del7TM: n = 4 individual experiments. Yellow line indicates application
of 10 µM ATP at 120 s. Error bars represent SEM. Student’s t-test for statistical significance: * p < 0.05
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(F) Schematic illustration of Ca2+ release (green dots) from the ER through and mitochondrial uptake
of Ca2+ by the Ca2+ shuttling complex of MAMs in the presence and absence/deficiency of VLGR1.
VLGR1 interacting partners identified TAPs and confirmed in pull-downs: ACSL4, long-chain fatty
acid CoA ligase 4; S1R, Sigma-1 receptor; TOM2, mitochondrial import receptor. IP3R (inositol
trisphosphate receptor) is regulated by S1R and bridged by GRP75 to the voltage-dependent anion
channels VDAC1 and 2, both also present as prey in VLGR1_CTF TAPs.

4. Discussion

We identified the adhesion GPCR (aGPCR) VLGR1 in internal membranes of the cell,
namely at the ER membrane and at mitochondria-associated ER membranes (MAMs), a
specialized compartment at the interface between the membranes of the ER and mito-
chondria. MAMs provide platforms for several cellular processes and signaling pathways,
such as ER stress signaling, metabolism, autophagy, apoptosis, inflammation, and Ca2+

homeostasis [10]. VLGR1 functions have been previously related to cell membrane adhe-
sion, such as the ankle-links between the stereocilia of mechanosensitive hair cells in the
inner ear and the periciliary membrane complex at the base of the cilium of photoreceptor
cells or as a metabotropic mechanoreceptor at focal adhesions, the adhesion sites of the
cell membrane to the substrate [9,14,64]. However, hitherto it has not been associated
with functions at internal membrane contact sites of the cell, where opposing organelles
are tethered facilitating the communication between organelles [65]. Here, we provide
evidence that the aGPCR VLGR1 is a component of a protein complex that is crucial for
regulating Ca2+ flux from the ER into the MAM interface to mitochondria and thus for the
Ca2+ homeostasis.

We identified several MAM core proteins as interaction partners of VLRG1 by affinity
proteomics capture approaches performed in two different human cell lines. All MAM
protein hits that we discovered in hTERT-RPE1 were also present in the HEK293T dataset,
providing evidence that VLGR1 is closely associated with MAMs. We confirmed the
putative interactions with several MAM components of both the ER part and the outer
mitochondrial membrane using complementary protein-protein interaction assays, such
as in vitro co-IPs and in situ PLAs. In addition, our observed subcellular localization of
VLGR1 in the ER membrane and its enrichment in the intersections between the ER and
mitochondria further supports that VLGR1 is a component of MAMs. All in all, our data
demonstrate the molecular association of VLGR1 with MAMs and its localization in the
mitochondria-ER contacts of MAMs in the membrane of the ER.

MAMs play pivotal roles in cellular physiology by regulating intracellular Ca2+ home-
ostasis driven by a tightly balanced interplay between the Ca2+ release from the ER and
the Ca2+ uptake through the juxtaposed outer mitochondrial membrane [60,61,66]. To this
end, MAMs harbor a channel complex for Ca2+, mainly composed of the inositol 1,4,5-
trisphosphate receptors (IP3Rs) in the ER membrane, bridged by the chaperone GPR-75 to
the voltage-dependent anion channel 1 (VDAC1) in the outer mitochondrial membrane [67],
which channels Ca2+ to the mitochondrial Ca2+ uniporter (MCU), and the Na+-dependent
mitochondrial Ca2+ efflux transporter (NCLX), both of the inner mitochondrial mem-
brane [28]. In the present study, we provide evidence that VLGR1 is closely associated
with this Ca2+ delivery system at MAMs by interacting with several of its components. We
demonstrate that VLGR1 physically interacts with the sigma-1 receptor (S1R), the Ca2+-
sensitive and ligand-operated receptor chaperone which regulates the Ca2+ out-flux via
IP3Rs from the ER at MAMs [39]. In addition, we show the interaction of VLGR1 with
TOM20, a peripheral subunit of the mitochondrial outer membrane translocase essential of
mitochondrial protein import. It has been recently shown that TOM20 forms a complex
with the VDAC1 and cooperates in channeling Ca2+ ions into mitochondria [68]. It is
worth noting that both voltage-dependent anion channels VDAC1 and VDAC2 were also
found to be hits in the VLGR1 TAPs (see Table 1), so they also represent potential binding
partners of VLGR1 in a protein complex related to VLGR1 in the MAM compartment (see
cartoon, Figure 2E).
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In addition to these physical molecular interactions of VLGR1, we observed a func-
tional interaction of VLGR1 with the Ca2+ signaling between the ER and mitochondria
at MAMs. In the absence of VLGR1, both the Ca2+ release from the ER through IP3Rs
in response to ATP and the subsequent Ca2+ uptake by mitochondria were significantly
reduced. We assume that the reduced outflow of Ca2+ from the ER into the cleft at the
MAM interface does not provide a sufficiently large pool of local Ca2+ available for uptake
by mitochondria. The result is that the absence of VLGR1 leads to reduced uptake of Ca2+

into the mitochondria. This is consistent with the altered mitochondrial Ca2+ dynamics
observed after siRNA-mediated knockdown of S1R and IP3R3, respectively [39]. Even
without direct measurements of the Ca2+ release from the ER, the authors of the latter study
assumed that the measured reduced Ca2+ uptake by mitochondria was also caused by a
disturbed Ca2+ supply from the neighboring ER Ca2+ store. Overall, our results suggest
that VLGR1 participates in the regulation of IP3Rs in the ER membrane of MAMs, directly
or through its interaction with the membrane chaperonin S1R which controls the functions
of IP3Rs.

Under normal physiological conditions, the membranes between the ER and the
mitochondrial membranes are approximately 10–30 nm apart at the MAM interfaces [69,70].
This close arrangement is required to ensure proper flow of Ca2+ and normal exchange
of phospholipids between the two organelles. Several ER-mitochondria tethering protein
complexes consisting of proteins located on the opposing membranes have been reported
to establish and maintain this distance. Measuring the contact point distances at the ER-
mitochondrial interface in cerebellar neurons and photoreceptor cells revealed a significant
increase in the distances between the ER and mitochondria in the absence of VLGR1 in
both neurons and photoreceptor cells (Figure 4A). This might be due to a direct association
of VLGR1 with the tethering complexes, which is supported by the identification of ER
and mitochondrial tethering molecules as interaction partners of VLGR1, namely VDAC1,
the VAMP-associated protein (VAPB) or reticulon 4 (RTN4, Nogo-A) both are present in
our VLGR1 TAPs (Table 1) [21,27,70]. The wider distance between the membranes of both
organelles at MAMs in VLGR1 deficient cells could be, however, also due to reduced
Ca2+ release from the ER and the resulting decrease of the local Ca2+ concentration in
the cleft. Because of many molecular links, the assembly by the tethering molecules is
Ca2+-dependent [71].

Several diseases have been associated with alterations in the ER-mitochondrial junc-
tions as a phenotype. Alterations in the connections between the ER and the mitochondria
have been described as a pathological feature underlying the pathomechanisms of many
neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and amy-
otrophic lateral sclerosis with associated frontotemporal dementia [70]. Here, we show that
the absence of VLGR1 leads to a comparable phenotype at MAMs. Thus, the pathophys-
iological pathways of neurodegenerative diseases and the two diseases associated with
VLGR1 defects, Usher syndrome type 2 and childhood absence epilepsy [4,6,7], may open
the avenue for common therapeutic targets and therapy options.

One obvious pathway that is disrupted in these diseases is the bioenergetics of cells.
Due to the reduced Ca2+ influx, the Ca2+ level in the mitochondria decreases, which impairs
the activity of mitochondrial enzymes, such as the pyruvate, isocitrate, and α-ketoglutarate
dehydrogenases, and thereby the bioenergetics of the cells [72,73]. This is in line with
previous findings indicating that the pathology in Alzheimer’s and retinal degeneration
are accompanied by effects on the mitochondrial energetics [74,75].

5. Conclusions

We identified and validated VLGR1 as the first aGPCR in MAMs. We show that VLGR1
is a vital component for the correct architecture of MAMs. In addition, we demonstrate
that VLGR1 is crucial for balancing the Ca2+ homeostasis of MAMs, mitochondria and
thereby the entire cell. Our findings also provide novel insights that help to explain
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the pathomechanisms underlying VLGR1-associated diseases, namely the human Usher
syndrome type 2C and childhood absence epilepsy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11182790/s1, Figure S1: Step-by-step workflow of MAM isola-
tions from HEK293T cells by differential centrifugation. Figure S2: S1R (SIGMA1R) interacts with
VLGR1_CTF, but not with VLGR1_ICD; Figure S3: Proximity ligation assay (PLA) with VLGR1
with S1R in HeLa cells; Figure S4: Representative TEM images of morphometric analyses of the
ER-mitochondria interface, the mitochondrial surface coverage and mitochondrial parameter in
cerebellar neurons of WT and Vlgr1del7TM (del7TM) mice; Figure S5: Representative fluorescence
images of Ca2+ signals of G-CEPIA1er in the ER and of CEPIA2mt in mitochondria before and after
stimulation via ATP in murine primary astrocytes in WT and Vlgr1del7TM (del7TM) astrocytes.
Table S1: GO term analyses of TAP VLGR1_CTF prey proteins of HEK293 and hTERT-RPE1 cells.
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Erratum 

Errata zur Publikation IV. Krzysko J, Maciag F, Mertens A, Güler B, Linnert J, Knapp B, 

Boldt K, Ueffing M, Nagel-Wolfrum K, Heine M, and Wolfrum U (2022). The Adhesion GPCR 

VLGR1/ADGRV1 Regulates the Ca2+ Homeostasis at Mitochondria-Associated ER 

Membranes. Cells 2022, 11, 2790. 

Auf Seite 1 befindet sich bedauerlicherweise ein Zitierfehler. Die zitierten Publikationen „4 

(McMillan and White, 2010), 6 (Skradski et al. 2001) und 7 (Yagi et al. 2009)“ müssen durch 

Zitieren der Publikationen „Wang et al. 2015a, Zhou et al. 2016, Myers et al. 2018, Han et al. 

2020, Dahawi et al. 2021  und Liu et al. 2022“ ersetzt werden. Die zu zitirenden Publikationen 

sind im Anhang dieser Arbeit unter Referenzen gelistet.  

Auf Seite 13 befindet sich bedauerlicherweise ein Schreibfehler. In der Legende zu Abbildung 

4. Muss es statt „Electron microscopy analysis of the ER-mitochondria interface in murine

cerebellum neurons and retinal photoreceptors a and S1R abundance at the ER” korrekt lauten 

“Electron microscopy analysis of the ER-mitochondria interface in murine cerebellum neurons 

and retinal photoreceptors” 
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3. Zusammenfassung der Ergebnisse und Diskussion 

Die Grundlage der vorliegenden Arbeit basiert auf den identifizierten Proteinnetzwerken des 

humanen Usher Syndrom (USH1C) Proteins VLGR1. Hierzu wurden affinity capture 

approaches mittels Affinity Proteomics durchgeführt (Publikation I & II). Der Kern dieser 

Arbeit befasst sich mit der Fortführung dieser Erkenntnisse und im Fokus mit der Validierung 

von VLGR1, als ersten und bislang einzigen Vertreter der Adhäsions G-Protein gekoppelten 

Rezeptoren (ADGRs) im subzellulären Kompartiment der Mitochondrien-assoziierten 

Membranen (MAMs). Über die Validierung von VLGR1 als MAM-residentes Protein und der 

Interaktion sowie der Co-Lokalisation mit MAM-Schlüsselproteinen hinaus, konnte eine 

strukturgebende Beteiligung an der MAM-Komposition, sowie ein funktioneller Einfluss auf 

die Regulation der Ca2+ -Homöostase zwischen ER und Mitochondrium nachgewiesen werden 

(Publikation VI). Fehlfunktionen am MAM-Kompartiment werden mit neurodegenerativen 

Krankheiten wie Alzheimer, Parkinson oder Epilepsie assoziiert und die hier gewonnen neuen 

Erkenntnisse über die Beteiligung von VLGR1 in diesem speziellen Bereich zwischen den 

beiden Organellen, leisten einen Beitrag zum Verständnis und Aufklärung der pathogenen 

Mechanismen auch zur Genese von USH. Des Weiteren wurde eine Methode etabliert, die in 

vivo Untersuchungen in murinen Astrozyten effizient und hoher Qualität gewährleistet 

(Publikation III). 

3.1 Proteinnetzwerke von VLGR1 und weiteren ADGRs 

Das USH1C Protein VLGR1 gehört zur Protein-Familie der ADGRs, welche sich in neun 

Untergruppen unterteilt. Als Grundlage für weiterführende Charakterisierungen und somit 

einem tieferen Verständnis der molekularen Funktion der ADGRs und im speziellen VLGR1, 

dienten die Interaktionsanalysen, welche zur Modellierung von Proteinnetzwerke führten. In 

unseren Analysen konnten wir bereits beschriebene Proteininteraktionen, sowie zahlreiche neue 

putative Interaktionspartner, mittels TAPs zusammen mit Massenspektrometrie, identifizieren. 

Diese Ergebnisse lieferten neue Erkenntnisse, an welchen physiologischen Prozessen und 

welchen in zellulären Kompartimenten, VLGR1 als Teil der ADGRs Familie beteiligt ist 

(Publikation I und II).  

3.1.1 ADGRs interagieren mit Gerüstproteinen, dem γ-Sekretase Komplex und 

sind integraler Bestandteil synaptischer Proteinnetzwerke  

Die TAP-Daten unserer Studien zeigten zahlreiche Interaktionen von ADGRs mit 

Gerüstproteinen. Alle identifizierten Gerüstproteine verfügen über PDZ-Domänen und alle in 

der vorliegenden Studie untersuchten ADGRs enthalten ein PBM an ihrem C-terminalen Ende, 
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welche die Bindung an PDZ-Domänen ermöglicht. Die Interaktion wird höchstwahrscheinlich 

über die Bindung der PBM der ADGRs an den PDZ-Domänen hergestellt. Dies wird auch durch 

frühere experimentelle Daten bestätigt. Wir haben bereits beschrieben, dass VLGR1 direkt mit 

zwei weiteren USH Proteinen (Harmonin (USH1C) und Whirlin (USH2D)) interagiert. Beide 

Proteine haben die Funktion als zytoplasmatischer Anker im Membrankomplex in 

Haarsinneszellen und Photorezeptorzellen (Reiners et al. 2005, Reiners et al. 2006, van Wijk et 

al. 2006). Des Weiteren geht aus unseren TAP-Daten hervor, dass ADGRs der Gruppe I 

(Latrophiline), Gruppe III (GPR123, GPR124 und GPR125) und der Gruppe VII (BAIs) mit 

denselben Gerüstproteinen interagieren. Interaktionen mit Gerüstproteinen haben vermutlich 

eine regulatorische Wirkung auf die Aktivität von ADGRs (Stephenson et al. 2014, Stephenson 

et al. 2013, Hu et al. 2014), inwiefern und ob ADGRs jedoch in Proteinnetzwerke und 

Signalketten eingebunden sind, welche von Gerüstproteinen in Zellen und Gewebe organisiert 

werden, bedarf weiterer Untersuchungen.   

Obwohl die identifizierten Gerüstproteine ubiquitär exprimiert werden, sind sie wesentliche 

Komponenten der Proteinnetzwerke von Synapsen, insbesondere der postsynaptischen Dichte 

von Neuronen (Langenhan et al. 2016). Vertreter dieser Gerüstproteine gehören hauptsächlich 

der Gruppe der Membrane-associated guanylate kinase (MAGUK) an, welche an der Bildung 

und Aufrechterhaltung der Zellpolarität und der dynamischen Anordnung von Rezeptoren und 

Kanälen an synaptischen Membranen beteiligt sind (Stephenson et al. 2013, Wu et al. 2000, 

Stephenson et al. 2014). Zusätzlich konnten wir mehrere Proteine als Interaktionspartner 

identifizieren, die an der Membranfusion synaptischer Vesikel beteiligt sind. SNAP23 zum 

Beispiel, interagiert mit allen ADGR_CTFs. Dieses Protein ist in den dendritischen Dornen 

angereichert. Dort kolokalisiert es mit Komponenten der postsynaptischen Dichte (Suh et al. 

2010) und ist an der Regulation der Exocytose von Glutamat-Rezeptoren beteiligt (Washbourne 

et al. 2004). Unsere Ergebnisse decken sich mit bereits validierten Daten, die eine Anreicherung 

von ADGRs wie VLGR1, Latrophiline und BAIs an postsynaptischen Dendriten (Reiners et al. 

2006, Silva et al. 2011, Specht et al. 2009) und der Regulation der synaptischen Plastizität 

zeigen (Stephenson et al. 2014, Duman et al. 2013, Sando et al. 2017, Kreienkamp et al. 2000). 

Interaktionspartner von ADGRs sind sowohl post- wie auch präsynaptisch lokalisiert. Dies 

deutet auf eine Integration dieser Rezeptoren in Proteinnetzwerke auf beiden Seiten von 

Synapsen hin und ist konsistent mit Beobachtungen vorangegangener Arbeiten (Rahman et al. 

1999, Kreienkamp et al. 2000, Tobaben et al. 2000, Boucard et al. 2012).    
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Neben Interaktionen mit Gerüst- und synaptischen Proteinen, deuten die TAP-Daten auf eine 

enge Verknüpfung von ADGRs mit dem γ-Sekretase Komplex hin. Mit Ausnahme von BAI2, 

konnten wir Untereinheiten des γ-Sekretase Komplex in allen ADGRs TAP-Daten finden. Der 

Intramembrane γ-Sekretase Komplex ist für die sequentielle proteolytische Spaltung von APP 

(Amyloid precursor protein) verantwortlich, bei der auch das β-Amyloid entsteht, welches bei 

der Entwicklung von Alzheimer eine wesentliche Rolle spielt (O'Brien and Wong 2011). Neben 

APP wurden auch verschieden integrale Membranproteine, darunter auch Rezeptoren als 

Substrate der γ-Sekretase identifiziert, die in Signalwegen für die Regulation der Transkription 

eine Rolle spielen (Haapasalo and Kovacs 2011). Dabei wird die intrazelluläre Domäne der 

Substrate abgespalten und fungiert als Transkriptionsfaktor im Zellkern. Wir konnten bei 

einigen ADGRs konservierte Aminosäurensequenzen analysieren, die putative γ-Sekretase 

Schnittstellen darstellen. Darüber hinaus haben wir in mehreren Zelllinien Fragmente in der 

kalkulierten Größe von ICDs mehrerer ADGRs nachweisen können, sowie eine Lokalisation 

der ADGR-Fragmente im Zellkern. Einige ADGRs ICDs weisen eine sogenannte 

Kernlokalisierungssequenz oder auch NLS (nuclear localization sequence) auf, diese wenige 

Aminosäuren umfassende Signalsequenzen sind für den aktiven Import des Proteins oder 

Proteinfragments in den Zellkern nötig (Makkerh et al. 1996). All diese Beobachtung liefern 

Hinweise, dass ADGRs in einem von der γ-Sekretase initiierten Signalweg eingebunden sind, 

ähnlich dem Szenario für Polycystin 1 (PKD1) (Merrick et al. 2012). PKD1 weist hohe 

Strukturähnlichkeiten zu ADGRs auf, es besteht aus mehreren Transmembrandomänen und 

unterliegt einer auto-proteolytischen Spaltung am GPS, analog zu ADGRs (Qian et al. 2002, 

Yu et al. 2007). Aufgrund Prozessierung durch die γ-Sekretase entsteht PKD1_ICD Fragment, 

welches abgespalten und in den Zellkern dirigiert wird (Chauvet et al. 2004, Low et al. 2006). 

Eingeleitet wird dieser Vorgang der Fragmentierung und Abspaltung des PKD1_ICD 

vermutlich durch einen mechanischen Stimulus (Chauvet et al. 2004), dieser 

Aktivierungsmechanismus wird auch für ADGRs diskutiert (Luo et al. 2011, Karpus et al. 2013, 

Scholz et al. 2015). Ob und wie die γ-Sekretase bei der Fragmentierung von ADGRs beteiligt 

ist, konnten wir im Rahmen dieser Arbeit nicht abschließend klären. Jedoch ergibt sich aus 

unseren Daten neben der Substrat-Hypothese ein weiterer Ansatz zur Funktionsweise von 

ADGRs und dem γ-Sekretase Komplex. So konnten wir neben den γ-Sekretase Untereinheiten 

auch regulatorische Faktoren der γ-Sekretase in unseren TAPs identifizieren. Darunter finden 

sich für LPHN2, CD97 und VLGR1 CTFs Interaktionspartner wie Basigin (BSG), das als 

weitere potentielle regulatorische Untereinheit der γ-Sekretase beschrieben wurde (Zhou et al. 

2005). Das Transmembrane Emp24-Like Trafficking Protein 10 (TMED10) wurde in allen 
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ADGR TAPs, mit Ausnahme von BAI2 gefunden. Als Teil des Präsenilin-Komplexes reguliert 

TMED10 die Aktivität der γ-Sekretase (Chen et al. 2006). Eine andere wichtige regulatorische 

Komponente stelle das Minor histocompatibility antigen H13 (HM13) dar. HM13 wurde in 

allen ADGR TAPs identifiziert und ist als Aktivator von Präsenilin1 (PSEN1) wesentlich an 

der Spaltaktivität des γ-Sekretase-Komplexes beteiligt (Moliaka et al. 2004). Diese Daten legen 

nahe, dass ADGRs alternativ auch eine Rolle bei der Rekrutierung, Positionierung und 

Zusammenbau des γ-Sekretase-Komplexes in Membrandomänen spielen können oder auch an 

der Regulation der Aktivität beteiligt sind. Zusammengefasst liefern unsere Daten robuste 

Hinweise auf eine Beteiligung von ADGRs an der Aktivität und in Signalwegen, die der γ-

Sekretase unterliegen. In diesem Zusammenhang ist es interessant festzuhalten, dass der γ-

Sekretase Komplex nicht nur an Plasmamembranen lokalisiert, sondern vielmehr an 

intrazellulären Subkompartimenten wie den Mitochondrien-assoziierten Membranen (MAMs) 

oder dem ER (Pinho et al. 2014, Schreiner et al. 2015, Leal et al. 2016).     

3.1.2 ADGRs sind mit MAMs assoziiert 

In unseren TAP-Daten konnten wir viele potentielle Interaktionspartner identifizieren, die an 

speziellen intrazellulären Organellen wie dem ER oder Mitochondrien lokalisiert sind. Die hohe 

Anzahl, dieser an bestimmten subzellulären Kompartimenten beteiligten Proteine, lässt auf 

neue Funktionen von ADGRs als Netzwerkkomponenten schließen, die bislang nicht bekannt 

waren. Unsere Analysen ergaben, dass Proteine, die am MAM-Komplex beteiligt sind, in allen 

untersuchten ADGR TAPs gefunden wurden, jedoch für VLGR1 mit Abstand die meisten. Der 

MAM-Komplex stellt die Schnittstelle zwischen dem ER und den Mitochondrien dar und dient 

einer Vielzahl von molekularen Prozessen als Plattform. Die Interaktion mit MAM assoziierten 

Proteinen könnte auf eine Funktion oder Beteiligung der AGDRs in Adhäsionskomplexen 

zwischen intrazellulären Membranen oder bei der Signalübermittlung zwischen Zellorganellen 

hindeuten.  

 3.2 Isolierte Astrozyten als robuste in vitro Modele 

Um Studien möglichst nahe an der biologischen Wirklichkeit, sprich der in vivo Situation, 

durchführen zu können, jedoch eine Reduktion der Komplexität z.B. von Gewebestrukturen, 

Organen oder ganzer Organismen für die Analysen bestimmter Prozesse notwendig ist, eignen 

sich primäre Zellkulturen besonders. Bei direkt aus dem Zielgewebe isolierten Zellen, bleiben 

die physiologischen und metabolischen Kapazitäten und Prozesse des Ursprungsgewebes 

weitestgehend erhalten. In der vorliegenden Arbeit lag der Fokus auf der Charakterisierung von 

VLGR1 am MAM-Komplex, welcher in Verbindung mit verschiedenen neurodegenerativen 
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Erkrankungen steht (Hedskog et al. 2013, Lewis et al. 2016). Hier ist es uns gelungen, eine 

effiziente Methode zu etablieren, welche uns ein robustes Modell in Form von isolierten 

Astrozyten für Untersuchung an Zellen des Nervensystems liefert. Astrozyten bilden den 

Hauptbestandteilen des aktiven Informations-transports im zentralen Nervensystem durch 

Interaktion mit Neuronen. Der Austausch und das Zusammenspiel zwischen Neuronen und 

Astrozyten von und über Botenstoffe und Signalmoleküle wie Ca2+ und Glutamat ist im ZNS 

für Funktion, Entwicklung und Pathologie des Gehirns von großer Bedeutung (Nimmerjahn et 

al. 2009, Benarroch 2005). Ausgehend von Vlgr1 defizienten und WT Mäusen, konnten wir für 

unsere Untersuchungen ein robustes in vitro Model gewinnen, welches uns erlaubt, 

physiologische Szenarien nahe den Bedingungen des Ursprungsgewebes zu simulieren.  

3.3 VLGR1 am subzellulären MAM-Komplex  

Der Fokus dieser Arbeit lag auf der Validierung und funktionellen Beschreibung des USH2C-

Proteins VLGR1, an dem speziellen subzellulären Kompartiment zwischen ER und 

Mitochondrien, dem sogenannten MAM-Komplex. Wir haben VLGR1 als eine Komponente 

des MAM-Kompartiments identifiziert, einen dynamischen und spezialisierten Bereich 

zwischen den Membranen des ER und der Mitochondrien. Der MAM-Komplex stellt eine 

Plattform für verschiedene zelluläre Prozesse wie ER-Stress Antwort, Autophagie, Apoptose, 

und Ca2+- Homöostase dar (Ilacqua et al. 2017). Hier konnten wir zeigen, dass VLGR1 als erster 

Vertreter der ADGR Familie ein Teil des MAM-Komplexes ist, an der Strukturbildung dieses 

Kompartiments mitwirkt und an der Regulation des Ca2+-Austauschs zwischen ER und 

Mitochondrien an der MAM-Schnittstelle beteiligt ist.   

3.3.1 VLGR1 interagiert mit MAM-Proteinen und ist an den Schnittstellen von 

ER und Mitochondrien lokalisiert 

Nachdem wir mehrere MAM-Proteine als putative Interaktionspartner von VLGR1 mittels 

TAP-Analysen in Kombination mit LC-MS/MS identifiziert haben (Publikation II), konnten 

wir VLGR1 als Teil des MAM-Komplexes mit verschiedenen Ansätzen validieren. Wir 

konzentrierten uns insbesondere auf die VLGR1_CTF Domäne, da die in den TAP-Analyse 

identifizierten MAM-assoziierten Proteine für dieses VLGR1-Fragment am häufigsten 

gefunden wurden. Zudem stellt das CTF die bei der Signalübertragung relevante Struktur des 

Rezeptors dar, während das NTF mit der Adhäsionsfunktion des Rezeptors in Verbindung steht. 

Die Interaktion mit gut beschriebenen MAM-Schlüsselproteinen und Proteinen, die an der 

MAM-Funktion beteiligt sind, insbesondere mit S1R, ACSL4 und TOM20 (Lalier et al. 2021, 

Lewis et al. 2016, Smith et al. 2013, Wieckowski et al. 2009), wurde durch Trap®-Co-
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Immunopräzipitationen und in situ PLA Daten validiert. Zusätzlich konnten wir zeigen, dass 

VLGR1 in biochemisch hoch aufgereinigten MAM-Fraktionen vorhanden ist. Schließlich 

liefert Lokalisierungsanalyse an der ER-Mitochondrien Schnittstelle starke Hinweise auf die 

Präsenz von VLGR1 im MAM-Kompartiment. 

Neben den bekannten Funktionen des Rezeptors als Bestandteil des „ankle link complex“ in 

der Cochlea und der Stereozilien Genese von Cochlea Haarsinneszellen (McGee et al. 2006, 

Yagi et al. 2007) fanden wir immer mehr Hinweise für die Beteiligung von VLGR1 an 

verschiedenen zellulären Prozessen (Publikation II). Kürzlich wurde VLGR1 als Regulator 

der Zellmigration an den „focal adhesions“ beschrieben (Kusuluri et al. 2021). Bislang wurden 

nur ein G-Protein-gekoppelter Rezeptor, nämlich GPR37, und ein ADGR, LPHN3, durch 

Proteom Analysen als Bestandteil des MAM-Proteinnetzwerks bestätigt. Grundsätzlich ist 

anzumerken, dass die Proteom Analysen des MAM-Komplex eine große Diskrepanz bei den 

identifizierten Proteinen aufweisen. Es kann nicht ausgeschlossen werden, dass de facto MAM-

Proteine in diesen Datensätzen nicht identifiziert werden (Ma et al. 2017). Nichtsdestotrotz 

untermauern unsere Ergebnisse die Daten und die Hypothese, dass VLGR1 an mehreren 

zellulären Funktionen neben den bekannten und beschriebenen beteiligt ist, speziell im MAM-

Kompartiment. 

3.3.2 VLGR1 Defizienz vergrößert den Abstand an der Schnittstelle zwischen ER 

und Mitochondrien und verändert die MAM-Komposition  

Um den Einfluss oder die Beteiligung von VLGR1 am oder im MAM-Komplex zu untersuchen 

und zu beschreiben, war es entscheidend zu analysieren, ob VLGR1 in einer Beziehung zu den 

charakteristischsten Strukturparametern dieses Kompartiments steht. Einer dieser Parameter ist 

die Entfernung zwischen beiden Organellen an ihren Schnittstellen (Giacomello and Pellegrini 

2016). Dafür untersuchten wir den Abstand zwischen der äußeren Mitochondrienmembran und 

der ER-Membran. Zusammen mit weiteren Parametern, wie der Oberfläche der Mitochondrien, 

die in Kontakt zum ER stehen und dem Mitochondrien Umfang, kann ein ER-Mitochondrien-

Kontaktkoeffizient bestimmt werden, der als strukturelles Merkmal des MAM-Komplexes gilt 

und seine Funktion beeinflusst (Giacomello and Pellegrini 2016, Naon et al. 2016). Wir konnten 

zeigen, wie Vlgr1-Defizienz, insbesondere der Verlust des CTF in Vlgr1del7TM Mäusen, die 

gesamte MAM-Struktur im Kleinhirn verändert und den „Spalt“ zwischen ER und 

Mitochondrium in der Retina vergrößert. Höchstwahrscheinlich ist VLGR1 allein nicht an der 

direkten Verbindung zwischen ER und Mitochondrien beteiligt, also an der Bildung von 

Adhäsionskomplexen zwischen den intrazellulären Membranen, wie es das Anker-Protein 
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Mitofusin 2 (MFN2) beschrieben ist (Larrea et al. 2019). Die kurze ICD von VLGR1 ist nicht 

lang genug, um die Distanz zwischen dem ER und den Mitochondrien zu überbrücken. Das 

sehr große extrazelluläre NTF wäre tatsächlich lang genug den Abstand beider Organellen im 

MAM-Komplex zu überbrücken, jedoch wird dieses Fragment in Vlgr1del7TM Mäusen immer 

noch exprimiert, und die Ausrichtung des Rezeptors ist mit der ICD in den zytosolischen Teil 

am ER gerichtet.  Unsere Ergebnisse deuten eher darauf hin, dass VLGR1 mit Proteinen 

interagiert und Proteinkomplexe bildet, welche an der MAM-Zusammensetzung beteiligt sind 

und diese definieren. Veränderungen in der MAM-Struktur werden unter verschiedenen 

pathogenen Bedingungen und in neurodegenerativen Erkrankungen (Alzheimer, Parkinson, 

Epilepsie) beobachtet (Giacomello et al. 2013, Hedskog et al. 2013, Lewis et al. 2016). In 

unseren Untersuchungen haben wir uns auf die Regionen konzentriert, in denen die pathogenen 

VLGR1 Phänotypen (audiogen induzierte Anfälle und Retinadegeneration (USH)) 

höchstwahrscheinlich ihren Ursprung haben. Interessanterweise mehren sich in jüngsten 

Studien Hinweise darauf, dass Haploinsuffizienz von VLGR1 Epilepsie verursacht, wobei der 

zugrunde liegende Mechanismus unklar bleibt (Myers et al. 2018, Wang et al. 2015a). Unsere 

Beobachtung können zum Verständnis der molekularen Prozesse und ihrer lokalen Genese in 

der Zelle im Zusammenhang mit VLGR1-Fehlfunktionen beitragen. 

3.3.3 VLGR1 beeinflusst den Ca2+-Fluss zwischen ER und Mitochondrien  

Wie beschrieben stellt der MAM-Komplex eine besondere Plattform für viele biologische 

Prozesse dar. Ca2+-Homöostase ist einer der wichtigsten Prozesse, die an diesem Kompartiment 

zwischen ER und Mitochondrien stattfinden (Hirabayashi et al. 2017, Kuo et al. 2019). Der 

Ca2+-Fluss zwischen ER und Mitochondrien wird durch Signalkaskaden und metabolische 

Prozesse reguliert (Kornmann 2013). Das ER fungiert hierbei als intrazellulärer Ca2+-Speicher 

und der Ca2+-Strom wird u. a. durch IP3R3 und VDAC vom ER zu den Mitochondrien am 

MAM-Komplex vermittelt. Dieser Ca2+-Übergang zwischen diesen beiden Organellen ist unter 

VLGR1 Knockdown Bedingungen und in Vlgr1-defiziente Mausmodellen beeinträchtigt und 

der Ca2+-Ausstrom aus dem ER im Vergleich zu WT Bedingungen reduziert. Der Inositol-1,4,5-

Trisphosphat-Rezeptor (IP3R) ist ER resident und für den Ausfluss von Ca2+ aus dem ER 

verantwortlich. Die Aktivität des IP3R als Ca2+-Kanal ist cAMP abhängig, da er von der cAMP 

regulierten Proteinkinase (PKA) phosphoryliert wird. Die Phosphorylierung verstärkt die durch 

IP3 evozierte Ca2+-Freisetzung durch IP3R (Taylor 2017). VLGR1 interagiert mit mehreren 

Untereinheiten von heterotrimeren G-Proteinen. Interessanterweise interagiert VLGR1_CTF 

nur mit Gi (Knapp et al. 2022) das den cAMP abhängigen Signalweg durch Hemmung der 
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Adenylylzyklase Aktivität reguliert. Dies führt zu einer verringerten cAMP-Produktion und zu 

einer verminderten cAMP abhängigen Proteinkinaseaktivität. Es ist spekulativ, aber 

naheliegend, dass VLGR1 die IP3R3-Aktivität durch G-Protein-Kopplung und den cAMP- 

Signalweg regulieren kann. Mit der verringerten Freisetzung von Ca2+ aus dem ER, geht auch 

eine reduzierte Ca2+-Aufnahme in den Mitochondrien einher. Dies beeinträchtigt die Aktivität 

mitochondrialer Enzyme wie der Pyruvat-, Isocitrat- und α-Ketoglutarat-Dehydrogenasen und 

damit die Bioenergetik der Zellen (Denton et al. 1978, Cardenas et al. 2010). Diese 

Beobachtungen stehen im Einklang mit früheren Erkenntnissen, die darauf hindeuten, dass die 

Pathologie neurodegenerativer Dysfunktionen wie der Alzheimer-Krankheit und der 

Netzhautdegeneration von Auswirkungen auf die mitochondriale Energetik begleitet wird (Yao 

et al. 2009, Eckmiller 2003). Unsere Ergebnisse deuten darauf hin, dass VLGR1 wesentliche 

an der Modellierung am MAM-Komplex beteiligt ist und somit auch einen Einfluss auf den 

Ca2+-Strom zwischen dem ER und Mitochondrien hat. Ebenso könnte VLGR1 als Regulator an 

der IP3R Aktivität durch cAMP- Signalweg beteiligt sein. Ob VLGR1 eine direkte Rolle bei 

Prozessen am MAM-Kompartiment spielt oder ob es als Modulator anderer Proteine in 

Proteinkomplexen fungiert, bedarf weiterer Untersuchungen.   
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4. Ausblick

Die Basis der vorliegenden Arbeit bilden affinity capture approaches mittels Affinity 

Proteomics. Interaktionsstudien zu ADGRs und im Speziellen zu VLGR1. Diese TAP-Daten, 

lieferten uns nach bioinformatischer Auswertung, Informationen zu möglichen 

Interaktionspartnern, sowie zu Integration in Proteinnetzwerke. Ausgehend von diesen Daten, 

ergaben sich Hinweise, dass VLGR1 in verschiedenen zellulären und molekularen Prozessen 

involviert ist. Im Fokus dieser Arbeit stand die Validierung und Charakterisierung von VLGR1 

am subzellulären Kompartiment der Mitochondrien-assoziierten ER Membranen (MAMs). Es 

gelang die Interaktion von VLGR1 mit mehreren bekannten MAM-Proteinen zu validieren. Um 

ein umfassenderes Bild von VLGR1 in dem MAM-Proteinnetzwerk zu zeichnen, könnten die 

Interaktionsanalysen auf weitere bekannte MAM-Proteine ausgeweitet werden. Aus der 

Funktion dieser bereits gut charakterisierten MAM-Proteine, wie z. B. IP3R, VDAC oder 

GRP75 (Giacomello et al. 2013, Patron et al. 2014), könnten sich weitere Rückschlüsse auf die 

Rolle von VLGR1 an den MAMs ergeben. Für diese Interaktionsstudien könnten Konstrukte 

der zu untersuchenden Proteine sowie valide Antikörper generiert werden. 

Die in dieser Arbeit gezeigten Lokalisations- und Zellfraktionierungsanalysen, deuten primär 

auf eine Lokalisation von VLGR1 am ER hin. Um diese Beobachtungen zu vertiefen, wäre eine 

Analyse mittels Elektronenmikroskopie mit Antikörpern gegen VLGR1 unter Fokussierung auf 

die Bereiche der Mitochondrien und ER Schnittstellen erforderlich. MAMs stellen eine sehr 

dynamische Form intrazellulärer Membran-Membran Kontakte dar (Ilacqua et al. 2017), was 

bedeutet, dass diese Verbindungen ständigen Bildungs- und Umbildungsprozessen unterliegen. 

Um die Beteiligung von VLGR1 an diesen Vorgängen zu untersuchen, könnten Beobachtungen 

aus der Live Cell Imaging Mikroskopie weitere Erkenntnisse liefern. Hierfür könnten geeignete 

VLGR1 sowie Mitochondrien und ER Marker eingesetzt werden und die Lokalisation von 

VLGR1 im Zuge der Dynamik zu untersuchen. 

Neben der Validierung von VLGR1 als MAM-Protein, konnten wir zeigen, dass VLGR1-

Defizienz zu morphologischen Veränderungen der MAM-Komposition führt. Da VLGR1 

besonders in neuronalen Geweben exprimiert wird (McMillan and White 2004) und mit dem 

humanen Usher Syndrom sowie Epilepsie assoziiert ist (Reiners et al. 2006, Wang et al. 2005, 

McMillan and White 2010, Zhou et al. 2016), war es naheliegende zuerst Strukturen im Gehirn 

und der Retina zu untersuchen. Dysfunktionen der MAMs können jedoch weitreichendere 

Folgen in verschiedenen Organen haben, so könnten diese Studien auf andere Gewebe 

ausgedehnt werden, um auch dort mögliche VLGR1 bedingte Veränderungen zu untersuchen. 
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Ein weiterer Aspekt für zukünftige Arbeiten könnten Expressionsanalysen des MAM-Proteoms 

in WT und VLGR1-defizienten Proben sein. Dafür müsste eine Methode etabliert werden, die 

neben der qualitativen Aufreinigung des MAM-Komplexes auch quantitativ ausreichende 

Mengen an MAMs, für Expressionsanalysen liefert. Diese würden weitere Aufschlüsse 

erlauben, welche Rolle VLGR1 bei der Zusammensetzung der Proteinnetzwerke in den MAMs 

einnimmt. Hierbei ist auch darauf zu achten, dass die Szenarien je nach Zell- und Gewebetyp 

unterschiedlich sein können und einer differenzierten Analyse bedürfen. 

Messungen des Ca2+-Stroms zwischen dem ER und Mitochondrien bestätigten eine funktionelle 

Einbindung von VLGR1 an der Ca2+-Homöostase zwischen diesen zwei Organellen, welche 

vorrangig an den MAMs stattfindet (Wang et al. 2015b). Neben der Ca2+-Homöostase stellen 

MAMs auch eine kritische Plattform für andere wichtige biologische Prozesse wie Autophagie, 

Apoptose, Entzündungsregulation, ER-Stress Antwort oder den Lipid-Metabolismus dar 

(Ilacqua et al. 2017). Mögliche Funktion von VLGR1 in weiteren MAM-assoziierten 

Prozessen, speziell bei der Autophagie, werden zurzeit in unserer Arbeitsgruppe erforscht. 

Dabei werden in ersten Schritten die Expression von Autophagie-Markern in verschieden 

VLGR1-defizienten Modellen untersucht. Grundsätzlich stellen die Erkenntnisse aus der 

vorliegenden Arbeit solide und weitreichende Untersuchungen zu VLGR1 an den MAMs dar. 

Diese Ergebnisse dienen der Aufschlüsselung und dem Verständnis der Genese von 

pathologischen Auswirkungen von VLGR1-Dysfunktionen.    

Durch die Einführung einer effizienten und robusten Methode zur Isolierung von primären 

Astrozyten aus Mausmodellen, konnten wir ein in vitro Modelle etablieren, welches uns die 

Untersuchungen an VLGR1-defizienten und WT Zellen ermöglichte. Für zukünftige Studien 

ist die Etablierung mehrere VLGR1 KO-Zelllinien von Bedeutung, da diese im Gegensatz zu 

primären Zelllinien länger und einfacher kultivierbar sind. Da unser Fokus auf neuronalen 

Gewebestrukturen lag waren und sind Astrozyten ein valides Modell, um die Untersuchungen 

jedoch zu erweitern und auf andere Gewebe zu übertragen, sollten weitere VLGR1 KO-

Zelllinien generiert werden.  
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5. Zusammenfassung 

Gegenstand der vorliegenden Arbeit war es die Präsenz des USH2C-Proteins VLGR1 in dem 

subzellulären Kompartiment der Mitochondrien-assoziierten ER-Membranen (MAMs) zu 

validieren und dessen Rolle bei der Funktion der MAMs aufzuklären. VLGR1 gehört zur 

Gruppe der Adhäsions-G-Protein gekoppelten Rezeptoren (aGPCRs oder ADGRs) und stellt 

innerhalb dieser Gruppe den größten Rezeptor dar. Funktionen von VLGR1 stehen in 

Verbindung zum humanen Usher-Syndrom (USH), der häufigsten Form kombinierter Taub-

Blindheit. Zudem gibt es mehr und mehr Hinweise darauf, dass Dysfunktionen von VLGR1 

beim Manschen auch zur Ausbildung von Epilepsie führen. Die Grundlage dieser 

Untersuchungen bilden die Identifikation von potenziellen VLGR1-Interaktionspartnern und 

dessen Einbindung in Proteinnetzwerke.  

In den Publikationen I und II wurden Tandem-Affinitäts-Aufreinigungen (TAPs) mit 

verschieden Proteinfragmenten von VLGR1 durchgeführt. Daten aus diesen Analysen wurden 

auf Basis von Gene Ontology (GO) Termen bioinformatisch gegliedert und ausgewertet. Neben 

bekannten VLGR1-Proteininteraktionsclustern, welche bereits beschriebene Funktionen des 

Rezeptors bestätigten, konnten auch Proteine als putative Interaktionspartner identifiziert 

werden, die auf bislang nicht beschriebene Funktionen von VLGR1 hinweisen. Dazu zählen 

auch Proteine, die insbesondere in den internen Membranen der Zelle am ER, den 

Mitochondrien und speziell an Mitochondrien-ER-Kontakten (MAMs) lokalisiert sind. 

Publikation III beschreibt die Einführung einer effizienten und robusten Methode zur 

Isolierung von primären Astrozyten aus dem Gehirn von Mausmodellen. Diese Arbeit lieferte 

ein robustes Zellmodel zum Studium von VLGR1 und eine der Grundlagen für unsere 

Untersuchungen. 

In Publikation IV konnte ich die Interaktionen von VLGR1 mit den MAM-Proteinen S1R, 

ACSL4 und TOM20 bestätigt. Des Weiteren bestätigte ich mittels immunhistologischen sowie 

biochemischen Zellfraktionierungen VLGR1 im MAM-Kompartiment. 

Elektronenmikroskopische Analysen der MAM-Strukturen zeigten eine Veränderung der 

MAM-Komposition in Neuronen der Retina und des Gehirns des Vlgr1-defizienten 

Vlgr1/del7TM Mausmodell im Vergleich zu Wild-Type-Mäusen. Abschließend konnte ich 

mittels Ca2+-Imaging unter Einsatz von ER- und Mitochondrien-spezifischen Ca2+-Sensoren 

zeigen, dass VLGR1 essential für die Aufrechterhaltung der Ca2+-Homöostase in den MAMs 

ist. Das Fehlen von VLGR1 führt in Vlgr1-defizienten primären Astrozyten aus dem Gehirn 
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von Vlgr1/delTM-Mäusen im Vergleich zur Wild-Type-Kontrolle zu einem verringerten Ca2+-

Ausstrom aus dem ER und nachfolgen auch zu einem geringeren Einstrom von Ca2+ in die 

Mitochondrien. 

Zusammengefasst leisten die erarbeiteten Ergebnisse und die daraus gezogenen Erkenntnisse 

der vorliegenden Arbeit einen entscheidenden Beitrag zur Aufschlüsselung der molekularen 

und zellulären Funktion des Adhäsions-GPCR VLGR1/ADGRV1 und liefern zudem auch 

wertvolle Hinweise auf die Pathogenese bei VLGR1-Dysfunktionen. Insbesondere die 

Aufklärung von VLGR1 als MAM-Komponente, kann zum Verständnis der USH und Epilepsie 

zugrundeliegenden Pathomechanismen beitragen.  

6. Summary

The subject of the present work was to validate the presence of the USH2C protein VLGR1 in 

the subcellular compartment of mitochondria-associated ER membranes (MAMs) and to 

elucidate its role in MAM function. VLGR1 belongs to the group of adhesion G-protein coupled 

receptors (aGPCRs or ADGRs) and represents the largest receptor within this group. Functions 

of VLGR1 are associated with human Usher syndrome (USH), the most common form of 

combined deaf-blindness and epilepsy. In addition, there is increasing evidence that 

dysfunctions of VLGR1 in humans also lead to the development of epilepsy. These studies are 

based on the identification of potential VLGR1 interaction partners and their involvement in 

protein networks.  

In publications I and II, tandem affinity purifications (TAPs) were performed with different 

protein fragments of VLGR1. Data from these analyses were bioinformatically parsed and 

analyzed based on Gene Ontology (GO). In addition to known VLGR1 protein interaction 

clusters, which confirmed previously described functions of the receptor, proteins were also 

identified as putative interaction partners indicating not described functions of VLGR1. These 

include proteins localized specifically to the ER, mitochondria, and specifically mitochondria-

ER contacts (MAMs). 

Publication III describes the introduction of an efficient and robust method to isolate primary 

astrocytes from brain of mouse models. This work provided a robust cell model for studying 

VLGR1 and one of the bases for our studies. 

In publication IV, I was able to confirm the interactions of VLGR1 with the MAM proteins 

S1R, ACSL4, and TOM20. Furthermore, I confirmed VLGR1 as a MAM resident by 
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immunohistochemical as well as biochemical cell fractionation. Electron microscopic analysis 

of MAM structures, revealed a change in MAM composition in neurons of the retina and brain 

of the Vlgr1-deficient Vlgr1/delTM mouse model compared with wild-type mice. In 

conclusion, I demonstrated by Ca2+ imaging using ER- and mitochondria-specific Ca2+ sensors 

that VLGR1 is essential for maintaining Ca2+ homeostasis at MAMs. Absence of VLGR1 

results in reduced Ca2+ efflux from the ER in Vlgr1-deficient primary astrocytes from the brain 

of Vlgr1/delTM mice compared with wild-type controls and, subsequently, in reduced Ca2+ 

influx into mitochondria 

In summary, the elaborated results and the findings derived from the present work make a 

critical contribution to the unraveling of the molecular and cellular function of the adhesion 

GPCR VLGR1/ADGRV1 and also provide valuable information to the pathogenesis in VLGR1 

dysfunctions . In particular, the elucidation of VLGR1 as a MAM component may contribute 

to the understanding of the pathomechanism underlying USH and epilepsy.  
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7.2 Zuordnung der geleisteten Beiträge zu den einzelnen Publikationen 

Meine kumulative Dissertation setzt sich aus insgesamt vier Publikationen zusammen. Zu 

denen haben außer mir noch weitere Kolleginnen und Kollegen Beiträge geleistet. Im folgenden 

Abschnitt möchte ich meine Beiträge zu den einzelnen Arbeiten aufzeigen. 

In Publikation IV, Krzysko et al. 2022, habe ich die bioinformatische Analyse der TAP-Daten 

durchgeführt und die Proteinnetzwerke erstellt (Pub. IV, Figure 1). Die Rohdaten der TAP-

Analysen wurden von B. K. in den Publikationen I, II und IV generiert. Versuche zur 

Interaktion von VLGR1 mit S1R, ACSL4 und TOM20 mittels RFP-Traps bzw. Myc-Trap, 

sowie Zellfraktionierungen und PLA Assays (Pub. IV, Abb. 2) wurden von mir und 

unter meiner Anleitung von A. M. im Rahmen ihrer Bachelorarbeit durchgeführt. Die 

Lokalisation von VLGR1 am MAM-Komplex konnte ich mit 

Immunfluoreszenzmikroskopie zeigen. Die elektronenmikroskopischen Aufnahmen wurden 

durch E. S. angefertigt (Pub. IV, Abb.3). Die Analyse der MAM-Morphologie (Pub. IV, 

Abb.4) wurde von mir durchgeführt, die Vorbereitung der Proben für die 

Elektronenmikroskopie wurde von mir zusammen mit E. S. durchgeführt. Die 

unterschiedliche Kinetik bei Ca2+-Ausstrom aus dem ER und Einstrom von Ca2+ in 

Mitochondrien konnte ich in Vlgr1-defizienten und WT Astrozyten zeigen (Abb.5). Bei der 

Durchführung der Messungen, der Auswertung der Daten, sowie der Disskusion wurde ich 

von F. M. unterstützt.    

In Publikation I, Knapp et al. 2019, konnte ich die Kolokalisation von VLGR1 und dem 

zentralen MAM-Protein S1R in HeLa Zellen zeigen (Pub I, Abb. 3C). Dieser Nachweis 

gelang mittels Immunfluoreszenzmikroskopie. Ich führte die Analyse der einzelnen γ-

Sekretase Untereinheiten als putative Interaktionspartner der jeweiligen ADGRs durch (Pub I, 

Abb. 4B). Dazu wertete ich Daten aus den TAPs aus und erstellte die Tabelle. Das Alignment 

der Aminosäurensequenzen verschiedener Rezeptoren an den konservierten γ-Sekretase 

Schnittstellen wurde durch mich angefertigt. Dabei verwendete ich ClustalX und verglich 

Gemeinsamkeiten in den relevanten Sequenzabschnitten (Pub I, Abb. 4C).  

In Publikation II, Knapp et al. 2022, habe ich die Lokalisation von VLGR1 in aus 

Mausgehirnen isolierten und kultivierten Astrozyten, mittels Immunfluoreszenzmikroskopie, 

gezeigt (Pub.II Abb. 5a). Ebenso führte ich das Experiment zur 

fluoreszenzmikroskopische Analyse von VLGR1 und dem ER-Marker CLIMP63 in murinen 

Astrozyten durch (Pub.II Abb. 5b). 

In Publikation III, Güler et al. 2021, bin ich mit Herr Güler Co-Autor. Wir haben 

zusammen die Methode zu Isolierung von Astrozyten aus Mäusen entwickelt und   

auf unsere 
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Anforderungen angepasst. Für die Publikation führte ich die fachgerechte Extraktion und 

Präparation der Gehirne durch (Pub. III, Abb. 1 und 2). Ich kultivierte und modifizierte die 

gewonnenen Zellkulturen zusammen mit Herr Güler (Pub III, Abb. 3,4,5). Die Aufreinigung 

der Kulturen gelang mir durch eine spezielle Differenzierungstechnik (Pub III, Abb.7).    
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