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Abstract

VLGR1/ADGRV1 (very large G protein-coupled receptor-1) is the largest known adhesion G protein-coupled receptor. Mu-
tations in VLGR1/ADGRV1 cause Usher syndrome (USH), the most common form of hereditary deaf-blindness, and have
been additionally linked to epilepsy. Although VLGR1/ADGRV1 is almost ubiquitously expressed, little is known about the
subcellular function and signalling of the VLGR1 protein and thus about mechanisms underlying the development of diseases.
Using affinity proteomics, we have identified key components of autophagosomes as putative interacting proteins of VLGRI.
In addition, whole transcriptome sequencing of the retinae of the Vlgrl/del7TM mouse model revealed altered expression pro-
files of gene-related autophagy. Monitoring autophagy by immunoblotting and immunocytochemistry of the LC3 and p62 as
autophagy marker proteins revealed evoked autophagy in VLGRI1-deficient hTERT-RPE1 cells and USH2C patient-derived
fibroblasts. Our data demonstrate the molecular and functional interaction of VLGR1 with key components of the autophagy
process and point to an essential role of VLGR1 in the regulation of autophagy at internal membranes. The close association of

VLGR1 with autophagy helps to explain the pathomechanisms underlying human USH and epilepsy-related to VLGRI1 defects.



A
VLGR1b ﬂ
[ ] SP
[} Calxp
[ J LamG/PTX
- EPTP/EAR
* PBM SF-N-VLGR1a
=d GAIN
N GPS
Stachel
o racmotit | SF-N-VLGR1_CTF
Strep Il mom‘ iﬂ E !
NTF |ECD -
VLGR1 a
SF-C-VLGR1_CTF
] J s .
cTF| ™ -
ico SF-N-VLGR1_ICD Tee e
Macroautophagy -
' A Mitophagy
» Lysosome
Autophagosome . ': L
TOR and
Autophagy Mitophagy nsjpstre:rr; Docking and Lysosome Autophagy | Lysosome-
core pathways fusion regulators |related genes
PIK3R4 CERS1 NPC1 VAMP7 LAMP2 ATP6VOA1
AMBRA1 VCP ATP6VOA1 STX17 NPC1
CISD2 AMBRA1 PIK3R4 VTIMA TMEM59 |
TMEM59 PHB2 AMBRA1
MTDH MCL1 PIK3R2 )
RAB1A [] all baits
RABSA SF-N-VLGR1_CTF
VMP1 SF-C-VLGR1_CTF
[ VLGR1a



ed. Data 1

preprint and h

85899.97082645

41 /au.16

ithout permis

ed. No reuse

funder. All

1the

Color Key

1

2

3  WT Vigr1

WT Vigr1/del7TM  combined

Sesn2
Fos
Sqstm1
Ppp2r2a
Atp6v1b2
Nfe2l1
Atp6vict
Stk39
Kras
Vma21
Rab14
Nek9
Stk38
Rfx1
Nrbp2

Autophagy
core

mTOR and
upstream
pathways

Autophagy
regulators

Mitophagy Lysosome

[ Downregulated

Lysosome- | Docking and
related genes fusion

in Vigr1/del7TM

@ Upregulated

Autophagy

Macroautophagy

Retreg1 Tcirg1 Vep  Mcoln1

Regulation of autophagy

Pafah1b2 Bok Eif4g2
Mitophagy Rab39b Mapt

Rragd Tnfaip3

XbpT1  pik2
Sqstm1 | Tmem150a

Eif2ak4 Usp13
Zkscan3 Hmgb1

Alg2a Gnai3
Vps33a |S6sn? Wa
Lrrk2 Nprl3
Ubxn2a p y 053
Ubqin1 Ift88 mox oot
Rab35 Ubgin2| P
Rab1a Atp6voat Mfn2
Map1ic3b Elapor1| Prkn
Pik3c3  |Chmp4b Rnf41
Rab7 Sec22b  Rnf5

Hspa8
Cltc

Tm7sf2
Uvrag
Tollip

Rnf185

Soga3 Fzd5 Bcl2

Gabarapl1 llrun

Srpx




3

+

A NTC VLGR1
Starvation + + - - + o+ - -
DMSO + + + + + + + +
BafilomycinA1 + - + - + -+ -
100 ==
55 TR - S - - -
40 = - — —
%=
15 JLc3l
T ——— — — e c— NLC3ll
10 w—
anti-LC3
40 w— = = — —
anti-GAPDH
B C D E
8 N=3 ® N=3 N=3 N
16 16 1.4 1.4
T ] )
14 14 T 12 T 12
o o ] =
£ 12 £ 12 § . g .
= 10 = 10 = =
08 08
Sl T g, g g
o) - c c
S & 3 & < 06 < o8
- - (o] (=2
. . G 04 & 04
S S
P P E 02 E 0.2
0 0 0 0
Starvation - + Starvation + + Starvation - + Starvation + +
NTCsiRNA + + VLGR1siRNA- + NTC siRNA + + VLGR1 siRNA -
+ 5uM Bafilomycin A1 + 5uM Bafilomycin A1
F iRNA NTC VLGR1 G
SI * k%
600 ~
- [] NTC siRNA
8 500 ~ . [ VLGR1 siRNA
g g
400 - N=3
2 o
8 300 4 . LA starved
_g o 3 + 5uM Bafilomycin A1
2204 §
: | o H
o ~ |
© 100 - :
g S =
= 0
n=358 n=349




Starvation -+
healthy + +

/DAPI

v )

LC3II/LC3I ratio
S

1

0

healthy donor

kDa
100 ==
55 m=
40 =
55—
- Lc3l
15= o <
10 = LCall
anti-LC3
40 == _—— —
anti-GAPDH
9
C 8 D 8 E o *k*
B B o
N=3 7 N=3 5 2 NE =,
> 5 g 15 g 15
(@] ] —
= < £
® o 1 o 1
o 3 )] o
- C C
© [
2 G 05 G 0s
1 ko) ko]
o (o]
[' '
0 0 0
Starvation + + Starvation -+ Starvation + +
healthy + - healthy + healthy + -
USH2C - + USH2C +
+ 5uM Bafilomycin A1 + 5uM Bafilomycin A1
USH2C patient *k*
800 -
2 8
o .
o USH2C patient
@ 600 + H - patl
Q ¢ [@ healthy donor
%) ° °
5 o T N=3
o 4004 o '
= - ! starved
@ i '+ 5uM Bafilomycin A1
g 2004 | E
[s\)
[(o)
Q.
0 d
n=211n=223

A healthy

Starvation +
Bafilomycin A1 +

+

+
+

USH

2C

+




The adhesion G-protein coupled receptor VLGR1/ADGRV controls autophagy

Joshua Linnert, Baran E. Giiler, Jacek Krzysko, Uwe Wolfrum*

Institute of Molecular Physiology, Molecular Cell Biology, Johannes Gutenberg University
Mainz, 55128 Mainz, Germany.

*Corresponding author: Institute of Molecular Physiology, Molecular Cell Biology, Johannes
Gutenberg University Mainz, Hanns-Dieter-Hiisch-Weg 17, 55128 Mainz, Germany; e-mail:

wolfrum@uni-mainz.de

Keywords: Adhesion GPCR, Autophagy, Usher syndrome, affinity proteomics, proteostasis

Running title: VLGR1/ADGRV1 controls autophagy



Abstract

VLGRI1/ADGRVI1 (very large G protein-coupled receptor-1) is the largest known adhesion G
protein-coupled receptor. Mutations in VLGRI/ADGRVI cause Usher syndrome (USH), the
most common form of hereditary deaf-blindness, and have been additionally linked to epilepsy.
Although VLGR1/ADGRV1 is almost ubiquitously expressed, little is known about the
subcellular function and signalling of the VLGRI protein and thus about mechanisms
underlying the development of diseases.

Using affinity proteomics, we have identified key components of autophagosomes as
putative interacting proteins of VLGRI1. In addition, whole transcriptome sequencing of the
retinae of the Vigrl/del7TM mouse model revealed altered expression profiles of gene-related
autophagy. Monitoring autophagy by immunoblotting and immunocytochemistry of the LC3
and p62 as autophagy marker proteins revealed evoked autophagy in VLGR1-deficient h\TERT-
RPEI1 cells and USH2C patient-derived fibroblasts.

Our data demonstrate the molecular and functional interaction of VLGR1 with key
components of the autophagy process and point to an essential role of VLGRI in the regulation
of autophagy at internal membranes. The close association of VLGR1 with autophagy helps to
explain the pathomechanisms underlying human USH and epilepsy-related to VLGR1 defects.



1. Introduction

G protein-coupled receptors (GPCRs) are the most important receptors of our body as they
respond to almost all external stimuli and therefore prime targets for pharmacological
interventions. Although adhesion GPCRs (ADGRs) are the second largest subclass of GPCRs,
their function is the least understood of all GPCR classes, so their pharmacological significance
has also had to remain fairly unexplored. ADGRs are characterized by signature domains of
serpentine (7TM) and adhesion proteins (Figure 1A). Among ADGRs the very large G protein-
coupled receptor 1 (VLGRI1), also named ADGRV1, GPR98 or MASS1 is the largest . As
other ADGRs, VLGRI1 is composed of an extracellular N-terminal fragment (adhesion part),
which is extremely long in VLGRI1, fused by a GAIN domain, which includes the GPCR
autoproteolytic cleavage site (GPS) to a C-terminal fragment defined by 7TM domain (receptor
part) (Figure 1A). Evidence suggests that autocleavage at GPS exposes the short so-called
"spike" sequence at the N-terminal end of CTF, which serves as a bound agonist to activate
aGPCRs **. In VLGRI, we have recently identified 11 amino acids that act as the “Stachel”
peptide’. Furthermore, we also found evidence that this activation induces a switch from Gs- to
Gi-mediated signalling of VLGRI1.

In mammals, VLGRI1 is almost ubiquitously expressed, with high expression in the nervous
system, especially in the neural cells of the developing brain and the sensory cells of the eye
and inner ear '*% (Protein Atlas: https:/www.proteinatlas.org/). Mutations in the

VLGRI/ADGRV1 gene cause Usher syndrome type 2C (USH2C) which is characterized by

congenital sensorineural hearing loss and retinitis pigmentosa (RP) ’. Additionally, mutations,
even haploinsufficiency of VLGRI/ADGRVI have been associated with different forms of
epilepsy in humans and audiogenic seizures in mice (Dahawi et al. 2021; Myers et al. 2018;
Zhou et al. 2022). Almost nothing is known to date about the pathomechanisms underlying
epileptogenesis that lead to the imbalance between excitatory and inhibitory neurotransmission
described in epilepsy patients. In the two sensory cell types affected in USH type 2, retinal
photoreceptor cells and cochlear hair cells, VLGR1 is essential for the formation of filamentous
connections between membranes, namely the membranes of the connecting cilium and the inner
segment in photoreceptor cells and ankle-links connecting adjacent stereocilia in differentiating
hair bundles of the cochlear hair cells %1%!!, The absence of VLGRI leads to a disturbance of
membrane-membrane adhesion, which is manifested by the conspicuous disorganization of the

stereotypic arrangement of stereocilia in the hair bundles in the hair cells. However, it remains



unknown whether, in addition to these apparent defects in adhesion, altered G protein-coupled
signalling contributes to the pathophysiology of sensory cells in USH2C.

Because knowledge of potential interaction partners often provides reliable insights into the
function of proteins, we have searched for potential partners of VLGR1 by an affinity
proteomics capture approach to provide insights into its cellular functions >!2. This strategy has
recently enabled us to unravel valuable new insights into the downstream receptor signalling of
VLGRI1 °, its participation as a metabotropic membrane mechanoreceptor in the regulation of

1314 "and its role in the function of internal membrane

focal adhesion during cell migration
compartments, such as the mitochondria-associated membranes (MAMs) of the endoplasmic
reticulum (ER) '°. The absence of VLGR1 results in a disturbance in the MAM architecture and
the dysregulation of the Ca®" transient from ER to mitochondria !> MAMs are nuclei for

autophagosomes in the autophagy process !°

, the intracellular degradation system for
cytoplasmic contents, e.g., for defective intracellular proteins, excess or damaged organelles,
or invaded microorganisms "%, Classical autophagy also named as macroautophagy is
characterized be sequentially steps, such as the formation of autophagosomes from the
phagophore and the fusion with lysosomes leading to digestive autolysosomes '7?!. There are
also several subtypes of autophagy, for instance chaperone-mediated autophagy is mainly based
on the interaction of heat shock proteins with proteins determined for degradation'”'®. Also,
autophagy of whole organelles such as mitochondria or the ER are defined as mitophagy or ER-
phagy, respectively?>*. Defects in autophagy can evoke or exacerbate diseases namely
neurogenerative diseases such as Huntington, Alzheimer’s or retinal degeneration 2>27.

Here, we show that the adhesion GPCR VLGRI1 interacts with core components of
autophagy and that in the absence of VLGRI, autophagy activities increase, leading to
differential expression of autophagy-related genes. This close association of VLGR1 with the

autophagy process may help to explain the pathomechanisms underlying the diseases related to

VLGRI1, namely the human Usher syndrome type 2C and epilepsy.

2. Material and Methods

2.1 Animals
All experiments were performed in compliance with guidelines established by the Association

for Research in Vision and Ophthalmology. Mice were kept under 12/12 hours light/dark
cycles, food and water ad libitum. Vigrl/del7TM mice carry a premature STOP codon at the

exon 82 of Vigrl which leads to the deletion of the entire 7TM domain and only the expression



of the extracellular domain ?’. The breeding background of Vlgrldel7TM mice was the
C57BL/6 strain which were also used as wild type (WT) controls.

2.2 Antibodies

Primary antibodies used in this study were the following: rabbit anti-p62 (Proteintech, 18420-
1-AP), rabbit anti-LC3 (Proteintech, 14600-1-AP), mouse anti GAPDH (Abcam, ab9484),
mouse anti-actin (Thermo Fisher Scientific, MA5-11869). Secondary antibodies used in this
study were conjugated to Alexa 488, Alexa 555, or Alexa568, purchased from Invitrogen or
Rockland Immunochemicals. Nuclear DNA was stained with DAPI (4°,6-diamidino-2-
phenylindole) (1 mg/ml, diluted 1:12000) (Sigma-Aldrich).

2.3 Cell culture

hTERT-RPEI cells were cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-
12 (Thermo Fisher Scientific) containing 10% heat-inactivated fetal calf serum (FCS). Cells
were transfected with GeneJuice® (Merck Millipore) according to the manufacturer’s

instructions.
2.4 Human primary fibroblast cultures

Healthy dermal primary fibroblast lines were expanded from skin biopsies of human subjects
(ethics vote: Landesédrztekammer Rhineland-Palatinate to KNW). Primary fibroblast lines were
mycoplasma negative and cultured in DMEM, 10% FCS and 1% penicillin-streptomycin at
37°C and 5% COz2. USH2C VLGRI1/ADGRV1 R2959* patient-derived fibroblasts were a kind
gift from Dr Erwin van Wijk (Radboud University Medical Center, Nijmegen) and were derived
from skin biopsies of a 57-year-old male USH2C patient who carrys a nonsense mutation in the

VLGRI/ADGRVI gene (g.[90006848C>T])%.

2.5 DNA constructs

VLGRI1 _CTF (Uniprot ID Q8WXG9-1, aa 5891-6306) sequence was used for VLGRI1
constructs. For tandem affinity purifications, Strep I[I-FLAG (SF)-tagged human VLGR1_ CTF
was used. The SF-tag was N-terminally and C-terminally fused to VLGR1 CTF.

2.6 Tandem affinity purification (TAP) and mass spectrometry

Tandem affinity purification and mass spectrometry analysis were performed as previously
described>!*2°. The constructs illustrated in Figure 1A were expressed in HEK293T cells. After
48 h incubation, cells were lysed, cleared by centrifugation and supernatants were subsequently
purified by using Strep-Tactin® Superflow® beads (IBA) and anti-Flag M2 agarose beads

(Merck). Precipitation of eluates was performed with Methanol-chloroform. These eluates were
5



then used for liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). To
validate the MS/MS-based peptide and polypeptide identifications, raw MS spectra were
searched against the human SwissProt database using Mascot. The obtained results were
additionally verified by Scaffold (version 4.02.01, Proteome Software Inc). Results were
compared to mock-transfected cells and common RAF1 control TAPs. Proteins evident in mock
and RAF1 Taps were excluded from the analysis. VLGRI1 preys were used as input for the
Cytoscape plugins STRING and ClueGO according to their gene names based on HGNC. Gene
Ontology (GO) term enrichment analysis was performed by ClueGO v2.3.3.

2.7 siRNA-mediated knockdown in hTERT-RPET1 cells

Human hTERT-RPEI cells were transfected with siRNAs specific for human VLGRI (L-
005656-00-0005) and non-targeting control (NTC) siRNAs (D-001810-10-05), previously
validated"®. siRNAs were transfected using Lipofectamine RNAIMAX (Invitrogen) according

to the manufacturer’s instructions.

2.8 Arrest of autophagy in h\TERT-RPEI1 cells and primary dermal fibroblasts

To induce starvation of hTERT-RPEI and primary dermal fibroblasts normal growth media
were changed to Earle’s Balanced Salt Solution (EBSS) and control cells were continually kept
in normal growth media for 2 h. To arrest of autophagy cells were additionally treated with 5

uM Bafilomycin A1 (BA1) (Sigma-Aldrich). Subsequently cells process
2.9 Immunocytochemistry

Cells were cultured on glass coverslips and fixed with 4% paraformaldehyde for 10 min at room
temperature (RT), washed with PBS three times, permeabilized with PBST (0.2% Triton-X100
(Roth)) 10 min at RT, washed once with PBS and blocked with 0.1% ovalbumin, 0.5% fish
gelatin in PBS for 1 h at RT. Primary antibodies were incubated overnight at 4°C, followed by
washing three times with PBS and secondary antibody incubations for 1 h at RT. After another
three times of washing with PBS, cells were mounted with Mowiol 4.88 (Hoechst) and analyzed
with a Leica DM6000B microscope (Leica). Fiji/Imagel software (NIH) was used for image

processing and quantifications. For statistical analysis, R-Studio was used .
2.10 Data processing

For the analysis of p62/SQSTMI1 positive dots during immunostaining, quantification was done
using the Fiji/Image] software (https:/fiji.sc). Images were loaded into Fiji using the Bio-

Formats plugin. Cells were manually encircled, and the threshold was adjusted to Intermodes.



The selected cells were analyzed for dot number with the Fiji function analyze particles. The

numbers were summarized in Excel and an average number per cell was calculated.

2.11 Western blot analyses

Protein lysates were prepared using Triton-X-100 lysis buffer (50 mM Tris/HCI, 150 mM NacCl,
0.5% Triton-X-100, pH 7.4) containing complete protease inhibitor cocktail (04693132001,
Roche Diagnostics) and sonicated. Protein content was quantified using a BCA protein assay
(Merck Millipore) and subjected to SDS-PAGE. The proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (Merck Millipore). After blotting, membranes
were blocked in AppliChem blocking reagent (AppliChem) for 1 h and subsequently incubated
with primary antibodies overnight at 4°C followed by appropriate secondary antibodies Alexa
Flour 680 (Invitrogen) or IR Dye 800 (Rockland). Scans of the blots were made employing the
Odyssey infrared imaging system (LI-COR Biosciences). For densitometry analysis, the LI-

COR software Empiria Studio was used, and for statistical analysis, R-Studio was applied °.

2.12 RNA isolation and transcriptome sequencing

Adult (pn 40) WT and VIgr1/del7TM mice were euthanized using cervical dislocation. Directly
following the skull was opened and the brain was dissected to obtain the hippocampus, the
cerebellum, and the cortex. The retina was extracted from the eyes. Tissues were flash-frozen
using liquid nitrogen. Tissues were homogenized in RNeasy lysis buffer using 27 gauge
needles, following RNA was isolated according to the instructions of the Qiagen RNeasy Mini
Kit. RNA quality was determined using a Nanodrop (Thermo Fisher Scientific), and RNA was
subsequently stored at -80°C. Whole transcriptome sequencing was performed by the company
Novogene. mRNA sequencing was performed using the Illumina platform. Pair end reads were
mapped and quantified. Following, differential gene expression analysis and Gene Ontology

(GO) enrichment analysis was performed (https://en.novogene.com/services/research-

services/transcriptome-sequencing/mrna-sequencing/).

2.13 Policy for experimental and clinical studies

The study was conducted in accordance with the Basic & Clinical Pharmacology & Toxicology

policy for experimental and clinical studies *'.

3. Results
3.1 Analysis of TAP data sets identified interactions of VLGR1/ADGRV1 with

core components of the autophagy process.
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We have recently identified more than 1000 putative interacting partners of VLGRI in tandem
purifications (TAPs) with VLGR1_ICD, VLGR1_CTFs, and full-length VLGR1a as baits °.
GO term analysis of the TAP datasets using the Cytoscape plugin ClueGO (accessed September
28, 2022) revealed numerous associations of VLGR1 with autophagy in the different GO
categories (Figure 1C-G). In TAPs with full-length VLGR1a and both, the N- or C-terminal
SF-tagged VLGR1 CTFs, 53 proteins associated with autophagy were enriched (Table 1). In
contrast, no proteins associated with autophagy were found in the VLGR1 ICD TAP.

We used the GO aspect “Biological Process” and categorized the TAP hits into the three GO
terms “autophagy”, “macroautophagy”, and “mitophagy”. For the term “autophagy”, we found
48 proteins in total for VLGR 1a for both VLGR1_CTF. Approx. 80% of the proteins identified
for the two VLGR1_CTFs were overlapping. For all three constructs together, the overlap was
40% of the identified proteins. Interestingly the autophagy core component ATG9a is only
associated with SF-VLGR1 CTF, similarly, AMBRAL is only present in the VLGR1a TAP. A
STRING network analysis revealed multiple interactions between prey proteins of the GO term
“autophagy” (Figure 1C).

For the downstream GO terms “macroautophagy” and “mitophagy” we identified 35 proteins
and 6 proteins, respectively (Figure 1D, E; right hand). For both terms, the biggest overlap was
between all three baits and between the two CTFs. Again, autophagy core components were
identified for VLGR1a (AMBRAI1, PIK3R2) and the two VLGR1 CTFs (TMEMS39). In the
String network, several of the identified proteins cluster in specific subgroups (Figure 1D, E;
left hand).

In the category Cellular component TAP hits could be categorized by ClueGO into the three
GO terms “autophagosome” and “lysosome”, 8 proteins and 26 proteins, respectively (Figure
1F, G). Most of the proteins identified for “autophagosomes” were present in TAP data of full-
length VLGR1a and both VLGR1 CTFs or were found in TAPs of both VLGR1 CTFs. For
“lysosome”, only in the two CTF TAP data sets, associated proteins were identified. As in the
category Biological process, we found in the category Cellular component the autophagy core
components ATG9a, AMBRA1, STX17, TM9SF1, and PIK3R4. The String network for the
“autophagosome” clustered into two groups, autophagy core components and the group of
ubiquillins and ubiquitin-associated proteins (Figure 1F). Several of the proteins associated
with lysosomes, group together in the String network (Figure 1G).

We confirmed the GO term analyses by comparison with the data sets recently published
gene toolbox for monitoring autophagy transcription 2!. All prey proteins identified in our

VLGRI1-TAP categorized in the autophagy-related GO terms in the categories Biological
8



process and Cellular component were found in the subcategories of the autophagy process
defined in this autophagy toolbox (Figure 1 H).
In summary, the identification of proteins participating in the autophagy process as potential

interaction partners of VLGR1 indicated a close association of VLGR1 with autophagy.

3.2 RNA sequencing of Vigri-deficient retinae revealed multiple associations of
VLGRI1 to autophagy molecules

We next explored whether there were any differences in the expression of genes related to
autophagy in the absence of regular VLGRI expression. To this end, we performed genome-
wide mRNA sequencing of retinas from Vigr/-mutated and deficient Vigrl/del7TM mice
compared to wild-type retinae samples. Total RNA was extracted from three biological
replicates each of adult (pn 40) wild type and Vlgrl/del7TM retinae, followed by RNA
sequencing of the samples using the Illumina platform. Pair end reads were mapped and
quantified, followed by differential gene expression analysis and Gene Ontology (GO)
enrichment analysis (accessed on 18.05.2022). In total 2,824 genes were differentially
expressed in Vlgrl/del7TM retinae compared to WT retinae: 1,671 of those were upregulated,
and 1,153 were downregulated (Table S1, S2).

Using the recently defined autophagy gene toolbox with defined categories of functional
classes ' we identified 30 genes that were differentially expressed in Vlgrl/del7TM retinae
(Figure 2A, B). From these genes 7 genes were down-regulated and 23 up-regulated with simple
to high significance in VIgrl/del7TM retinae. The downregulated genes could be categorized
into the terms “mTOR and upstream pathways”, “autophagy core machinery”, and “autophagy
regulators” (Figure 2B). Among those genes, Rps6kb2 and Slc38a9 are core components of the
mTOR pathway, and Nek9 and Stk38 play important roles in selective and chaperone-mediated
autophagy.

The downregulated genes spanned all categories, except for docking and fusion. For
example, a group of ATPase genes (Atpbap2, Atp6vib2, Atp6vicl), important for lysosome
function, four activating transcription factors (4#f2, Atf3, Atf4, Atf5), which regulate autophagy
in response to various stresses, and the important autophagy adapter protein p62/sqstml were
downregulated in Vigrl deficient retinae. Additional GO-Term analysis revealed that genes
differentially expressed in the Vlgrl/del7TM retinae associate with the following Biological
process subcategorizes: 58 genes with “autophagy”, 33 genes with “macroautophagy”, 6 genes

with “mitoautophagy”, and 36 genes with “regulation of autophagy” (Figure 2C).



Taken together, the deficiency of Vigrl leads to the dysregulation of the expression of genes
related to autophagy in the mouse retina. Furthermore, this confirms the close relation of
VLGRI to autophagy processes indicated by the potential interacting proteins of the VLGR1
protein identified by TAP-based affinity proteomics.

3.3 Depletion of VLGRI increases autophagy in hTERT-RPE1 cells

Next, we investigated the consequences of VLGRI deficiency on autophagy. For this, we
depleted VLGRI in hTERT-RPEI1 cells by siRNA-mediated knockdown and then activated
autophagy by starvation. To evaluate the levels of the key autophagy markers LC3 and p62 we
arrested the autophagic flux. Autophagic flux is the formation of autophagosomes at
compartments like the MAMs and then eventually the fusion of these with lysosomes. In the
formed autolysosomes proteins or organelles get degraded. To establish an autophagy arrest,
we blocked the fusion of autophagosomes with lysosomes using Bafilomycin Al to prevent

lysosome acidification and protein degradation (Figure 3).

In Western blots of cell lysates, we determined the protein content of the autophagy marker
LC3, which is converted from the cytoplasmic form LC3I to the autophagosome membrane-
bound form LC3II during autophagy (Figure 3A). The increased ratio of LC3II/LC3I observed
in starved cells compared to unstarved cells confirmed that starvation increases autophagy in
hTERT-RPEI cells (Figure 3 A, B, D). In addition, siRNA-mediated knockdown of VLGR1
increased the LC3II/LC3I ratio in hTERT-RPEI cells when compared to non-targeting control
(NTC) siRNA-treated cells (Figure 3 A, C, E).

In the cytoplasm, autophagic cargos (liquid droplets, damaged organelles and aggregated
proteins) are tagged with ubiquitin chains to which the autophagy adaptor protein p62 can
bind*2. This allows p62 antibodies to serve as a common marker for autophagosomes in
immunocytochemistry. Immunocytochemical staining revealed an accumulation of anti-p62-
positive dot-like structures representing autophagosomes in starved, Bafilomycin Al-treated
hTERT-RPEI cells (Figure 3F). Quantification revealed a highly significant increase of anti-p62-
positive autophagosomes after VLGRI-depletion when compared to the NTC-treated hTERT-
RPE1 cells (Figure 3 G).

Our combined results using the autophagy marker LC3 or p62 showed significant increases

in autophagy in hTERT-RPEL cells depleted for VLGRI.
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3.4 Autophagic activity is greatly increased in USH2C patient-derived dermal
fibroblasts

Next, we analysed the activity of autophagy in dermal fibroblasts derived from skin biopsies of
a clinically characterized USH2C patient with a pathogenic mutation in VLGRI/ADGRVI. The
VLGR1/ADGRVIA%*>°" nonsense mutation leads to premature termination of translation and
should result in the expression of a very truncated non-functional VLGR1 protein or due to
nonsense-mediated mRNA decay no VLGR1 protein expression at all.

We starved USH2C fibroblast and control fibroblasts derived from a healthy individual,
treated both with Bafilomycin A1 and analysed the autophagy activity in Western blots and by
immunocytochemistry (Figure 4A). The LC3II/LC3I ratio of protein levels determined in
Western blots revealed a significant increase of autophagy in USH2C fibroblasts when
compared to control fibroblasts derived from a healthy individual (Figure 4A-E).
Immunohistochemical analysis showed a significant increase of anti-p62-positive
autophagosomes in USH2C patient-derived fibroblast compared to healthy controls (Figure 4F,
Q).

Taken together, our complementary assays revealed that the autophagy activity is
significantly increased in both the knockdown of VLGRI in hTERT-RPEI cells and the absence
of functional VLGR1 protein in USH2C patient-derived fibroblast.

4. Discussion

In the present study, we identified close associations of the adhesion GPCR VLGR1/ADGRV 1
with autophagy (macro-autophagy), a conserved catabolic process of the cell proceeding the
clearance of dysfunctional proteins, protein aggregates, and organelles by “self-digestion” 2433
Autophagy is highly dynamic, characterized by sequential steps of the formation of
autophagosomes from the phagophore and the fusion with lysosomes leading to digestive
autolysosomes 72!,

Applying an affinity capture approach based on tandem affinity purifications (TAPs), we
identified several autophagy core proteins as putative interaction partners of VLGRI1 (Figure
1). The absence of any autophagy-related proteins in TAPs with the cytoplasmic C-terminal
domain (ICD) and the high number of preys found in both VLGR1 CTFs indicate that VLGR1
likely interacts with components of the autophagy machinery through the seven transmembrane
membrane domain of VLGR1. The recently published autophagy monitoring toolbox 2!,

allowed us to assign these autophagy proteins to diverse, almost all stages of the autophagy
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process from the initial phagophore to the digestive autolysosome, suggesting that VLGRI1 is
present almost throughout the entire autophagy process. One explanation for this is that VLGR1
polypeptides tagged and overexpressed for TAPs are recognized as defective in the cell and
degraded via autophagy, thereby interacting with the autophagy molecules. This should then be
true for other adhesion GPCRs that we have recently studied by TAPs 2. However, we did not
identify any autophagy molecules or much less prey in TAPs with adhesion GPCRs other than
VLGRI. The potential physical interaction with key autophagy proteins may therefore indicate
arole of VLGRI in the control of the autophagy process. This is supported by our finding that
the deficiency of VLGRI in the Vlgrl/del7TM mouse model leads to alterations in the
expression of numerous autophagy-related genes. Elevated autophagy activity observed after
silencing of VLGRI in hTERT-RPEI cells and VLGR1-deficient fibroblasts derived from
USHIC patients further confirms a regulatory role of VLGR1 in the autophagy process, which
is also in line with the putative interaction of VLGR1 with KEAP1 categorized as “regulation
of autophagy” 2!

The core autophagy proteins ATG9a, AMBRAI1, RAB1A, or PIK3R4, found as prey in
VLGRI1 TAPs, are known to be essential in the initiation steps of the autophagy which may be
indicative for VLGR1s participation there **77. The role of VLGRI1 in the initiation of the
autophagy processes is also consistent with the localization of VLGRI1 as a specific site of the
ER membrane, the mitochondria-associated ER membranes (MAMs) as we have recently
demonstrated '“Indeed, MAMs have been identified as a compartment of initiation for
autophagy at which autophagosome formation starts '°. The absence of VLGRI resulted in a
disturbance in the MAM architecture and the dysregulation of the Ca®* transient from ER to
mitochondria'>. The disruption of Ca®" signalling between the ER and mitochondria and the

resulting imbalance of Ca** homeostasis induces mitophagy 3%

, a specific form of autophagy
which selectively removes defective mitochondria 22, We additionally identified several
proteins related to mitophagy, as potential interactors of VLGR1 (see Figure 1E, H) supporting
the association of VLGR1 with this form of autophagy.

Another set of proteins found in VLGR1 TAPs was grouped into categories related to the
process of autophagosome-lysosome fusion and lysosomal digestion. Deficiencies in those
proteins, namely MCL1, VCP, NPC1, STX17, or LAMP?2 lead to the increase of autophagic
fluxes or extensive accumulation of autophagic aggregates *“***. This is exactly what we
observed in the present study in the VLGR1 deficient \TERT-RPEI cells and USH2C patient-

derived fibroblasts evidencing a potential role of VLGRI1 in the conversion of the

autophagosome to the digestive autolysosome.
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Multiple signals downstream of GPCRs regulate autophagy *°. A variety of GPCRs, such as
the muscarinic, the glucagon-like peptide-1 (GLP-1), the B-adrenergic, or the purinergic GPCRs
couple through Gai, Gas or Gaq and the liberation of Gy mostly promote autophagy via
second messenger cascades, e.g. cAMP or Ca**. As with other adhesion GPCRs, self-cleavage
of VLGRI1 at the GPS in the GAIN domain results in the separation of the extracellular N-
terminal fragment (NTF) and the C-terminal fragment (CTF). This leads also to the activation
of the receptor by binding of a tethered agonist, a short peptide of the very N-terminal part of
the CTF called “Stachel” (Figure 1A), to the exoplasmic face of the receptor >*. There is
growing evidence that the resulting conformation change in the VLGR1 also leads to the switch
in the G protein coupling from Gas constitutively coupled to the full-length uncleaved VLGR1
to Gai-mediated signalling by the “activated” VLGR1-CTF >#”*3 It has been previously shown
that both, Gos- and Gai signalling cascades can context-dependently regulate autophagy *°. Gas
interacts with the adenylate cyclase and cAMP to induce autophagy whereas Gai can activate
autophagy through the LKB1/AMPK axis 4*3°. Both downstream pathways have been linked
to VLGR1 °.

We have recently shown that VLGR1 functions as a metabotropic mechanoreceptor in focal

3. Recent findings indicate that the sensing of

adhesions by shear stress experiments
mechanical stresses also contributes directly to the activation of autophagy 2°. By physical
interaction of core proteins of both autophagy and focal adhesion, paxillin promotes the
disassembly of focal adhesions and cell motility >'. As we have recently demonstrated VLGR1
is also key in the regulation of focal adhesion dynamics and cell migration '*!4. Taken together,
our data provide evidence that VLGR1 regulates the two interrelated processes of autophagy
and cell migration by sensing mechanical signals at focal adhesions.

Mutations in VLGRI/ADGRVI are the cause of Usher syndrome type 2, characterized by
congenital sensorineural hearing loss and retinitis pigmentosa (RP) 7. In the present study, we
demonstrated that in cellular models, namely after VLGRI1/ADGRV I silencing in hTERT-RPE1
cells and fibroblasts from USH1C patients, autophagy activity is significantly increased. This
was confirmed by our transcriptome data obtained from the retina of the Vigrl/del7TM mouse
model demonstrating the upregulation of key autophagy genes compared to the wild type.
Among these genes, Nek9 was upregulated in the Vigri-deficient mouse retina. The encoded
NIMA-related kinase 9 (NEK9) is a selective autophagy adaptor essential for the formation of
primary cilia °>. We have recently that VLGR1 participates also in ciliogenesis *> and a mutual
pathway between NEK9 and VLGRI, related autophagy for the promotion of ciliogenesis

seems reasonable.
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In the sensory cells of the eye and ear, USH type 2 proteins physically interact in membrane-
membrane adhesion complexes and therefore defects in both molecules are thought to result in
the same pathomechanisms leading to the disease "-33-*. Indeed, an increase in autophagy has
been recently reported in a USH2A zebrafish model associated with retinal degeneration °.
Because the USH2 proteins VLGR1 and USH2A physically interact in membrane-membrane
adhesion complexes of photoreceptor and hair cells, the sensory cells affected by USH disease
in the eye and ear, defects in both molecules most likely result in the same pathomechanisms
leading to USH. This finding is confirmed by our transcriptome data obtained from the retina
of the Vlgrl/del7TM mouse model, which demonstrates the upregulation of key autophagy
genes compared to the wild type.

Besides USH2C, defects, namely haploinsufficiency of VLGRI/ADGRVI can also lead to

936 and audiogenic epilepsy in mice 2. There is

the development of epilepsy in humans
increasing evidence that alterations in autophagy are present in epileptogenesis, leading to
imbalanced excitatory-inhibitory neurotransmission and epilepsy-induced neuronal damage
5738 1t is notable, the application of the inhibitor rapamycin of the mTOR pathway, which
induces autophagy reduces the seizure frequency in vivo. Interestingly, RNAseq data of the
retina of VIgrl/del7TM mouse, a validated audiogenic seizure model, indicated differential
expression, mainly up-regulation, of genes related to the mTOR pathway (Figure 2). A link of
VLGRI1 to the mTOR pathway is further supported by the identifications of mTOR pathway
components as potential interacting partners of VLGRI1 by the present TAPs (Figure 1).
Collectively, VLGR1/ADGRVI-associated epilepsy may be associated with disruption of the

mTOR pathway and altered autophagy, opening possible treatment options with rapamycin.

5. Conclusions

In conclusion, we provide evidence that the USH2C protein VLGRI interacts with autophagy
core proteins imitating autophagy and with molecules related to autolysosome formation,
indicating a close association of VLGR1 with autophagy. In the absence of VLGR1 autophagy
activities increases and leads to differential expression of genes related to autophagy. Our
findings support the role of VLGRI in the control of autophagy in a multifaceted way at internal
membranes of the ER, mitochondria and focal adhesions and provide evidence of the role of
autophagy in the pathophysiology of VLGR1-related diseases, such as human Usher syndrome
and epilepsy.
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Figure legends

Figure 1. GO term analysis of TAP data from the adhesion GPCR VLGRI. (A) VLGR1
isoform structure for VLGR1a and VLGR1b. (B) Illustration of VLGR1 baits used for tandem
affinity purifications (TAPs): VLGRI1a, the C-terminal fragment (CTF), or the intracellular
domain (ICD) of VLGRI1 were either N- or C-terminal tagged with Strep-FLAG. (C) Venn
diagram of VLGRI1 preys assigned to the GO term autophagy in the category Biological
Process. The interaction of these prey is visualised in a STRING network. (D) Venn diagram
and STRING network of VLGRI1 prey assigned to the GO term macroautophagy. (E) Venn
diagram and STRING network of VLGR1 prey associated with the GO term mitophagy. (F)
Venn diagram and STRING network of VLGRI1 prey associated with the GO term
autophagosome in the category Cellular Component. (G) Venn diagram and STRING network
of VLGRI1 preys assigned to the GO term Lysosome. (H) Categorisation of the VLGR1
interactors associated with autophagy, identified by GO-term analysis, into subcategories of the

autophagy process previously defined by Bordi and co-workers 2!.

Figure 2: Whole transcriptome sequencing of VLGR1 deficient mice retinae. (A) Heatmap
of dysregulated genes associated with autophagy. Genes were chosen based on the autophagy
gene toolbox created by Bordi and co-workers 2. The dysregulation of these genes was highly
significant. (B) Genes were again subcategorised into functional classes defined in the
autophagy gene toolbox. (C) GO-term analysis of dysregulated genes. Venn-diagram shows
results for the terms autophagy, macroautophagy, regulation of autophagy and mitophagy in

the category biological process.

Figure 3: VLGRI1 depletion increases the abundance of autophagy markers LC3 and p62
in RPE1 cells. (A) Western blot analysis of autophagy marker LC3 in VLGR1 and NTC-
depleted RPEI cells. Quantification (B, D) revealed an increase in the ratio of LC3II to LC3I
already in starved control-depleted cells. (C, E) After VLGR1 depletion the ratio of LC3II to
LC3I increased even greater when compared to the control. Ratios were normalized to loading
control. (F) Immunolabelling of the autophagy marker p62 revealed an increase of p62
accumulations in VLGR1-depleted cells compared to control cells. Cells were treated for 2 h
with 5 uM Bafilomycin A1 and were cultured in EBSS to induce starvation. (G) Quantification

confirmed that VLGR 1-depleted cells show significantly more p62-positive accumulations than
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control cells. Scale in F = 10 pm. Statistical significance was determined by Mann—Whitney U

test *=p<0.05, **=p<0.01, ***=p<0.005.

Figure 4: VLGRI1 deficiency in patient-derived fibroblasts increases autophagic activity.
(A) Western Blot analysis of patient-derived USH2C fibroblasts and healthy control cells. (B,
D) Quantification revealed a significant increase in the ratio of LC3II to LC31 in starved healthy
cells compared to unstarved cells. (C, E) VLGR1 deficient fibroblasts showed an even greater
increase in the ratio of LC31I to LC3I compared to starved healthy cells. Ratios were normalized
to loading control. (F) Immunolabeling of p62 revealed an increase of accumulations in patient-
derived USH2C fibroblasts compared to healthy control cells. Cells were treated for 2h with
SuM Bafilomycin Al and were cultured in EBSS to induce starvation. (G) Quantification
revealed a significant increase of p62 accumulations in patient-derived USH2C cells compared
to healthy control cells. Scale in F = 10 uM Statistical significance was determined by Mann—

Whitney U test *=p<0.05, **=p<0.01, ***=p<0.005.
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Tables

Table 1. Autophagy related proteins identified by VLGR1 TAPs

Gene Protein Autophagy related protein function  Reference
RABIA RABIA, member RAS oncogene family Autophagosome formation 36
RABS8A RABS8A, member RAS oncogene family Autophagosome formation 36
STX12 Syntaxin 12 Autophagosome maturation 3
TOoM1 target of myb1 membrane trafficking protein Autophagosome maturation 60
UBQLNI  Ubiquilin 1 Autophagosome maturation ol
UBQLN2  Ubiquilin 2 Autophagosome maturation o1
UBQLN4 Ubiquilin 4 Autophagosome maturation 2
VTIIA Vesicle transport through interaction with t-SNAREs 1A Autophagosome maturation 03
HSPAS8 Heat shock protein family A (Hsp70) member 8 Chaperone-mediated autophagy o4
ATP2A42 ATPase sarcoplasmic/endoplasmic reticulum Ca2+ ER/mitophagy 03
transporting 2
RETREG3 _ Reticulophagy regulator family member 3 ER-phagy 66
TEX264 Testis expressed 264, ER-phagy receptor ER-phagy 7
UFLI UFMI specific ligase 1 ER-phagy 2z
ATGY4 Autophagy related 9A Induction 4
AUPI AUP1 lipid droplet regulating VLDL assembly factor Induction o8
CALR Calreticulin Induction ©
EIF4E Eukaryotic translation initiation factor 4E Induction 70
VMPI Vacuole membrane protein 1 Induction 71
SPTLCI Serine palmitoyltransferase long chain base subunit 1 Induction/ER-phagy 2
SPTLC2 Serine palmitoyltransferase long chain base subunit 2 Induction/ER-phagy 2
DDRGKI  DDRGK domain containing 1 Lysosome &
LAMP2 Lysosomal associated membrane protein 2 Lysosome 74
PLAA Phospholipase A2 activating protein Lysosome 73
RIMOC1 RAB7A interacting MON1-CCZ1 complex subunit 1 Lysosome fusion 76
STX17 Syntaxin 17 Lysosome fusion i
VAMP7 Vesicle associated membrane protein 7 Lysosome fusion 8
ATPSIF1 ATP synthase inhibitory factor subunit 1 Mitophagy 7
CERSI Ceramide synthase 1 Mitophagy 80
FKBPS FKBP prolyl isomerase 8 Mitophagy 81
FUNDCI _ FUNI14 domain containing 1 Mitophagy o1
PHB2 Prohibitin 2 Mitophagy 82
yCP Valosin containing protein Mitophagy 83
VDACI Voltage dependent anion channel 1 Mitophagy 84
HECT, UBA and WWE domain containing E3 ubiquitin =~ Mitophagy/mTOR 85
HUWEI protein ligase 1
GNAI3 G protein subunit alpha i3 mTOR 86
HK2 Hexokinase 2 mTOR 87
SCFDI Sec1 family domain containing 1 mTOR 88
ATP6V0AI  ATPase H+ transporting VO subunit al mTOR/Lysosome 8
NPCI NPC intracellular cholesterol transporter 1 mTOR/Lysosome %
AMBRAI  Autophagy and beclin 1 regulator 1 Regulation of autophagy 35
BAG3 BAG cochaperone 3 Regulation of autophagy o1
CISD2 CDGSH iron sulfur domain 2 Regulation of autophagy 2
EIF4G1 Eukaryotic translation initiation factor 4 gamma 1 Regulation of autophagy 93
EMC6 ER membrane protein complex subunit 6 Regulation of autophagy 4
KEAPI Kelch like ECH associated protein 1 Regulation of autophagy 93
MCLI MCL1 apoptosis regulator, BCL2 family member Regulation of autophagy %6
MTDH Metadherin Regulation of autophagy 7
S10048 S100 calcium binding protein A8 Regulation of autophagy 8
TMEM394  Transmembrane protein 39A Regulation of autophagy %
TMEM41B  Transmembrane protein 41B Regulation of autophagy 100
TMEMS59  Transmembrane protein 59 Regulation of autophagy 101
PIK3R2 Phosphoinositide-3-kinase regulatory subunit 2 Upstream pathways 37
PIK3R4 Phosphoinositide-3-kinase regulatory subunit 4 Upstream pathways 37
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Supplemental data

Supplemental Table S1. Upregulated genes identified by whole transcriptome sequencing of
Vlgrl/del7TM retinae compared to WT retinae.

Supplemental Table S2. Downregulated genes identified by whole transcriptome sequencing

of Vlgr1/del7TM retinae compared to WT retinae.
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