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Significance Statement

Podocytes interdigitate, forming the renal blood filter through a modified adherens junction, the
slit diaphragm. Loss of podocytes due to injury could be mediated by the cleavage of podocyte
cell-adhesion molecules through the action of the ectodomain sheddase A Disintegrin and
Metalloproteinase 10 (ADAM10). ADAM10 is highly abundant at the site of blood filtration, the
podocyte foot processes. Podocyte-expressed ADAM10 is not required for the development of
the renal filter, but plays a major role in podocyte injury. After antibody-mediated injury,
ADAM10 is upregulated in humans and mice. The protein cleaves cell-adhesion molecules at the
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slit diaphragm, leading to Wnt/f-catenin signaling and podocyte loss. Therefore, ADAM10-
mediated ectodomain shedding of injury-related cadherins drives podocyte injury.
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Abstract

Background

Podocytes embrace the glomerular capillaries with foot processes, which are interconnected by
a specialized adherens junction to ultimately form the filtration barrier. Altered adhesion and
loss are common features of podocyte injury, which could be mediated by shedding of cell-
adhesion molecules through the regulated activity of cell surface-expressed proteases. A
Disintegrin and Metalloproteinase 10 (ADAM10) is such a protease known to mediate
ectodomain shedding of adhesion molecules, among others. Here we evaluate the involvement of
ADAM10 in the process of antibody-induced podocyte injury.

Methods

Membrane proteomics, immunoblotting, high-resolution microscopy, and immunogold electron
microscopy were used to analyze human and murine podocyte ADAM10 expression in health
and kidney injury. The functionality of ADAM10 ectodomain shedding for podocyte development
and injury was analyzed, in vitro and in vivo, in the anti-podocyte nephritis (APN) model in
podocyte-specific, ADAM10-deficient mice.

Results

ADAM10 is selectively localized at foot processes of murine podocytes and its expression is dis-
pensable for podocyte development. Podocyte ADAM10 expression is induced in the setting of
antibody-mediated injury in humans and mice. Podocyte ADAM10 deficiency attenuates the clin-
ical course of APN and preserves the morphologic integrity of podocytes, despite subepithelial
immune-deposit formation. Functionally, ADAM10-related ectodomain shedding results in cleav-
age of the cell-adhesion proteins N- and P-cadherin, thus decreasing their injury-related surface
levels. This favors podocyte loss and the activation of downstream signaling events through the
Wnt signaling pathway in an ADAM10-dependent manner.

Conclusions
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ADAM10-mediated ectodomain shedding of injury-related cadherins drives podocyte injury.

The complexly structured glomerular filtration barrier (GFB) of the kidney enables size and
charge selection. The GFB consists of the endothelial cell layer; the glomerular basement mem-
brane (GBM); and the slit diaphragm (SD), a specialized adherens junction interconnecting
podocyte foot processes (FPs) Podocytes are an elementary component of the flltration bar-
rier, because podocyte injury or apoptosis hampers filtration-barrier functions.” Podocyte in-
jury can be induced by autoantibodies that bind to the extracellular domain of FP proteins lo-
cated at the FP plasma membrane. As a result, subepithelial deposits composed of antigen-
antibody complexes are formed, along with exogenous nonpodocyte proteins, such as comple-
ment components.5 In this process, cell-surface adhesion protein contacts can be damaged or
modulated; this affects podocyte cell adhesion but also the organization of FP morphology and
reduces their interdigitation—a process termed podocyte FP effacement (FPE).Q FPE impairs the
organization and integrity of the SD and, consequently, normal filtration functioning.z Once the
structure of the filtration barrier is impaired, massive proteinuria develops and this causes con-
comitant hypoproteinemia and ascites, which are classic symptoms of nephrotic syndrome.

Knowledge of the pathophysiologic processes underlying antibody-mediated podocyte injury are
mainly based on studies in the rat Heymann nephritis model.” Because one of the major target
proteins in Heymann nephritis, megalin,9 is not expressed in human podocytes, further models
have been developed to address the processes of antibody-induced podocyte injury. The recently
developed, antigen-specific models of THSD7A or phospholipase A2 receptor 1 (PLA;R1)
autoantibody-associated podocyte injury are only functional in BALB/c mice. " Therefore, the
murine anti-podocyte nephritis (APN) model emerged as an elegant method due to the effective
and low-invasive induction of immune deposits in the glomeruli of C57BL/6 mice. " Anti-
podocyte antibodies are injected into mice and then bind to podocyte proteins, resulting in
podocyte injury characterized by subepithelial deposits, FPE, podocyte loss, and the develop-
ment of a severe nephrotic syndrome.

The tight adhesion of cells can be loosened by the regulated activity of cell surface-expressed
proteases that mediate the shedding of cell-adhesion molecules. A Disintegrin and
Metalloproteinase 10 (ADAM10) is such a critical surface-expressed protease that mediates
ectodomain shedding of substrates, such as adhesion molecules of the cadherin family and the
Notch receptorM  ADAM10- -dependent cleavage of the Notch receptor initiates Notch signaling,
which is an important developmental regulator in kidney and other tissues." In the context of
podocyte injury, Notch activity was demonstrated to drive podocyte apoptosis, thereby promot-
ing glomerulosclerosis and filtration 1mpa1rment Additionally, shedding of cadherins not only
affects cell adhesion and migration, but also promotes Wnt signaling through release of carboxy-
terminal (C-terminal) membrane-bound f-catenin, Mg pathway which, in turn, drives podocyte
1n]uryZ Consequently, ADAM10-mediated cleavage of cadherins directly regulates -catenin sig-
nahng. Here, we elucidate the possible role of ADAM10-mediated ectodomain shedding in
antibody-mediated podocyte injury.
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Methods

Antibodies

The following antibodies were used for the study: rat anti-ADAM10 (IF human and naive mice,
1:100; immunogold electron microscopy [EM], 1:25; mAb946 R&D Systems), rabbit anti-
ADAM10 (IF human and diseased mice, 1:100; WB, 1:1000; Abcam), rabbit anti-ADAM10 (IF dis-
eased mice, 1:100; WB, 1:1000; Pineda), rabbit anti-ADAM10 (IF diseased mice, 1:100; WB,
1:1000; GTX63486 GenTex), rabbit anti-N-cadherin (WB, 1:1000; IF, 1:200; Abcam), mouse
anti-N-cadherin (IF cells, 1:100; 610921BD Bioscience), rabbit anti-P-cadherin (IF, 1:100;
bs-1159r Bioss), rabbit anti-f-catenin (WB, 1:1000; IF, 1:100; Cell Signaling), rabbit anti-
phospho-f-catenin (WB, 1:1000; IF, 1:100; Millipore), guinea pig anti-nephrin (IF, 1:200;
BP5030 Acris), rabbit anti-synaptopodin (IF 1:200; Sc-50459 Santa Cruz), mouse anti-f-actin
(WB, 1:3000; A2066 Sigma), rabbit anti-laminin (IF, 1:500; L9393 Sigma), Cy5 donkey anti-
sheep and Cy5 donkey anti-mouse (IF, 1:200; Jackson ImmunoResearch Laboratories, West
Grove, PA), PE-podoplanin (FACS sort, 1:200; clone 8.1.1. BioLegend), AF647-CD73 (FACS sort,
1:2000; clone TY/11.8 BioLegend), and BV421-CD31 (FACS sort, 1:800; clone MEC 13.3
BioLegend).

Animal Experimentation

Animals were housed under defined conditions (22°C, specified pathogen-free, 12-hour day/
night cycle) and fed a standard laboratory chow ad libitum. They received human care according
to the guidelines by the German government. The naive phenotype of male and female mice with
podocyte-specific ADAM10 knockout (ADAM10F/F Podo-Cre'®/*, hereafter termed
“ADAM104pod”) and control littermate mice (ADAM10/F Podo-Cre*/*, hereafter termed “con-
trol”) in the C57BL/6 background was analyzed at the age of 10-18 weeks. APN was induced in
male and female ADAM104pod mice and littermates backcrossed to the C57BL/6 background
and aged 13-20 weeks with an APN antibody as previously described.” In brief, APN antibody
was purified from immunized sheep serum. At the age of 10 weeks, one dose of the antibody
(225 pl) was injected intravenously into mice. Preimmune antibody preparation from nonimmu-
nized sheep or naive mice served as the control. After genotype control by PCR and by podocyte
immunofluorescence against ADAM10, animals were analyzed at 14 days post-treatment. To iso-
late glomeruli, mice were euthanized. Kidneys were dissected and perfused with PBS containing
magnet beads (4,5 um; Invitrogen and Spherotec)ﬁ through the renal arteries. The kidney cap-
sule was removed; the kidney was shredded into small pieces; and then it was digested with 1
mg/ml collagenase (Sigma) and 100 U/ml DNAse (Roche) in HBSS (Thermo Fisher Scientific) for
15 minutes at 37°C under constant agitation, or using the Minilys system (Bertin) to avoid colla-
genase digestion and cleavage of adhesion molecules (F. Grahammer and T.B.H., University
Medical Center Hamburg-Eppendorf [UKE], Hamburg, Germany, unpublished data). The suspen-
sion was homogenized through a 100-um filter and pelleted in a magnetic field. Glomeruli were
washed multiple times with HBSS supplemented with 0.05% BSA (Sigma), and preparation qual-
ity was controlled microscopically. Part of the intact kidney was prepared for histology.
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Mass Spectrometric Analysis of Glomerular Membrane Preparations

Membrane preparations were lysed in STET lysis buffer (1% Triton X-100, 2 mM EDTA, 150 mM
sodium chloride, 50 mM Tris pH 7.5) as described before.” Lysate was incubated for 20 minutes
on ice, with intermediate vortexing, and cleared from cellular debris by a centrifugation step at
16,000 x g for 10 minutes at 4°C. A protein amount of 15 ug per sample was subjected to prote-
olytic digestion with 0.3 pg LysC (Promega) and 0.15 ug trypsin (Promega), using the filter-
assisted sample preparation protocolﬁ with 30-kDa Vivacon spin filters (Sartorius). Proteolytic
peptides were desalted by stop-and-go extraction with C18 tips.M The purified peptides were
dried by vacuum centrifugation. Samples were dissolved in 20 ul of 0.1% formic acid. Peptides
were analyzed on an Easy nL.C 1200 nanoHPLC (Thermo Fisher Scientific), which was coupled
online, via a Nanospray Flex Ion Source (Thermo Fisher Scientific) equipped with a PRSO-V1 col-
umn oven (Sonation), to a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific). An
amount of 1.3 ug of peptides was separated on an in-house-packed C18 column (30 cmx75 um
ID, ReproSil-Pur 120 C18-AQ, 1.9 um; Dr. Maisch GmbH) using a binary gradient of water and
acetonitrile supplemented with 0.1% formic acid (0 minute, 2% acetonitrile; 3:30 minutes, 5%
acetonitrile; 137:30 minutes, 25% acetonitrile; 168:30 minutes, 35% acetonitrile; 182:30 min-
utes, 60% acetonitrile) at a column temperature of 50°C and a flow rate of 250 nl/min. A data-
dependent acquisition method was used. Full mass-spectrometry (MS) scans were acquired at a
resolution of 120,000 (m/z range, 300-1400; AGC target, 3E+6). The ten most intense peptide
ions per full MS scan were selected for peptide fragmentation (resolution, 15,000; isolation
width, 2.0 m/z; AGC target, 1E+5; NCE, 26%). A dynamic exclusion of 120 seconds was used for
peptide fragmentation. The data were analyzed with Maxquant version 1.6.1.0 software
(maxquant.org; Max Planck Institute, Munich, Germany).ﬁ The MS data were searched against a
reviewed, canonic FASTA database of Mus musculus from UniProt (downloaded January 17,
2018; 16,954 entries). Trypsin was defined as protease. Two missed cleavages were allowed for
the database search. The first-search option was used to recalibrate the peptide masses within a
window of 20 ppm. For the main search peptide and peptide fragment, mass tolerances were set
to 4.5 and 20 ppm, respectively. Carbamidomethylation of cysteine was defined as static modifi-
cation. Acetylation of the protein amino-terminus and oxidation of methionine was set as vari-
able modifications. The false discovery rate for both peptides and proteins was adjusted to <1%.
Label-free quantification of proteins required at least two ratio counts of razor peptides. Only
unique peptides were used for quantification.

MS Analysis of Glomerular Cell Types

Glomerular cells were separated using a newly developed timMEP method.”” (Preprint) Briefly,
glomeruli were dissolved in digestion buffer containing 1000 pg/ml Liberase TL (Roche), 100 U/
ml DNasel (Roche), 10% FCS, 1% ITS, 1% penicillin/streptomycin, 25 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) dissolved in 1x RPMI Medium 1640
(Gibco). Glomeruli were incubated for 2 hours at 37°C, centrifuged at 1400 rpm, and repeatedly
and diversely mechanically stressed. A DynaMag was used to separate glomerular remnants and
DynaBeads from singular cells. After 5 minutes in the DynaMag, the single cell-containing super-
natant was collected. Cells were pelleted (10 minutes, 4°C, 1000 x g) and washed once with
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MACS buffer (PBS with 0.5% BSA and 2 mM EDTA). Subsequently, cells were stained for 30 min-

utes with the cell-specific antibodies podoplanin (podocytes), CD73 (mesangial cells), CD31 (en-
dothelial cells), and a live/dead stain (near-IR fluorescent reactive dye, 1:4000; Invitrogen), and

then FACS sorted. Proteins were identified by MS as described.”” (Preprind Differentially expressed
proteins were defined by ANOVA with a false discovery rate-corrected P value of <0.01 to adjust
for multiple testing.

Microarray Analysis of Human Biopsy Specimens

Human kidney biopsy specimens and Affymetrix microarray expression data were obtained
within the framework of the European Renal cDNA Bank - Kroner-Fresenius Biopsy Bank
(ERCB-KFB).H Biopsy specimens were obtained from patients after informed consent and with
approval of the local ethics committees. Biopsy specimens were processed as previously re-
ported.ﬁ Published gene expression profiles (Affymetrix GeneChip Human Genome U133A and
U133 Plus2.0 Arrays; GSE 99340, GSE32591, GSE35489, and GSE37463) used in this study came
from patients with different CKDs (diabetic nephropathy [DN], minimal change disease [MCD],
hypertensive nephropathy, [gA nephropathy, FSGS, membranous nephropathy [MN], lupus
nephritis, and ANCA-associated GN). Pretransplantation kidney biopsy specimens from living
donors (n=42) were used as control renal tissue. CEL file normalization was performed with the
Robust Multichip Average method using RMAExpress (version 1.0.5) and the human Entrez Gene
custom CDF annotation from BrainArray version 18 (http://brainarray.mbni.med.umich.edu/
Brainarray/default.asp). The log-transformed dataset was corrected for batch effects using
ComBat from the GenePattern pipeline (http://www.broadinstitute.org/cancer/software/
genepattern/). To identify differentially expressed genes the SAM (Significance analysis of
Microarrays) method was applied using TiGR (MeV, version 4.8.1)%

Determination of Urine and Serum Parameters

Urine samples were collected over 3-5 hours in a metabolic cage with free access to water. Urine
albumin content was quantified using a commercially available ELISA system (Bethyl), according
to the manufacturer’s instructions, using an ELISA plate reader (BioTek), as described.” Values
were standardized against urine creatinine values of the same individuals, determined according
to Jaffe, and plotted. Serum BUN values were determined by automatic measurement by
Laboklin (Schweinfurt, Germany).

Murine Podocyte Cell Culture and Cell-Based APN Model Experimentation

Undifferentiated murine podocytesﬂ were cultured in RPMI supplied with 10% FCS, 1% peni-
cillin/streptomycin, 15 mM HEPES, 1 mM sodium pyruvate, and 10 U/ml IFNy at 32°C and 5%
carbon dioxide. For differentiation, IFNy was removed from the medium and podocytes were
cultured at 37°C and 5% carbon dioxide for at least 14 days. To analyze podocytes in the APN
model, cells were treated for 24 hours with the indicated antibody concentrations in standard
medium, and then prepared for further analysis. Preimmune antibody treatment served as the
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control. Dependency on ADAM10 activity was tested by application of 2 uM of the ADAM10 in-
hibitor GI254023X (Iris Biotech) to a control sample. Treatment with 5 uM ionomycin (Sigma)
30 minutes before cell harvest or staining served as the positive control for stimulated activity of
ADAM10. When indicated, cells were additionally treated with 1 uM of the y-secretase inhibitor
DAPT to illustrate changes in ADAM10-generated, C-terminal fragments (CTFs).

Adhesion Assay

Differentiated murine podocytes were detached from the culture dish by trypsin/EDTA and re-
generation of surface molecules was allowed for 30 minutes at 37°C, under constant agitation.
Cells were seeded in a 96-well plate and incubated with preimmune or APN antibody and DMSO
or the ADAM10 inhibitor GI254023X, as indicated, for 24 hours. Control samples were incubated
for 1 hour with 5 uM ionomycin. Medium was removed and cells were stained with crystal violet
solution (0.5% wt/vol crystal violet in 20% vol/vol methanol) for 5 minutes at room tempera-
ture. Nonadherent podocytes were depleted by multiple PBS washing steps. Overnight, adherent
podocytes were lysed in the plate in isopropanol at room temperature. Cell adherence was quan-
tified by determining lysate extinction at 562 nm (six replicates per condition).

Immunofluorescence Imaging

Kidney samples were either embedded in Tissue-Tek O.C.T. compound (Sysmex) or in paraffin.
Cryosections (5 um thick) were air dried and fixed in 4% paraformaldehyde/PBS. Human biopsy
samples were provided by the department of nephropathology at the UKE. Paraffin sections
were cut to a thickness of 3 um, deparaffinized, and rehydrated to water. Antigen retrieval was
performed using proteinase K (1:2000; Sigma) or heat retrieval in pH9 or pH6 buffer (Dako).
After multiple PBS washing steps, slices were permeabilized in 50 mM ammonium chloride.
Samples were blocked in 5% normalized horse serum (Vector) and 0.05% Triton X-100 in PBS
and incubated with primary antibodies in blocking solution at 4°C overnight. After multiple
washing steps with PBS, secondary antibody was added in blocking solution for 30 minutes at
room temperature (all 1:200; Jackson ImmunoResearch Laboratories). Nuclei were counter-
stained for 5 minutes with drag5 or Hoechst (1:1000; both Molecular Probes). For immunofluo-
rescence of cultured podocytes, cells were seeded on coverslips and treated as indicated. Cells
were washed with PBS and fixed in 4% paraformaldehyde in PBS for 20 minutes at room tem-
perature. Permeabilization was carried out in 0.2% saponin in PBS for 5 minutes, and then
stopped with 0.12% glycine, 0.2% saponin, and PBS for 10 minutes. Samples were blocked for 2
hours in 10% FCS, 0.2% saponin, and PBS and incubated with primary antibodies overnight at
4°C in a wet chamber. After several washing steps with 0.2% saponin in PBS, secondary antibody
was added in blocking buffer for 1 hour at room temperature. Nuclei were counterstained with
4' 6-diamidino-2-phenylindole (Sigma). Stainings were analyzed using a LSM510 Meta, a
LSM800 with Airyscan (both Zeiss), or an Olympus F1000 using the LSM software, ZENBlue soft-
ware (all Zeiss), or Fluoview software (Olympus).

EM Imaging
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For transmission EM, samples were fixed in 6% glutaraldehyde in 0.1 M phosphate buffer, post-
fixed in 2% osmium tetroxide and embedded in Araldite. Ultrathin sections were stained with
uranyl acetate and lead citrate, and then analyzed using an EM900 Zeiss electron microscope.

SDS-Freeze-Fracture Replica Labeling with Immunogold

Immunogold labeling of replicas was performed as previously described.” Briefly, C57BL/6
wild-type kidneys were quickly removed and incubated overnight at 4°C in a fixative containing
2% paraformaldehyde and 15% saturated picric acid in 0.1 M phosphate buffer. Sections (100
um thick) were cut and cryoprotected overnight in phosphate buffer with 30% glycerol, and then
frozen using a high-pressure freezing machine (HPM100; Leica). Frozen samples were freeze
fractured at -140°C and coated by deposition of carbon (5 nm thickness), platinum (2 nm), and
carbon (18 nm) in a freeze-fracture replica device (BAF 060; BAL-TEC). Replicas were digested
for 24 hours at 80°C in a solution containing 2.5% SDS and 20% sucrose in 15 mM Tris buffer at
pH 8.3. Replicas were washed in 50 mM Tris-buffered saline (TBS) containing 0.05% BSA (Roth)
and 0.1% Tween 20 (Roth), and then incubated in a blocking solution (5% BSA). Subsequently,
replicas were incubated in primary antibody against ADAM10 (1:25) prepared in 50 mM TBS
containing 1% BSA and 0.1% Tween 20 overnight at room temperature. Replicas were subse-
quently rinsed in TBS, blocked, and incubated with a secondary gold-coupled 12 nm antibody
(anti-rat IgG, 1:30; Jackson ImmunoResearch Laboratories) diluted in TBS containing 1% BSA
overnight at 15°C. Replicas were subsequently rinsed in TBS and ultrapure water and mounted
on 100-mesh grids. The labeled replicas were examined using a transmission electron micro-
scope (CM100; Philips).

Quantitative RT-PCR Analysis

Total mRNA was extracted from isolated glomeruli, using phenol/chloroform, or from cultured
podocytes, according to the NucleoSpin RNA Plus Kit (Macherey-Nagel) protocol. Glomeruli were
lysed with Tungsten Carbide Beads (Qiagen) and TRIzol (Ambion) in a TissueLyser II (Qiagen) at
30 Hz for 1 minute. RNA was separated using 1/6 volume chloroform. RNA was precipitated us-
ing isopropanol at 4°C for 30 minutes, and the RNA pellet was washed three times with 80%
ethanol. RNA was dissolved in purified water and 200 ng of RNA was reverse transcribed with a
random hexamer primer (Invitrogen) and MMLV reverse transcription (NEB). mRNA expression
was quantified with a QuantStudio 3 (Applied Biosystems) AbiPrism NN8860 using SYBR green
as recently described.” The exon-spanning primer pairs to murine cDNA we used are listed in
Supplemental Table 1. 18S was used as an internal control to correct for small variations in RNA
quality and cDNA synthesis, as described by AbiPrism. Amplicons of random samples for each
primer pair were determined by automatic PCR sequencing to demonstrate the specificity of the

PCR reaction (data not shown). Glomerular relative gene expression was calculated using the
AACT method. To quantify cDNA levels of cultured podocytes, a quantitative RT-PCR (qQRT-PCR)
with technical duplicates was run on the basis of the Universal ProbeLibrary system (Roche). CT
values were calculated, normalized to a housekeeper gene, and presented as multiples of the
control.
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Cell-Surface Protein Biotinylation

After treatment as depicted, differentiated murine podocytes were washed with PBS-CM (0.1
mM calcium chloride/1mM magnesium chloride in PBS). Subsequent biotinylation was per-
formed with 1 mg/ml Biotin (#21331; Thermo Fisher Scientific) in PBS-CM for 30 minutes at
4°C, and then stopped in quenching buffer (50 mM Tris in PBS-CM, pH 8.0) for 10 minutes at 4°C.
Cells were washed several times and transferred to a tube for lysis. Cells were resuspended in ly-
sis buffer (50 mM Tris, 150 mM sodium chloride, 0.1% SDS, 1% Triton X-100, 2x protease in-
hibitor, pH 7.4) and sonicated. After incubation at 4°C for 30 minutes, cells were sonicated again
and supernatant was separated by centrifugation. Equal protein amounts were attributed to
streptavidin agarose (#20359; Thermo Fisher Scientific) precipitation of biotinylated proteins
(1 hour, 4°C, constant inverting). Beads were washed several times in lysis buffer and the super-
natant was analyzed via immunoblot. Equal amounts of lysate before precipitation served as the
input control.

Sample Lysis and Immunoblot Analysis

For immunoblot analysis, podocyte cell samples were lysed in 1 mM EGTA, 250 mM saccharose,
1% vol/vol Triton X-100, 2x concentrated protease inhibitor in 5 mM Tris-hydrogen chloride,
pH 7.4. Nonsoluble components were pelleted, and supernatant was separated with SDS-gel
electrophoresis and transferred to a nitrocellulose membrane to perform immunoblotting.
Membranes were blocked with 5% dry milk powder in TBS/Tween 20 (TBS/T) and incubated
with primary antibodies in 5% BSA in TBS/T overnight. Membranes were washed in TBS/T and
incubated with secondary antibodies diluted 1:10.000-1:15:000 in 5% BSA in TBS/T. After addi-
tional washing steps, chemiluminescence detection was performed with an ImageQuant LAS
4000 camera. Isolated glomeruli were lysed in T-Per (Thermo Fisher Scientific) containing 1 mM
sodium fluoride, 1 mM sodium vanadate, 1 mM calyculin A, and cOmplete Protease Inhibitor
(Roche), and denatured in SDS solubilization buffer. Samples were separated on a 4-12% Mini
Protean TGX gel (Bio-Rad) in a Tris-glycine migration buffer (0.25 M Tris, 1.92 M glycine, 1%
SDS, pH 8.3). Protein transfer was performed in transfer buffer (0.192 M glycine, 25 mM Tris
base, 20% ethanol in water) in a TransBlot Turbo System (Bio-Rad). After the transfer, all pro-
teins were visualized by ponceau staining. Polyvinylidene difluoride membranes (Millipore)
were blocked (5% nonfat milk) before incubation with primary antibodies diluted in Superblock
blocking reagent (Thermo Fisher Scientific) or nonfat milk. Binding was detected by incubation
with horseradish peroxidase-coupled secondary antibodies (1:10,000; 5% nonfat milk). Protein
expression was visualized with ECL SuperSignal (Thermo Fisher Scientific), according to the
manufacturer’s instructions, on an Amersham Imager 600 (GE Healthcare). Immunoblots were
analyzed using software from Image].ﬁ Ponceau and f-actin stainings of the same membrane are
shown and were used as loading control and for densitometric normalization. Bands of the same
membrane are shown, fine dashed white lines indicate where bands were not adjacent to an-
other on the membrane.

Statistical Analyses
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Cell culture data were depicted as mean+standard deviation if not indicated otherwise. A ¢ test
was applied to compare groups. If data were not normally distributed or variances were un-
equal, a Mann-Whitney U test was performed. Mouse data were given as mean+SEM. The means
were compared using the Mann-Whitney U test to enable robust conclusions on effect signifi-
cance in cases of departure from normality associated with small sample sizes. For comparison
of more than two groups, the one-way ANOVA was used with the Tukey multiple comparison
test. Significance was set at P<0.05. The replicates used were biologic replicates, which were
measured using different samples derived from distinct mice. All animals were littermates and
were blindly assigned to the experimental groups.

Results

Podocytes Specifically Express ADAM10

Proteomic analyses from glomerular membrane preparations identified the expression of
ADAM10, ADAM15, ADAM17, ADAM22, ADAM9; ADAMTS1, ADAMTS5, and ADAMTSL4.
Glomerular cell resolution was increased by performing proteomic analyses from FACS-sorted
podocytes and mesangial and endothelial cells.?® (PrePrint) Molecular protein expression levels in-
dicated murine podocytes mainly express ADAM10, whereas the close ADAM10 homolog,
ADAM17, is mainly expressed by glomerular endothelial and mesangial cells (Figure 1A).
Proteomic analyses further identified proteins relevant to the regulation of ADAM10 activity in
both databases (Supplemental Table 2). All three glomerular cell types expressed the AP2 sub-
units and SAP97/Dlg1, which are relevant for ADAM10 trafficking and recycling. Endothelial
cells expressed Tetraspanin 14 (Tspan14), whereas Tspan15 and Tspan5 were abundant in
podocytes, suggesting a glomerular cell-type specific regulation of ADAM10 activity and/or sub-
strate specificity. Therefore, we focused on the analysis of the putative role of ADAM10 for
podocyte function. First, podocyte ADAM10 expression was validated and subcellularly local-
ized. ADAM10 localized in close proximity to the GBM protein laminin, toward the podocyte FP
plane of the GFB (Supplemental Figure 1A). Localization studies of ADAM10 relative to the SD
bridging protein nephrin demonstrated a partial colocalization of both proteins (Figure 1B,
Supplemental Figure 1B). Freeze-fracture Immunogold EM studies confirmed the predominant
FP localization of ADAM10 in mouse glomeruli (Figure 1C).

Generation of ADAM10-Deficient Podocytes

Mice deficient for ADAM10 (ADAM10F/F, NPHS2 [Podocin]-Cre®/*) were generated by breeding
homozygous floxed ADAM10F/F mice” to NPHS2-Cre transgenic mice (Figure ZA).E Successful
ADAM10 deletion was seen by PCR detecting both the exon2-deleted (AADAM10, 700 bp) and
the floxed ADAM10 (ADAM10 flox, 2000 bp) allele in glomerular samples (Figure ZB).E Reduced
glomerular ADAM10 protein levels were seen by immunoblot (Figure 2C). Although the imma-
ture ADAM10 proform was barely detectable, mature ADAM10 was strongly reduced in Cre
transgenic mice. The weak, residual ADAM10 levels noted in ADAM10-deficient glomeruli could
be attributed to a tubular contamination of the glomerular preparations. Immunofluorescence
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exhibited a complete loss of podocyte ADAM10 expression (Figure 2D) in Cre transgenic mice,
demonstrating the successful generation of podocyte-specific, ADAM10-deficient
(ADAM104pod) mice.

ADAM10 Is Dispensable for Normal Podocyte Development

ADAM10 proteolysis is the initiating event in Notch signaling, an important regulator of embry-
onal development in glomerular endothelial cells,ﬁ among others.”"" During podocyte develop-
ment, Notch signaling was depicted to be essential, whereas it is silenced in the adult.”"
Because the NPHS2 promoter is active from the capillary-loop stage onward,ﬁ we assessed for
podocyte developmental defects in ADAM104pod mice. No glomerular or tubulointerstitial alter-
ations were detected by light-microscopy evaluation (Figure 3A). Podocyte integrity was main-
tained in ADAM104pod mice, as depicted by the preserved localization of the podocyte
cytoskeleton-associated synaptopodin (Supplemental Figure 2) and by the tightly meandering
nephrin pattern at the SD in ADAM104pod mice (Figure 3B). EM confirmed the normal morphol-
ogy of ADAM10-deficient podocytes (Figure 3C). Functionality of the ADAM104pod GFB was

monitored by urinary albumin-creatinine measurements (Figure 3D), and was within the nor-

mal range.ﬁ Taken together, our data demonstrate the successful generation of mice with a
podocyte-specific ADAM10 deficiency, in which glomerular/podocyte development was unaf-
fected.

Glomerular ADAM10 Expression Is Altered in Nephrotic Syndrome

Podocyte injury typically results in a restructuring of FPs by actin-cytoskeletal rearrangement
and by alteration of the podocyte-GBM and podocyte-podocyte interaction/adhesion.ﬂ Because
ectodomain shedding of cell-cell or cell-GBM proteins could be pathophysiologically relevant in
this setting, we evaluated to what extent ADAM10 was regulated, on a transcriptional level, in
human glomerular diseases (Figure 4A). We detected a glomerular upregulation of ADAM10 in
DN; hypertensive nephropathy; IgA nephritis; systemic lupus erythematosus; rapid progressive
GN; and, to a lesser extent, in MCD, FSGS, and MN. Analyses of glomerular ADAM10 localization
in these disease conditions (Figure 4B, Supplemental Figure 3) demonstrated that, in contrast to
mice, ADAM10 expression was barely detectable in healthy human glomeruli. In MCD, no obvi-

ous podocyte ADAM10 expression was seen. In MN, an autoimmune disease in which podocyte
injury is mediated by autoantibodies to PLAleﬂ or THSD7A,”*" we could observe a podocyte
induction of ADAM10, which was precisely localized in podocyte structures above the disrupted
nephrin pattern, most likely representing primary podocyte processes. In FSGS, the ADAM10 sig-
nal was only faintly observed at the GFB in two layers, one colocalizing with nephrin (therefore,
at the FP plane) and one located toward the endothelial lining (most likely representing en-
dothelial ADAM10).

Because we observed a varying pattern of glomerular ADAM10 expression in human podocy-
topathies, we analyzed ADAM10 expression in murine APN (Figure 4C, Supplemental Figure 4).
APN is induced by injection of polyclonal sheep antibodies directed to podocyte antigens, which
results in an immune-complex GN with subepithelial immune deposits, FPE, nephrotic syn-
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drome, and (in severe injury forms) in endothelial swelling.ﬁ'ﬁ ADAM10 expression was
markedly enhanced in injured podocytes in APN. Interestingly, we observed an additional induc-
tion of ADAM10 in glomerular endothelial cells of APN-treated mice, which was absent in
ADAM104pod APN mice (Figure 4C), suggesting a podocyte-specific, ADAM10-dependent re-
sponse in glomerular endothelial cells. Imnmunoblot analyses further confirmed an APN-induced
upregulation of ADAM10 in glomeruli (Figure 4D). Together, these human and murine data ar-
gue for ADAM10 as a potentially important regulator of podocyte injury, which can be function-
ally investigated in the APN model.

ADAM10 Deficiency Rescues Podocyte Damage in the APN Model

APN was induced in ADAM104pod and control littermates (Figure 5A), and disease severity was
compared on day 14. Renal function was ameliorated in ADAM104pod compared with control
littermates when assessing BUN levels (Figure 5B). Although control littermates developed
nephrotic-range proteinuria, ADAM104pod APN mice exhibited a significantly decreased urinary
albumin loss (Figure 5C). Due to the strong variability in proteinuria, light-microscopy evalua-
tion was performed in animals with comparable proteinuria. The glomerular structure was
mostly preserved in ADAM104pod in comparison with control APN littermates, despite similar
tubulointerstitial injury in both genotypes, characterized by dilated tubuli filled with proteina-
ceous casts (Figure 5D, Supplemental Figure 5). To rule out a differential induction of APN be-
tween the genotypes, we controlled for the glomerular deposition of the injected sheep IgG (
Figure 5E) and for the intrinsic reaction of mice to the foreign sheep IgG.Q'ﬁ Both, the deposition
of sheep IgG and the deposition of mouse IgG (Supplemental Figure 6) at the GFB was compara-
ble in linearity and intensity between ADAM104pod and control littermates. Specific analyses of
podocyte integrity demonstrated a severe disruption of synaptopodin and nephrin localization
in control APN littermates, which was ameliorated in ADAM104pod mice. Besides loss of linear-
ity, nephrin was internalized (Supplemental Figure 7), a typical hallmark of podocyte injury.is'@
High-resolution microscopy of nephrin exhibited marked FPE in control APN littermates,
whereas ADAM104pod mice only exhibited focal areas of FPE (Figure 5F, Supplemental Figure
8A). This high-resolution, confocal finding was validated by transmission EM (Figure 5G), where
APN antibody-treated control animals showed significant FPE, whereas ADAM104pod animals
showed broadened FPs after APN-antibody application. Even those FPs overlying electron-dense

deposits were preserved (Supplemental Figure 8B). Taken together, these observations indicate
ADAM10 deficiency is sufficient to protect animals from APN antibody-induced structural and
functional disturbances.

APN-Induced Detachment of Podocytes Is Mediated by ADAM10, Independent of Notch
Signaling

ADAM10 activity in the APN model could favor podocyte Notch signaling and/or cleavage of cad-
herin cell-adhesion proteins and thereby Wnt/f-catenin signaling, resulting in podocyte loss and
nephrotic syndrome. First, we quantified podocyte loss in the setting of APN between genotypes
(Figure 6A). Podocyte number per glomerular tuft area was not different between untreated
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ADAM104pod and control littermates. In APN, control littermates exhibited a significant
podocyte loss, which was less prominent in ADAM104pod mice.

The underlying molecular effects of ADAM10 on podocytes were first investigated in cultured
murine podocytes.@ To verify that a cell-based approach is suitable to analyze ADAM10 function,
APN antibodies were applied to cultured podocytes. APN-treated podocytes revealed ADAM10-
dependent morphologic alterations (Supplemental Figure 9). Further, podocyte adhesion was
significantly reduced upon APN-antibody treatment, which was rescued to an intermediate level
upon additional incubation with the ADAM10 inhibitor GI2 54023X (Figure 6B). In line with a
role of ADAM10 in cell detachment, stimulation of ADAM10 activity with ionomycinﬂ'ﬁalso sig-
nificantly reduced podocyte cell adhesion.

Because podocyte detachment was dependent on ADAM10 activity, we studied proteolytic shed-
ding of ADAM10 substrates that can potentially affect podocyte morphology or adhesion. First,
ADAM10-mediated Notch signaling was addressed by qRT-PCR analysis of Notch and of Notch-
downstream genes of the Hes and Hey family. We observed an activation of Notch signaling in
cultured podocytes and in vivo after exposure to APN antibodies; however, this was not ADAM10
dependent, as revealed by the addition of GI254023X in culture (Supplemental Figure 10A) or by
the failure to attenuate the APN antibody-induced glomerular expression of Notch and Notch-
downstream genes in vivo by podocyte ADAM10 deficiency (Supplemental Figure 10B). In con-
clusion, we could not confirm a role for ADAM10 in activating podocyte Notch signaling in APN.

ADAM10-Mediated Cadherin Cleavage Weakens Cell-Cell Interactions

Because podocyte adhesion was impaired upon APN-antibody treatment in culture and in vivo in
an ADAM10-dependent manner, we determined the effect of ADAM10 on shedding of podocyte-
expressed adhesion molecules. We first searched for the downstream activation of the Wnt/f-
catenin signaling pathway by qRT-PCR in culture and in vivo, because Wnt signaling is a known
stimulus of podocyte injuryﬂ and is activated upon ADAM10-dependent cadherin adhesion mol-
ecule cleavage.ﬂ'sfl In cultured podocytes (Supplemental Figure 11), the classic Wnt response
genes cyclin D1 (Ccnd1) and S-enolase (Eno3) were weakly induced upon APN-antibody stimula-
tion. This induction could be rescued by GI254023X treatment, suggesting these two genes are
induced in response of APN antibody-induced ADAM10 activity, whereas others were not
(Supplemental Figure 11).

Consistent with the notion that the podocyte SD is a modified adherens junction,Z two cadherins
have been described to associate with ZO-1 and with the catenins of the SD, namely P-cadherin
(CDH3) and the protocadherin FAT1.”"" P-cadherin is a known target of ADAM10.” N-cadherin
(CDHZ2), albeit representing a central target to ADAM10 in neurons and fibroblasts,M has not yet
been localized to human or murine podocytes in vivo. Changes in cell-surface expression of P-
cadherin, E-cadherin, and FAT1 could not be monitored in cultured podocytes due to technical
issues. However, membrane biotinylation of podocytes exposed to APN antibody revealed de-
creased full-length (FL) N-cadherin cell-surface levels, which could be rescued by GI254023X (

Figure 6C). The analysis of cell lysates did not point toward a change in total N-cadherin levels,
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excluding the contribution of transcriptional effects to the reduction of surface levels by APN-
antibody treatment. N-cadherin shedding by ADAM10 yields a membrane-bound CTF that is fur-
ther proteolyzed by the y-secretase complex. To demonstrate ADAM10-mediated N-cadherin
CTF generation in podocytes, N-cadherin proteolysis was analyzed in the presence of the y-
secretase complex inhibitor DAPT (Figure 6D). Exposure to APN antibodies increased the gener-
ation of the N-cadherin CTF over time (16 hours and 24 hours), which was accompanied by a de-
crease in FL N-cadherin, which supports the argument for ongoing ectodomain shedding in
podocyte injury. GI254023X suppressed both the generation of N-cadherin CTF and the decline
of N-cadherin FL. Immunofluorescence staining of N-cadherin in cultured podocytes confirmed
the ADAM10-dependent cell-surface reduction observed in the biotinylation experiment
(Supplemental Figure 12). Together, these data argue for N-cadherin to be a relevant podocyte
ADAM10 substrate in culture.

To convert our cell-based observations to the in vivo situation, we analyzed the effect of
podocyte-specific ADAM10 deficiency on cell-cell adhesion molecule expression and distribu-
tion. To this end, no robust data could be obtained for FAT1. We could, however, validate the
colocalization of P-cadherin and N-cadherin with nephrin on the apical side in podocyte precur-
sors at the capillary phase of developing murine glomeruli (Supplemental Figure 13). In mature
naive glomeruli, no P-cadherin (Supplemental Figure 14A) and only faint intraglomerular N-
cadherin (Supplemental Figure 15A) abundance could be observed. N-cadherin was localized in-

side podocytes and in primary podocyte processes. No difference in basal N-cadherin or P-
cadherin levels was observed between naive ADAM104pod and control littermates
(Supplemental Figures 14B and 15B). Together, these findings suggest that, in developing
podocytes, the adherens junction contains a larger spectrum of cell-cell adhesion molecules, be-
sides nephrin, than in the mature modified adherens junction (the SD).

In the course of injury, podocytes dedifferentiate and reactivate embryonal gene expression pat-
terns. One consequence of this is that production of typical proteins of healthy podocytes, such
as nephrin, is reduced. We hypothesized that nephrin loss in podocyte injury could potentially
be counterbalanced by re-expression of embryo-expressed P-cadherin and N-cadherin as a “res-
cue” mechanism. In line with this idea, N-cadherin represents the main cell-cell adhesion protein
at the SD in birds because they physiologically lack nephrin,i demonstrating that N-cadherin
can be expressed in podocytes, especially in the absence of nephrin. Therefore, we analyzed
whether, in APN, the abundance of N-cadherin and P-cadherin was enhanced in ADAM10-
deficient podocytes, where the cleavage of these cell-cell adhesion proteins should be absent or
strongly reduced. In APN, glomerular lysates of ADAM104pod mice exhibited higher levels of N-
cadherin (Figure 7A) compared with control littermates, which was not related to differences in
podocyte count, because a-actinin 4 levels were comparable. ADAM104pod APN mice exhibited
an enhanced podocyte immunosignal for N-cadherin (Figure 7B) and P-cadherin (Figure 7C) in
comparison with proteinuria-matched control littermates. P-cadherin localized to the podocyte
rather than the endothelial aspect of the GFB, and N-cadherin localized to podocyte primary pro-
cesses. Analyses of N-cadherin localization in patients with autoantibody-mediated glomerular
injury, such as MN and anti-GBM GN, exhibited basal N-cadherin localization in the podocyte cy-
toplasm and primary processes, which was comparable to the localization observed in mice.
Interestingly, an additional N-cadherin localization at the plane of nephrin was observed in both
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MN and anti-GBM GN, especially in areas where nephrin was absent (Figure 7D).

Whereas the ectodomain of cadherins confers specific adhesive binding, the cytoplasmic domain
mediates the structural and signaling activities required for adhesion through its interaction
with S-catenin. * Cadherin levels influence [-catenin levels” and thereby set threshold for Wnt
signals. N cadherin cleavage promotes [S-catenin activation and cytoplasmic and nuclear local-
ization.” We assessed the glomerular levels and localization of total -catenin to further
strengthen the finding of reduced N- and P-cadherin cleavage in ADAM104pod APN mice.
Glomerular f-catenin levels were lower in ADAM104pod APN mice in comparison with control
littermates (Figure 8A). Control APN littermates exhibited an enhanced immunosignal for £-
catenin in the cytoplasm of glomerular endothelial cells and podocytes. Further, podocytes
showed nuclear S-catenin staining, which was absent in ADAM104pod APN mice (Figure 8B,
Supplemental Figure 16). Similarly to the observations in cultured podocytes (Supplemental
Figure 11), glomerular qRT-PCR analyses of Wnt response genes exhibited an ADAM10-
dependent expression of Axin2, Ccnd1, and Fn1 in APN mice (Figure 8C), supporting an ADAM10-
dependent activation of the Wnt/f-catenin pathway in the nephritis model. Other Wnt response
genes such as Eno3 and Tiam1 exhibited no enhanced expression upon APN induction.

Taken together, these data suggest ADAM10-mediated cleavage of injury-induced cell-cell adhe-
sion molecules at podocytes is pathogenetically associated with podocyte loss and nephrotic
syndrome through enhanced activation of the Wnt/S-catenin signaling pathway (summarized in
Figure 8D).

Discussion

The pathophysiologic factors driving podocyte injury and loss range from cytoskeletal reorgani-
zation, reactivation of embryonic programs, and alteration of podocyte adhesion to the GBM. In

this study, we asked whether there was a role for ectodomain cleavage of transmembrane mole-
cules by ADAM10 in podocyte biology.

Contrary to recent findings that ADAM10-dependent Notch signaling is required for the proper
development of the glomerular endothelium,sf7 ADAM10-dependent Notch signaling for podocyte
development does not seem to be of major importance. This could be related to the expression of
Tspan15 by podocytes. Tspan15 inhibits ADAM10-mediated Notch activation upon ligand bind-
ing, - potentially explaining the lack of morphologic and functional podocyte defects in naive
ADAM104pod mice. Interestingly, although mice exhibited a prominent podocyte ADAM10 ex-
pression, this was not observed in human glomeruli, contradicting reports by Gutwein et al., e
where ADAM10 was shown in cultured human podocytes and in healthy human biopsy speci-
mens. We were not able to overcome this discrepancy, despite using four different ADAM10 anti-
bodies, which all showed a strong tubular apical membrane but no convincing podocyte

ADAM10 expression in kidney sections.

Podocyte-expressed proteins described to be shed by ADAM10 are the L1 adhesion molecule”
and the chemokine CXCL16, which is involved in the uptake of oxidized LDL.Q We found that
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ADAM10 is localized at murine FPs. Therefore, we proceeded to assess the abundance of known
ADAM10 cell-cell adhesion substrates in ADAM104pod mice, because these could represent new
podocyte targets of ADAM10. Cell-cell adhesion proteins found at the SD“-* are the podocyte-
specific protein nephrin, and the nonpodocyte-restricted proteins FAT1 and P-cadherin, the lat-
ter representing a known ADAM10 substrate. We could not observe changes in nephrin or P-
cadherin levels in podocytes of naive ADAM104pod mice. Therefore, we extended our search
and identified a low abundance of N-cadherin in podocytes and glomerular endothelial cells of
naive mice, which (like P-cadherin) did not differ between ADAM104pod and control littermates.
Nonetheless, this is (to the best of our knowledge) the first report of a podocyte N-cadherin ex-
pression in mice. Our analyses further demonstrated prominent P- and N-cadherin colocaliza-
tion with nephrin in developing glomeruli from the capillary-loop stage onward, suggesting the
developing SD contains a larger arsenal of cell-cell adhesion proteins than the mature SD, and
the abundance of cadherins is reduced upon maturation. Of note, the mature SD in birds does
not contain nephrin as a cell-cell adhesion protein but N-cadherin instead,i demonstrating cad-
herins can functionally compensate for nephrin—a process potentially interesting in podocyte
injury, where nephrin is removed from the SD by endocytosis.® In terms of an injury-related re-
activation of an embryonal SD program, the expression of cadherins, such as N-cadherin, might
potentially compensate for nephrin internalization/loss in the setting of GN. Of note, Tspan15,
which is preferentially expressed in podocytes, mediates ADAM10-dependent shedding of N-
cadherin by fostering its transport to the cell surface,ﬂ suggesting a role for the Tspan15-
ADAM10-N-cadherin axis in podocyte injury.

We established that ADAM10 activity is essential for the progression of podocyte injury and loss
in the setting of experimental GN. After antibody-mediated podocyte injury, ADAM10 directly af-
fected cell adhesion by shedding of N-cadherin in a cell-based approach and in vivo. A role for
ADAM10 in podocyte injury has been proposed previously, because ADAM10 is found in urinary
vesicles derived from patients with GN.” Due to the strong expression of ADAM10 at the apical
membrane of the renal tubular system, the ADAM10 present in urinary vesicles could, however,
be derived from both the podocyte and the tubular compartment. Nonetheless, in agreement
with the assumption that ADAM10 could be involved in the development of podocyte injury, we
demonstrated an induction of ADAM10 transcript in a variety of human GN and of ADAM10 pro-
tein in human antibody-mediated injury, such as MN and anti-GBM GN. In line with this, APN
mice demonstrated an increase in glomerular ADAM10, which was, however, not restricted to
podocytes but also present on the endothelium. The abundance of ADAM10 on podocytes has
been suggested to decrease in DN* and in human MN,Q which is in contrast to our transcrip-
tional and histologic findings that might originate from technical differences or from differences
in the patient cohorts (unclassified MN by Gutwein et al. ®! and PLA,R1-positive MN in our
study).

ADAM10 mediates the proteolysis of important surface proteins—such as adhesion proteins, cy-
14 15 67 68

tokines, and the Notch receptor—in a cell type-dependent manner. * * * The consequences of
such shedding events can be diverse in different tissues and have been partially revealed by the
analysis of conditional and tissue-specific ADAM10-depleted mice.” """ Further, through the

initial shedding events, ADAM10 modulates the activity of downstream signaling pathways,
which is illustrated by Wnt and Notch hyperactivation.ﬁ'@'z Studies suggest Notch signaling
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drives nephritis, revealing the potential of ADAM10 inhibition in this context. In our study,
ADAM10 deficiency attenuated the disruption of the SD, a finding not related to an ADAM10-
dependent activation of podocyte Notch shedding. Of note, some of the analyzed transcripts are
not solely regulated by Notch but also by TGFp signaling (as for Heyl).B Finally, Notch expres-
sion itself is known to be regulated by a positive feedback loop. However, upregulation of Notch1
in culture and in vivo after APN antibody exposure was not dependent on ADAM10 activity, be-
cause it could not be suppressed by GI254023X and was persistent in ADAM104pod mice.
NotchZ2 did not reveal significant effects. These observations are in line with ADAM10 being dis-
pensable for podocyte development, arguing for a different protease responsible (or compensat-
ing) for initiation of Notch signaling in podocytes.

During the establishment of nephritis, ectodomain shedding of cadherins by ADAM10 may di-
rectly contribute to podocyte alterations. This is supported by our observation that N-cadherin
shedding was induced, and podocyte adhesion was reduced, after APN-antibody application in
cultured podocytes. Due to the low specificity of the anti-P-cadherin antibody used in the cell-
culture model, the contribution of this more abundant cell-adhesion protein to podocyte damage
can only be speculated. It should also be mentioned that other cell-adhesion molecules of
podocytes, such as FAT1 or nephrin, may also be subject to induced ADAM10-mediated shedding
and this may also explain the reduced podocyte damage when ADAM10 is missing.l'zfr)*2 The al-
tered N-cadherin shedding after APN-antibody application led to the idea that a reduced surface
expression of cadherins after ADAM10 activation is associated with an increase in the level of in-
tracellular $-catenin and, therefore, with an activation of the Wnt signaling pathway “Such a
dysregulated Wnt signaling pathway was already suggested for patients with a predisposition
for nephrotic diseases.””" In different murine nephritis models, an increased expression of Wnt
ligands have been described,ﬁ'ﬂ'& possibly explaining the contribution of Wnt to the pathology
in nephritis. Our observation of an APN-induced and ADAM10-dependent increase in Wnt re-
sponsive genes in cultured podocytes, and in the nephritis model, are in support of a regulatory
role of the Wnt signaling pathway in mediating podocyte cell adhesion during nephrltls
Intriguingly, in control APN littermates, 5-catenin staining was markedly more intense and wide-
spread in endothelial cells in comparison with the ADAM104pod littermates, which might sug-
gest that podocyte ADAM10 could be involved in podocyte-endothelium crosstalk by means of -
catenin-induced VEGF regulatlon in podocytes, which would affect the endothelium.”

The pathomechanism(s) of APN-induced ADAM10 activation in podocytes is not yet clear.
Cytosolic calcium ion (Ca®*) elevation, as elicitable by treatment of cells with Ca?* ionophores,
purinergic receptor agonists, or membrane-perturbing agents,ﬁ'm is thought to represent the
major signaling event to mediate ADAM10 activity through a transient surface exposure to nega-
tively charged phospholipid phosphatldylserme " Whether this mode of ADAM10 activation is
relevant in APN-induced podocyte injury requires further 1nvest1gat10n however, elevated Ca®*
levels in podocyte injury have been repeatedly reported “ and purinergic receptor agonists,
such as nanobodies to P2X7, have been shown to worsen glomerular injury in the APN model.”
It also needs to be taken into consideration that the observed activation of the -catenin signal-
ing in our system could be unrelated to ADAM10 activity, and could rather be mediated by se-
creted factors of the Wnt/f-catenin signaling pathwayﬁ'gfﬁ and/or the endothelin pathway.&
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In summary, our study demonstrates a role for ADAM10 activity in driving podocyte injury by
shedding of cadherins and by activation of the downstream Wnt/S-catenin pathway. Inhibition
of ADAM10 should be considered as a therapeutic option in developing nephritis. However, it
needs to be considered that ADAM10 may use a multitude of different substrates  and that even
subtle alterations of, e.g., Notch signaling after ADAM10 inhibition may affect the therapeutic
benefit.
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Supplemental Material

This article contains the following supplemental material online at http://jasn.asnjournals.org/
lookup/suppl/doi:10.1681/ASN.2020081213/-/DCSupplemental.

Supplemental Figure 1. Podocyte morphology is preserved in naive ADAM104pod mice.

Supplemental Figure 2. Podocyte morphology is preserved in naive ADAM104pod mice.

Supplemental Figure 3. ADAM10 localization in human glomerular injuries.

Supplemental Figure 4. Glomerular ADAM10 expression increases in APN.

Supplemental Figure 5. Alteration of glomerular morphology is attenuated in APN antibody
treated ADAM104pod mice.

Supplemental Figure 6. Intrinsic mouse IgG deposition does not differ between ADAM104pod
and control littermate mice in APN.

Supplemental Figure 7. Alteration of podocyte structure is attenuated in ADAM104pod mice in
APN.

Supplemental Figure 8. Foot process effacement is attenuated in ADAM10Dpod mice in APN
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nephritis.

Supplemental Figure 9. Cultured murine podocytes exposed to APN antibodies represent a suit-
able model for the analysis of ADAM10 function.

Supplemental Figure 10. The Notch signaling pathway is not activated in an ADAM10-dependent
way in podocytes after exposure to APN-antibodies.

Supplemental Figure 11. Activation of Wnt signaling pathways after exposure to APN-antibodies
partially depends on ADAM10 in podocytes.

Supplemental Figure 12. N-cadherin is shed in an ADAM10-dependent manner in cultured

murine podocytes.

N

upplemental Figure 13. Cell-cell adhesion proteins are expressed at the apical side of develop-
ing podocytes.

Supplemental Figure 14. P-cadherin expression does not differ between naive ADAM10Apod and
control littermate mice.

N

upplemental Figure 15. N-cadherin expression does not differ between naive ADAM10Apod
and control littermate mice.

Supplemental Figure 16.3-Catenin expression is enhanced in the nuclei and cytoplasm of
podocytes in the setting of APN nephritis.

Supplemental Table 1. Oligonucleotide sequences for used for qRT-PCR in cultured murine
podocytes and isolated glomeruli.

Supplemental Table 2. Summary of the findings regarding ADAM10 regulators in our proteomic
datasets.
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ADAM10-Mediated Ectodomain

Shedding is an Essential Driver of

Podocyte Damage

METHODS

Subcellular localization of the membrane
protease ADAM10 was analyzed in
podocytes by state-of-the-art methods.
The naive phenotype of podocyte-specific
ADAM10-deficient mice (ADAM10Apod)
was assessed. The expression and role
of ADAM10 in antibody-mediated
podocyte injury was evaluated in
humans, mice, and cultured podocytes
110 DNA

ADAM104pod

OUTCOME

ADAM10 localized to murine podocyte foot processes and was not necessary for
podocyte development. ADAM10 was upregulated in murine and human antibody-
driven podocyte injury. ADAM10 cleaved cell-cell adhesion proteins of the cadherin
family in podocytes, leading to activation of the Wnt/-catenin pathway and podocyte
loss. ADAM10Apod mice were protected from podocyte injury.

Healthy podocyte cell-cel
adhesion site

Conclusion

doi: 10.1681/ASN.2020081213

ADAM10-mediated ectodomain shedding of injury-related cadherins drives podocyte injury in

antibody-mediated glomerulonephritis.
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ADAM10 is expressed at podocyte FPs in mice. (A) Proteome analyses of ADAM10 and ADAM17 abundance in FACS-

sorted glomerular podocytes and mesangial and endothelial cells. Plotted is the log2 of label-free quantification (LFQ) as

percentage difference (n=30). (B) Representative confocal images of ADAM10 expression (green) using a rabbit poly-

clonal antibody in C57BL/6 glomeruli in relation to the SD protein nephrin (red). DNA is stained in blue (Hoechst). Red

arrows point toward apical ADAM10 expression in tubuli; white arrow toward podocyte ADAM10 expression.

Colocalization of ADAM10 and nephrin is seen as yellow overlay. (C) Immunogold EM for ADAM10 of glomerular freeze

fractures, using a rat mAb to ADAM10, shows specific localization of gold particles at FPs (arrows). GBM, glomerular

basement membrane; p, podocyte.
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Podocyte-specific deletion of ADAM10. (A) Breeding scheme used to generate podocyte-specific, ADAM10-deficient mice,

termed ADAM104pod. (B) PCR analysis on isolated glomeruli demonstrates the successful deletion of ADAM10 exon 2

(AADAM10) upon Cre expression. (C) Immunoblot from isolated glomeruli reveals reduced ADAM10 abundance in

glomeruli of ADAM104pod. Total kidney lysate was used as positive control. Graph exhibits densitometric quantification

of n=4 mice per genotype. *P<0.05. (D) Representative confocal image proves specific reduction of ADAM10 (green) in

podocytes (p) of naive ADAM104pod mice using a rat mAb to ADAM10. +, wild type; ctrl, control; Ex1, exon 1; E, flox;

pADAM10, immature ADAM10 proform; mADAM10, mature ADAM10; tg, transgene.
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Podocyte development is unaffected by ADAM10 deficiency. Adult ADAM104pod and control littermates were compared.
(A) Periodic acid-Schiff (PAS) staining of kidney sections exhibiting inconspicuous morphology. (B) Representative high-
resolution confocal images of the distribution of nephrin (white) at the SD exhibits a normal, tightly meandering white
line in both genotypes. DNA (blue) is visualized by Hoechst staining. (C) EM analysis demonstrates normal podocyte (p)
and GFB ultrastructure. Scale bars, 1 um. (D) Assessment of proteinuria (albumin-creatinine ratio) in urine shows no in-
terference with podocyte function. Pooled data from two independent experiments, n=7 per genotype. c, capillary; ec,

endothelial cell; u, urinary space.
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Figure 4.
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ADAM10 is upregulated in human and murine podocytes upon antibody-mediated injury. (A) Gene expression analysis of
ADAM10 mRNA in the glomerular compartment of manually microdissected kidney biopsy specimens from patients with
different kidney diseases. Values are expressed as log2 fold change compared with controls (living donors; LD). A g value
<5% was considered to be statistically significant. (DN, n=14; hypertensive nephropathy [HT], n=15; MCD, n=14; IgA
nephropathy [IgA], n=27; FSGS, n=23; MN [MGN], n=21; lupus nephritis [SLE], n=32; ANCA-associated GN [RPGN], n=23;
LD, n=42). (B) Representative high-resolution confocal images of ADAM10 (green) expression in human biopsy speci-
mens from patients with nephrotic syndrome due to MCD, MN (PLA,R1 positive), and FSGS. Note the enhanced podocyte
(p) expression in the MN biopsy specimen. Green arrows point toward ADAM10 localization at the podocyte side of the
GFB; white arrows toward ADAM10 localization at the endothelial side of the GFB; red arrows toward tubular ADAM10
expression; nephrin shown in red; DNA shown in blue (Hoechst). (C) APN was induced in control littermates and
ADAM104pod mice. ADAM10 (green) localization was analyzed on day 14 after disease induction. High-resolution confo-
cal images exhibit increased signal for ADAM10 at the podocyte (green arrows) and endothelial cell side (white arrows)

of the GFB in APN-treated in comparison with naive control mice. ADAM104pod mice show no signal for ADAM10 ex-
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pression at the GFB, albeit a preserved tubular ADAM10 expression (red arrows). (D) Immunoblot for ADAM10 levels in
isolated glomeruli from naive mice and APN-treated mice on day 14. Graph exhibits densitometric quantification of n=6

mice per genotype, pooled data from two independent experiments. *P<0.05. Abs, antibodies; mADAM10, mature

ADAM10.
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ADAM10 deficiency protects from anti-podocyte antibody-induced podocyte injury. (A) Scheme of the APN model:
podocytes are isolated from mouse kidneys (1) to immunize sheep (2). Sheep-generated, anti-podocyte antibodies are
isolated and purified (3). APN antibodies intravenously injected into mice bind to podocyte target proteins and induce
their injury (4). APN was induced in ADAM104pod and control littermates. Kidneys were analyzed on day 14 after dis-
ease induction. (B) Measurement of BUN levels (n215 per group), *P<0.05. (C) Determination of proteinuria (albumin-
creatinine ratio) in urine on day 14 reveals decreased development of proteinuria in ADAM104pod mice (n=220 per
group); pooled data from four independent experiments, ***P<0.001. (D) Representative light micrographs of Periodic
acid-Schiff (PAS) staining exhibiting the tubulointerstitial and glomerular morphology. Note the comparable occurrence
of PAS-positive protein casts in the tubular lumina (*) of ADAM104pod and control littermate mice, contrasting the pre-
served glomerular morphology in ADAM104pod mice. The visible brown, round structures represent the perfused mag-
netic beads used for glomerular isolation. (E) Confocal analysis of glomerular sheep IgG (green) deposition demonstrates
comparable deposition in both genotypes. (F) High-resolution confocal images of the distribution of nephrin (white) at
the SD exhibits a strong broadening of the normal, tightly meandering pattern in APN-treated control littermates;
whereas ADAM104pod showed a mostly preserved pattern. DNA (blue) is visualized by Hoechst staining. (G)
Ultrastructural analysis of podocytes demonstrates FPE in control mice upon APN-antibody treatment, whereas

ADAM10-deficient podocytes are mostly preserved morphologically. Scale bars, 500 nm. c, capillary lumen; u, urinary
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ADAM10-mediated N-cadherin shedding is essential for APN antibody-induced podocyte injury. (A) Quantification of
podocyte number per glomerular tuft area in naive and APN-treated ADAM104pod and control littermates. Graph ex-
hibits violin plot of pooled data from four independent experiments (n212 per group). (B) Adhesion assay demonstrates
APN antibody-induced murine podocyte detachment from the culture dish, which could be suppressed by an ADAM10
inhibitor. The ADAM10 activator ionomycin served as the positive control. One representative out of three individual ex-
periments is shown, each with six replicates per condition. (C) APN antibody (ab) reduces N-cadherin cell-surface levels
from murine podocytes, which was rescued by administration of ADAM10 inhibitor GI254023X. The cell-surface protein
transferrin receptor and soluble glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as control for loading and
purity of cell-surface extracts. One representative out of three experiments is shown. (D) N-cadherin shedding is in-
creased in response to APN antibody in cultured murine podocytes. ADAM10 inhibition with GI254023X suppressed
generation of N-cadherin CTF (n=4). In parallel, podocytes were treated with 1 uM DAPT to stabilize the generated N-
cadherin CTF. Splice variant (SV) based on the murine protein information at uniprot.org/uniprot/P15116#ptm_pro-
cessing and uniprot.org/uniprot/D3YYTO#sequences. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 7.
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ADAM10 deficiency results in enhanced cadherin levels on podocytes in APN antibody-induced podocyte injury. APN
was induced in ADAM104pod and control (ctrl) littermate mice, and kidneys were analyzed on day 14. (A) Immunoblot
for the cell-cell adhesion molecule N-cadherin (N-cad) levels in isolated glomeruli. Graph exhibits densitometric quantifi-
cation of n=8 mice per genotype; pooled data from two independent experiments. *P<0.05. The levels of a-actinin 4
within respective glomerular lysates suggest comparable amounts of podocytes. Splice variant (SV) based on the murine
protein information at uniprot.org/uniprot/P15116#ptm_processing and uniprot.org/uniprot/D3YYTO#sequences. (B)
Kidneys of mice with comparable mild proteinuria were stained for N-cadherin (green) in relation to the SD protein
nephrin (red), and DNA (Hoechst, blue). Note the enhanced expression of N-cadherin in ADAM104pod podocytes (p) in
comparison to control podocytes. White arrows point toward N-cadherin in presumably primary podocyte processes. (C)
Representative confocal images demonstrate enhanced P-cadherin (green) in ADAM104pod podocytes in comparison to
control podocytes; lectin wheat germ agglutinin (red) visualizes the GFB; DNA (Draq5) shown in blue. Care was taken to
use N- and P-cadherin antibodies (Abs) raised in rabbit, so that secondary antibodies needed for visualization would not
crossreact with the injected sheep IgG and the intrinsic mouse IgG. (D) Representative confocal images demonstrate
podocyte N-cadherin localization in patients with MN and in anti-GBM GN in relation to nephrin (red) and DNA
(Hoechst; blue). White arrows represent N-cadherin expression at the podocyte aspect of the GFB, especially in areas

where nephrin is absent.
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pB-Catenin/Wnt signaling pathway is not activated in ADAM104pod mice exposed to APN antibodies. APN was induced in
ADAM104pod and control littermate mice, and kidneys were analyzed on day 14. (A) Immunoblot for §-catenin levels in
isolated glomeruli. Graph exhibits densitometric quantification of n=7 mice per genotype; pooled data from two inde-
pendent experiments. *P<0.05. (B) Kidneys of mice with comparable, mild proteinuria were stained for 5-catenin (green)
in relation to the SD protein nephrin (red), and DNA (Hoechst; blue). Note the enhanced B-catenin signal in nuclei (white
arrows) and cytoplasm of podocytes (p) and in endothelial cells (red arrow). (C) qRT-PCR analyses of Wnt response
genes in isolated glomeruli. Values are depicted as relative expression to naive control (ctrl) littermates after normaliza-
tion to 18S as housekeeper gene; n=3-14 mice per genotype; pooled data from two independent experiments. *P<0.05 to
control naive, $ P<0.05 and % P<0.01 to control and APN antibodies (Abs). (D) Scheme depicting proposed role of
ADAM10 in podocytes in antibody-mediated podocyte injury. (1) Following a prominent embryonic expression of cell-
cell adhesion molecules, such as P- and N-cadherin, in podocyte progenitors, healthy mature podocytes have low levels of
cadherins at processes. (2) In the course of antibody-mediated injury, ADAM10 expression is enhanced. ADAM10 activity
results in ectodomain shedding of cadherins. Cadherin cleavage results in a dissociation of f-catenin from the cytoplas-
mic cadherin domain and to a redistribution of §-catenin to the cytoplasm and nuclear compartment, where it initiates
the transcription of Wnt response genes. Ultimately, this results in decreased cell-cell adhesion and proteinuria. (3) As a
consequence of loss of ADAM10 activity, cadherin levels are stabilized at podocyte processes, after antibody-mediated in-
jury. B-Catenin remains tethered to the cytoplasmic cadherin domain, and the Wnt/f-catenin signaling pathway is not ac-
tivated. Podocyte adhesion is ameliorated, resulting in attenuated proteinuria. ADAM104pod, podocyte-specific ADAM10

deletion.
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