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Abstract:

DNA repair is essential for preserving genome integrity and ensures cellular functionality and
survival. Podocytes have a very limited regenerative capacity, and their survival is essential to
maintain kidney function. While podocyte depletion is a hallmark of glomerular diseases, the
mechanisms leading to severe podocyte injury and loss remain largely unclear. We detected
perturbations in DNA repair in biopsies from patients with various podocyte-related glomerular
diseases and identified single-nucleotide polymorphisms associated with the expression of
DNA repair genes in patients suffering from proteinuric kidney disease. Genome maintenance
through nucleotide excision repair (NER) proved to be indispensable for podocyte
homeostasis. Podocyte-specific knockout of the NER endonuclease co-factor Ercc1 resulted
in accumulation of DNA damage, proteinuria, podocyte loss and glomerulosclerosis. The
response to this genomic stress was fundamentally different to other cell types, as podocytes

activate mTORC1 signaling upon DNA damage in vitro and in vivo.
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Introduction:

Most cells of the body are constantly subjected to various endogenous and exogenous DNA
damaging agents (Lindahl and Nyberg, 1972; Loeb and Harris, 2008). Therefore, cells depend
on numerous DNA repair mechanisms to counteract this genomic stress (Chatterjee and
Walker, 2017). Mutations in DNA repair genes result in a variety of pathologies ranging from
cancer to progeroid syndromes (Ghosal and Chen, 2013; Wolters and Schumacher, 2013).
The specific importance of genome maintenance in cells with limited regenerative capacity is
demonstrated by the prevalence of neurodegeneration as a hallmark of DNA repair deficiency
syndromes (Madabhushi et al., 2014).

Similar to neurons, the glomerular epithelial cells , podocytes, are terminally differentiated cells
that are not replaced post-development (Wanner et al., 2014). Podocytes are an integral part
of the primary filtration unit of the kidney (Butt et al., 2020) and their loss is a leading causes
of chronic kidney disease, such as diabetes, hypertension and glomerulopathies, with ensuing
loss of protein into the urine (Chen et al., 2019). The precise pathomechanisms leading to
podocyte depletion are incompletely understood, and treatments to better protect this finite
number of cells are lacking (Rosenberg and Kopp, 2017).

Lately, the first studies have indicated the importance of genome maintenance for renal health
(Hakroush et al., 2014; Marshall et al., 2006). Mutations in the kinase, endopeptidase and
other proteins of small size (KEOPS) complex genes caused proteinuria and induced DNA
damage response (DDR) in vitro (Braun et al., 2017). Likewise, glomerular DNA damage was
found to be associated with declining kidney function (Hayashi et al., 2020) and cells isolated
from the urine of patients suffering from diabetes and hypertension showed increased levels
of DNA strand breaks (Hishikawa et al., 2020). First evidence of nucleotide excision repair
(NER) as an essential pathway in kidney health was recently provided through the identification
of Ercc1 mutations causing kidney dysfunction (Apelt et al., 2020). However, a link between
DNA damage and podocyte loss, to date, remains unclear.

Several studies have proposed an interplay between DNA damage signaling and the
mechanistic target of rapamycin (mTOR) pathway with factors induced by DNA damage
exhibiting repressive effects on mTOR-complex1 (mTORC1) (Budanov and Karin, 2008;
Reiling and Hafen, 2004; Wu et al., 2018) and increased mTORC1 activity leading to genomic
stress (Chebel et al., 2016; Dominick et al., 2016; Xie et al., 2018). This is of particular interest
for podocytes, as they are highly dependent on a rigorous control of mTOR activity. While
mTORC1-driven hypertrophy is a protective response upon podocyte depletion (Nishizono et
al., 2017; Puelles et al., 2019; Zschiedrich et al., 2017), mTORC1 overactivation drives
pathologic hyperproliferation and sclerosis (Inoki et al., 2011; Kurayama et al., 2011). In line

with these findings, side effects of pharmacological mTOR inhibition entail proteinuria and

3


https://doi.org/10.1101/2020.09.13.295303
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.13.295303; this version posted January 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

glomerular scarring (Butani, 2004; Cho et al., 2007; Dittrich et al., 2004; Hochegger et al.,
2008; lzzedine et al., 2005; Letavernier et al., 2007; Sennesael et al., 2005).

In this study, we identified perturbations in the expression of NER genes in glomeruli from
various human glomerular diseases associated with podocyte loss. Podocyte-specific NER
impairment resulted in DNA damage accumulation, podocyte loss, and glomerulosclerosis in
mice. Strikingly, both in vivo and in vitro analyses delineated mTORC1 activation upon DNA
damage, indicating a cell-type specific response. Furthermore, we report single nucleotide
polymorphisms (SNPs) near DNA repair genes associated with their expression in proteinuric
patients. These results directly link genome maintenance with mTORC1 signaling and

glomerular diseases.

Results:

We screened the European renal cDNA biobank (ERCB) for the expression of hallmark DNA
repair and nucleotide excision repair genes in micro-dissected human glomeruli from biopsies
of patients with various glomerular diseases compared to controls (Fig. S1A ; Tbl. S1). This
screen revealed the most pronounced differences between kidney disease characterized by
podocyte injury without loss (minimal change disease, MCD), and kidney disease associated
with extensive podocyte damage and loss (focal segmental glomerulosclerosis, FSGS)
(Fig.1A). This was even more apparent comparing genes involved in NER, indicating an
involvement of NER in the pathogenesis of podocyte damage (Fig. 1A, S1B).

A well-established model of NER disruption is the deletion of DNA excision repair protein
Ercc1, the cofactor of the endonuclease Ercc4 (XPF), both found to be differentially expressed
in the ERCB analysis (Doig et al., 2006; Karakasilioti et al., 2013; Niedernhofer et al., 2006).
We generated a constitutive podocyte-specific knockout of Ercc1 using the cre-loxP system in
mice of a mixed ICR-FVB background (Moeller et al., 2003) (Fig. 1B & S1C). Mice carrying the
podocyte-specific knockout (pko) had a decreased lifespan of 10-15 weeks while cre negative
animals (ctrl) and cre positive animals heterozygous for the floxed Ercc1 allele (het) were
investigated for up to 72 weeks without overt abnormalities (Fig. S1E, F & G). Weight gain
after birth was normal up to week 9, with a pronounced decrease afterwards (Fig. 1C). This
weight drop was accompanied by significant albuminuria as well as elevated serum creatinine
and urea levels, starting at week 11 (Fig. 1D-F).

At that timepoint, Ercc1pko mice had developed severe generalized renal damage, including
glomerulosclerosis, interstitial fibrosis and tubular atrophy with protein casts at week 13 (Fig.
1G). Since DNA damage repair may play a role during organ development, we established an
inducible podocyte-specific knockout of Ercc1 using a tamoxifen-sensitive podocyte-specific

cre recombinase (Fig. 1H). Deletion of Ercc1 in podocytes of mice 8 weeks after birth resulted
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in a similar phenotype, including proteinuria, glomerulosclerosis, and a shortened lifespan (Fig.
11, J & S1H).

Ultrastructural alterations were detected in 9 week-old Ercc1pko glomeruli in the form of focally
effaced foot processes not present in 7 week-old animals (Fig. 2A). Further indication of
podocyte stress was given by perturbations and eventually loss of the slit diaphragm protein
nephrin between weeks 9 to 13 (Fig. 2B). We did not detect significant differences in podocyte
number, glomerular hypertrophy or a decrease in podocyte density at week 9 (Fig. 2C & S2A).
In contrast, glomeruli from week 11 Ercc1pko mice showed a wide range of abnormalities with
varying degrees of down-regulation of podocyte-specific proteins (Fig. 2D), indicative of severe
podocyte injury and loss.

Foci of phosphorylated histone 2A.X (yH2A.X), a bona fide marker for DNA damage, were
significantly increased in both number and area in podocyte nuclei of Ercc1pko glomeruli at
week 9 (Fig. 2E & S2B-D). Given the observation of rapidly progressing glomerulosclerosis
and renal failure after this timepoint we determined 6 or more YH2A.X foci to define Ercc1pko
podocytes prone to cellular damage and loss. At 9 weeks of age, 16,4% of Ercc1pko podocytes
were categorized into this at-risk group. Strikingly, we also observed a smaller number of
YH2A.X foci in almost all wildtype podocyte nuclei indicative of constant DNA damage
occurrence and repair in healthy glomeruli. At later timepoints, single podocytes with a yH2A.X
signal covering larger areas of the nuclei became apparent in Ercc1pko glomeruli (Fig. 2F).
To further investigate the molecular changes occurring in podocytes upon genomic stress, we
induced DNA damage through mitomycin C treatment and UV irradiation in vitro (Fig. 3A),
which led to significant increases of YyH2A.X (Fig. 3B) and accumulation of the DNA damage
response protein p53 in the nucleus (Fig. 3C). DNA damage induced an increase in
phosphorylation of mMTORC1 downstream target ribosomal protein S6 (S6Rp) in podocytes
(Fig. 3D). This phosphorylation was completely abrogated by mTORCH1 inhibitor rapamycin
and reduced by serum starvation, a well-known mTORC1 modulator (Settembre et al., 2013).
Next, we investigated mTORC1 activation in our podocyte-specific mouse model of impaired
NER and observed a significant increase in pS6Rp-positive cells in pko glomeruli at 9 weeks
of age (Fig. 3E). Further analysis revealed that more than 40% of podocytes showed mTORCH1
activation (Fig. 3E). We detected similar results when investigating S6Rp phosphorylation in
patient biopsies with proven FSGS. In comparison with glomeruli of MCD patients, FSGS
glomeruli comprised significantly more pS6Rp-positive cells (Fig. 3F). This finding was
accompanied by a significant increase in podocyte-specific nuclear yH2A.X foci in FSGS
glomeruli, mirroring our findings in 9 week-old Ercc1pko mice (Fig. 3G & S3).

Ancillary, similar differences in both podocyte-specific S6Rp phosphorylation and yH2A.X foci

were noted when comparing young and aged glomeruli of wild type mice (Fig.S4 A-C) and
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human nephrectomy samples of different ages (Fig.S4 E-H). These results suggest an
association between DNA damage and aging in podocytes, possibly explaining age-related
podocyte loss (Puelles et al., 2019).

The striking phenotype observed in Ercc1pko mice and the accumulation of DNA damage in
human podocytes during the development of glomerulopathies lead us to assess whether
genetic variants associated with glomerular mRNA expression of DNA repair genes could be
detected in patients with sclerotic glomerular diseases. The data base NephQTL contains the
expression quantitative trait loci of 187 patients suffering from proteinuric kidney diseases. We
performed a subgroup analysis of those patients diagnosed with FSGS (Table S2) and were
able to identify SNPs associated with alterations in the expression of DNA repair genes (Table
1 & S3). These sites in the genome represent interesting targets for further fine-mapping and
mechanistic investigation, with the hope of eventual illumination of a targeted therapeutic

strategies to alter the glomerular DNA damage response.

Discussion:

The presented study allows two principal conclusions. First, DNA repair mechanisms are
affected in glomerular disease. These mechanisms are indispensable for podocyte
homeostasis and single nucleotide polymorphisms (SNPs) associated with glomerular mMRNA
levels of DNA repair genes can be identified in patients suffering from proteinuric kidney
disease. Second, podocytes do not react to DNA damage by a repression of the mTORCH1
pathway, but by a striking upregulation before the onset of podocyte loss. This is the first report
drawing a connection between DNA repair mechanisms and glomerular diseases via mTORCA1
signaling.

Only recently has the importance of DNA repair sparked larger interest in the field of podocyte
biology. Due to their often deleterious clinical phenotypes the description of glomerular
abnormalities in syndromes caused by mutations in DNA repair genes is scarce (Chehida et
al., 2017; Hirooka et al., 1988). However, there is evidence for a podocyte involvement
underlined by reports of proteinuria and nephrotic syndrome (Doig et al., 2006; Faridounnia et
al., 2015; Kondo et al., 2016). The same holds true for factors involved in other forms of DNA
maintenance such as the KEOPS complex (Braun et al., 2017; Hecker et al., 2009) or KAT5,
a contributor to DNA methylation and non-homologous endjoining repair (Hishikawa et al.,
2019). The ltoh group further linked the proteinuric phenotype to DNA double strand breaks
and methylation in the promotor region of slit diaphragm protein nephrin and established an
association of DNA double strand breaks in glomeruli of patients suffering from IgA
nephropathy (Hayashi et al., 2020; Hishikawa et al., 2020). Our analysis adds considerably to

this body of evidence, as we identify multiple factors of DNA maintenance, in particular of NER,
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to be transcriptionally altered in glomeruli of various renal diseases involving pronounced
podocyte damage and loss. The precise evaluation of perturbations in every single one of the
identified genes goes beyond the scope of this manuscript, but we investigated the importance
of NER and the subsequent podocyte-specific reaction to accumulating DNA damage to an
unreported depth in vivo.

To what extent glomerular epithelial cells are subjected to genomic stress remains unclear.
For the first time, this study reveals the occurrence of DNA damage in podocytes under healthy
conditions indicating a need for constant DNA maintenance and repair. This finding is in line
with studies investigating glomerular expression profiles of a partial Ercc1 ko (Schermer et al.,
2013) and an adipose-tissue specific Ercc1 ko that described a low amount of YH2A.X foci
occurring in adipocytes of control animals as well (Karakasilioti et al., 2013). A major factor
contributing to this stress, most likely, results from damaging agents in the patients’ sera, as
these are constantly filtered into the primary urine in which the podocytes are emerged in.
Deficiency in the repair of the latter seems to be compensable up to a certain threshold as
podocyte loss, proteinuria and glomerular sclerosis only became apparent after week 9. We
identified the accumulation of 6 or more YH2A.X foci to render podocytes deficient of Ercc1
prone to further damage and possible detachment in our mouse model.

The interplay of DNA damage, its repair and the mTOR pathway have been a subject of
numerous studies, specifically in the field of cancer biology. The drosophila homologs for DNA
damage-inducible transcript 4 protein (DDIT4/RTP801/REDD1) were found to inhibit mTORCH1
signaling upstream of Tuberous sclerosis 1 and 2 (TSC1/2) (Reiling and Hafen, 2004).
Similarly, tumor suppressors p53 and PEST containing nuclear protein (PCNP) repress mTOR
through the expression of Sestrin 1 and 2 (Budanov and Karin, 2008) or the dephosphorylation
of RAC-alpha serine/threonine-protein kinase (AKT), respectively (Wu et al., 2018). Strikingly,
we observed that podocytes both in vitro and in vivo reacted to endogenous accumulation or
exogenous infliction of DNA damage with an upregulation of the mTORC1 pathway. Herein
lies a fundamental difference to other cells and a potential disease mechanism as numerous
studies have depicted the importance of a tight regulation of mMTORCH1 for podocyte health and
the deleterious effect of both overactivation and repression in diseases (Godel et al., 2011;
Inoki et al., 2011; Ising et al., 2015; Liebau et al., 2013; Puelles et al., 2019; Zschiedrich et al.,
2017). Since mTORC1 activation occurs in Ercc1pko podocytes at 9 weeks, a timepoint of no
overt podocyte loss, only mild ultrastructural differences, and significant accumulation of DNA
damage foci, our data indicate a direct link between genomic stress and mTORC1 activation
in podocytes.

A growing body of evidence suggests that mMTORC1 activity reduces the capacity of successful
DNA repair (Chebel et al., 2016; Dominick et al., 2016), e.g. through ribosomal S6 kinase
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(S6K)-dependent phosphorylation of E3 ubiquitin-protein ligase RNF168 (Xie et al., 2018).
However, upon podocyte depletion, remaining podocytes on the glomerular tuft, counteract
the loss of neighbouring cells through mTORC1-mediated hypertrophy (Puelles et al., 2019)
which impairs proper DNA repair. We, therefore, hypothesize that this reaction can lead to a
downward spiral of insufficient DNA maintenance and mTORC1 activation triggering excessive
podocyte loss.

We used a cohort of FSGS patients with kidney expression data to perform a targeted cis
eQTL study and identified common SNPs associated with altered expression of DNA repair
genes. This is of particular interest since there seems to be a broad interplay between the gene
products exerting functions beyond their canonical pathways in genome maintenance
(Mulderrig and Garaycoechea, 2020). Such sites in the genome, therefore, warrant further
investigation on whether they can be exploited for therapeutic strategies with the goal of
altering glomerular DNA damage repair. For instance, decreased expression of DNA repair
genes could render podocytes prone to increased accumulation of DNA damage upon
mTORC1 activation thereby rendering a subgroup of patients prone to the development of
glomerular scarring.

The importance of Ercc1 in maintaining podocyte homeostasis is consistent with the role of
NER in postmitotic cell types that is particularly apparent in the neurodegenerative pathologies
that are typical for NER deficiency syndromes(Wolters and Schumacher, 2013). The role of
NER in repairing transcription-blocking lesions might thus play a pivotal role in podocytes that
need to maintain the integrity of transcribed genes during the entire lifespan or the organism.
Even in hepatocytes, Ercc1 -/delta mice showed a considerable block of transcription indicative
of transcription-coupled mechanisms being stalled (Milanese et al., 2019)47.

In conclusion, we have identified nucleotide excision repair as an essential mechanism of DNA
maintenance in podocyte homeostasis. The presented study characterizes the activation of
mTORCH1 signaling as a specific response of podocytes to DNA damage and accumulation of

the latter as one novel hallmark of podocyte loss and glomerular disease.
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Methods:

ERCB

Human microarray analysis 167 genes involved in DNA repair and nucleotide excision repair
were compiled from the hallmark gene set “DNA-Repair” from the Molecular Signatures
Database (MSigDB) Collection (Liberzon et al The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 2015 Dec 23;1(6):417-425) and upon literature
research. Human kidney biopsies and Affymetrix microarray expression data were obtained
within the framework of the European Renal cDNA Bank - Kréner-Fresenius Biopsy Bank (C.
D. Cohen, et al Kidney international 61, 133-140 (2002)). Diagnostic biopsies were obtained
from patients after informed consent and with approval of the local ethics committees.
Following renal biopsy, the tissue was transferred to RNase inhibitor and micro-dissected into
glomeruli and tubulo-interstitium. Total RNA was isolated, reverse transcribed and amplified to
a protocol previously reported (Cohen et al PNAS 103: 5682-5687 (2006)). Fragmentation,
hybridization, staining and imaging were performed according to the Affymetrix Expression
Analysis Technical Manual (Affymetrix, Santa Clara, CA, USA). Published datasets of
glomerular samples were analysed for mRNA expression levels. Analysis included datasets
from patients with minimal change disease (MCD; n=14), focal segmental glomerulosclerosis
(FSGS; n=23), membranous nephropathy (MGN; n=21), IgA nephropathy (Glom:n=27), , and
hypertensive nephropathy (HTN; n=15) as well as controls (living donors (LD); n=42)
(GSEQ99340, LD data from: GSE32591, GSE37463). 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 Brain Array  version 18
(http://brainarray.mbni.med.umich.edu/Brainarray/default.asp). To identify differentially
expressed genes, the SAM (Significance Analysis of Microarrays) method (V. G. Tusher, et al.
PNAS 98, 5116-5121 (2001)) was applied using SAM function in Multiple Experiment Viewer
(TiGR MeV, Version 4.9). A g-value below 5% was considered to be statistically significant.
The resulting gene expression list was censored for genes, whose products were detected in
a transciptomic and proteomic analysis of wild-type murine podocytes (Rinschen et al., 2018).
Mice

Mice were bred in a mixed FVB/CD1 (Ercc1pko) or FVB/CD1/C57BL6 (Ercclipko) background.
All offspring was born in normal mendelian ratios with FACS-sorted podocytes of animals
carrying the podocyte-specific knockout (pko) depicting a profound decrease in Ercc1 gene
expression levels (Fig. S1D). Mice were housed in the animal facility of the Center for
Molecular Medicine Cologne or the Cluster of Excellence — Cellular Stress Responses in
Aging-Associated Diseases. Following federal regulations, the Animal Care Committee of the

University of Cologne reviewed and approved the experimental protocols. Animals were
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housed at specific pathogen-free (SPF) conditions with three-monthly monitoring according to
FELASA suggestions. Housing was done in groups of less than six adult animals receiving
CRM pelleted breeder and maintenance diet irradiated with 25 kGy (Special Diet Services,
Witham, UK), and water ad libitum. Spot urine was collected once a week during cage changes
or during sacrifice.

Mice were anaesthetized by intraperitoneal injection of 10 ul per g bodyweight of 0,01%
xylocaine and 12,5 mg/ml ketamine — blood was drawn from the left ventricle into a syringe
rinsed with Heparin sulfate, and animals were perfused with cold phosphate buffered saline
(PBS). Kidneys were excised and embedded in OCT (Sakura, Torrance, CA) and frozen at -
80°C or fixed in 4% neutral buffered formalin and subsequently embedded in paraffin.
Podocyte isolation

To isolate primary podocytes, Ercciflox/flox mice heterozygous for the R26mTmG and
NPHS2.Cre transgene were sacrificed and kidneys were used for glomerular preparation, as
previously described (Rinschen et al., 2018). The glomeruli were digested, and the single-cell
suspension was used for fluorescence-activated cell sorting.

gPCR Analysis

Total ribonucleic acid (RNA) was extracted from podocytes of Ercc1/Pod:Cre/mTmG mice
using Direct-zol™ RNA MiniPrep Kit (cat. no. R2052, Zymo Research). Isolation of glomeruli,
preparation of a glomerular single-cell suspension and fluorescence-activated cell sorting was
done as previously described (Wanner et al., 2014). Podocytes were sorted into TriReagent
(cat. no. 93289, Sigma-Aldrich). The complementary deoxyribonucleic acid (cDNA) was
synthesized with High Capacity cDNA Reverse Transcription Kit (cat. no. 4368814, Applied
Biosystems). PCR was performed using TagMan™ Gene Expression Master Mix (cat. no.
4369016, Applied Biosystems) and the Applied Biosystems Real-time PCR system. Real-time
PCR was measured with three reactions in each gene target (triple replication technique). The
sequence of the PCR primer used for Ercc1 was: 5'- AGCCAGACCCTGAAAACAG-3’ and 5'-
CACCTCACCGAATTCCCA-3’ in PrimeTime Mini qPCR Assay for Erccl (Assay-ID..
Mm.PT.58.42152282, IDT). The gene expression was calculated using comparative cycle
threshold method and normalized to RNA polymerase Il subunit A (Polr2a). The relative fold
change of Ercc1 expression in knockout mice was compared with WT and heterozygous mice.
Urinary Albumin ELISA & Creatinine measurement

Urinary albumin levels were measured with a mouse albumin ELISA kit (mouse albumin ELISA
kit; Bethyl Labs, Montgomery, TX, USA ). Urinary creatinine kit (Cayman Chemical, Ann Arbor,
MI, USA ) was used to determine corresponding urinary creatinine values. For Coomassie

Blue detection of albuminuria, spot urine of mice was diluted 1:20 in 1x Laemmli Buffer and
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urinary proteins separated using Poly-Acrylamide Gel Electrophoresis with subsequent
Coomassie gel stain.

Plasma Creatinine and Urea measurement

Blood samples were centrifuged at 400g 4°C for 20 minutes and plasma samples subsequently
stored at -20°C until further analysis. Creatinine and Urea were measured using standard
clinical protocols by the Department of Clinical Chemistry of the University of Cologne.
Histologic analysis

To assess morphological changes in light microscopy we performed periodic acid Schiff
staining. For specific antibody stainings sections were deparaffinized in Xylene (VWR,
Darmstadt, Germany), rehydrated in decreasing concentrations of ethanol and subjected to
heat-induced antigen retrieval in 10mM Citrate Buffer pH6 for 15minutes. Peroxidase blocking
was performed in methanol mixed with 3% hydrogen peroxidase (Roth, Karlsruhe, Germany)
followed by Avidin/Biotin Blocking (Vector, Burlingame, CA, USA) for 15 minutes each. After
incubation in primary antibody (anti-phospho-S6 Ribosomal Protein (Ser235/236) # 4858 —
Cell Signaling Technology) 1:200 in TBS 1% BSA at 4°C overnight, sections were washed in
TBS and incubated in biotinylated secondary antibody (Jackson Immunoresearch, West
Grove, USA) 1h at room temperature. For signal amplification the ABC Kit (Vector, Burlingame,
CA, USA) was used before applying 3,30-diaminobenzamidine (Sigma-Aldrich, St Louis, USA)
as a chromogen. Hematoxylin was used for counterstaining. After dehydration slides were
covered in Histomount (National Diagnostics, Atlanta, USA).

Immunofluorescence Staining

Parrafin embedded tissue was cut in to 3um sections and processed according to published
protocols (Puelles et al., 2015). Primary antibodies (anti-yH2A.X #2577s — Cell Signalling
Technology, anti-nephrin #GP-N2 — Progen, anti-synaptopodin #65294 — Progen, anti-Dach1
#HPAO012672 — Sigma Aldrich (Endlich et al., 2018), anti-phospho-S6 Ribosomal Protein
(Ser235/236) # 4858 — Cell Signaling Technology) were used at 1:200 dilution. Far-red
fluorescent DNA dye Draq 5 was used as a nuclear marker.

Cells were processed according to published protocols (Liebau et al., 2013). Primary antibody
(anti-p53 #p53-protein-cm5 Leica Biosystems) was used at 1:200 dilution.

For yH2A X foci quantification, a custom FIJI macro was used. In brief, podocyte nuclei were
identified through surrounding synaptopodin staining, segmented using the freehand tool and
split into single channels. Drag 5 channel was converted into binary image using auto
threshhold “otsu dark” with subsequent particle measurement (range 5-Infinite) to determine
nuclear area. YH2A.X channel was converted into binary image using auto threshhold
“MaxEntropy dark” with subsequent particle measurement (range 0.02-Infinite) to determine

foci number and area.
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Electron Microscopy

Mice were perfused with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium
cacodylate, pH 7.4. Postfixation was performed in the same buffer for 2 additional weeks at
4°C. Tissue was osmicated with 1% OsO4 in 0.1 M cacodylate and dehydrated in increasing
ethanol concentrations. Epon infiltration and flat embedding were performed following
standard procedures. Toluidine blue was used to stain semithin sections of 0.5 ym). Thirty-
nanometer-thick sections were cut with an Ultracut UCT ultramicrotome (Reichert) and stained
with 1% aqueous uranylic acetate and lead citrate. Samples were studied with a Zeiss EM 902
electron microscope (Zeiss, Oberkochen, Germany) and Zeiss EM 109 electron microscope
(Zeiss).

In vitro Experiments

Conditional immortalized murine podocytes were a gift by Stuart Shankland. Cells were
cultured as previously described (Shankland et al., 2007). Briefly, immortalized podocytes
were cultured in RPMI media supplemented with 10% FBS and IFNy (Sigma-Aldrich,
Taufkirchen, Germany). Cells proliferated at 33°C until they reached a confluence of 60-70%.
Differentiation of podocytes was induced by seeding the cells at 37°C on Primaria plastic plates
(BD Biosciences, San Jose, CA, USA) in the absence of IFNc. After 10 days of differentiation
cells were treated with 5 or, respectively, 10 pyg/ml mitomycin C (#M0503 - Sigma-Aldrich,
Taufkirchen, Germany) for 2h. Afterwards cells were washed once with Phosphate-Buffered
Saline and cultured in normal mitomycin C-free medium for additional 6 hours before further
processing. The absence of mycoplasm infection was tested regularly using the mycoplasm
detection kit from Minerva biolabs (Minerva Biolabs, Berlin, Germany).

Western Blot analysis

SDS-PAGE was used for protein size separation with subsequent blotting onto polyvinylidene
difluoride membranes and visualized with enhanced chemiluminescence after incubation of
the blots with corresponding antibodies (Phospho-Histone H2A.X (Ser139); Phospho-S6
Ribosomal Protein (Ser235/236) (D57.2.2E); S6 Ribosomal Protein (5G10) — Cell Signaling
Technology; alpha Actin — Developmental Studies Hybridoma Bank; beta-Tubulin (E7) -
Developmental Studies Hybridoma Bank)

eQTL Analysis

For the subgroup analysis of FSGS cohort the procecdure described in Gillies et al., 2018. was
used with the following exceptions: only FSGS patients were used in this analysis (N=87) and
only RNAseq expression data for glomerular samples were utilized. Briefly cis-eQTLs were
identified using MatrixEQTL from among variants that were located either within the annotated
boundaries of a gene or it’s surrounding region (+/- 500kb) (Shabalin et al., 2012). We then

adjusted for age, sex, principle components of genetic ancestry and the first 5 PEER factors
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(Stegle et al. 2010). The genetic ancestry was calculated using LD-pruned WGS data from
across all 87 patients using the EPACTS tool (https://genome.sph.umich.edu/wiki/EPACTS).
The gene-level FDR for the MatrixEQTL was controlled using TORUS (Wen, 2016). Fine
mapping of the eQLTs was performed using the DAP algorithm (Wen, et al, 2016).

Statistics

If not stated otherwise unpaired two tailed Student’s t test was used to compare two groups,
and p values =< 0.05 were considered significant. For multiple group comparisons, we applied
1-way ANOVA followed by Tukey’s post hoc correction. Statistics were performed using
GraphPad Prism 8.

Study approval

All investigations involving human specimen have been conducted according to the
Declaration of Helsinki following approval of the local ethics committees. Written informed
consent was received from participants prior to inclusion in the study. All mouse experiments
were conducted according to institutional and federal guidelines and approved by the LANUV
NRW VSG 84-02.04.2013.A336.
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Figure S1:

A: Expression profile of 118 hallmark DNA repair and 33 B: NER genes in MCD, FSGS, IgA Nephropathy
(IgA), membranous glomerulonephritis (MGN), diabetic nephropathy (DN) and hypertension (HT)
glomeruli compared to controls depicted as parts of a whole and single genes in heatmaps.

C: Breeding scheme for homozygous and heterozygous podocyte-specific Ercc1 ko mice.

D: gPCR analysis for Ercc1 in FACsorted podocytes of Ercc1 ctrl, wt/pko or pko mice. Delta-Delta-CT
values expressed as scatterplots depicting mean plus 95% confidence interval,

E: Kaplan-Meyer curve depicting survival of ctrl, het and pko mice (Mantel-Cox-Test).

F: Representative Coomassie blue staining of Ercc1 ctrl and wt/pko urine at 36 weeks of age, bovine
serum albumin (BSA) was loaded as reference.

G: Representative Periodic Acid Schiff (PAS) staining of Ercc1 wt/pko kidney at 36 weeks of age.

H: Kaplan-Meyer curve depicting survival of Ercc1 ctrl and ipko mice (Mantel-Cox-Test).

*p =0,05, **p <0,01, ***p < 0,001, scalebar: 100pm.
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Figure 1: Nucleotide excision repair gene expression is perturbed in FSGS and essential for

podocytes health.

A: Expression profile of 118 hallmark DNA repair and 33 NER genes in FSGS and MCD glomeruli
compared to controls depicted as parts of a whole (circles) and single genes (columns) in heatmaps.
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B: Breeding scheme for homozygous podocyte-specific constitutive Ercc1 ko mice (pko).

C: Weight analysis; D: urinary albumin/creatinine analysis; E: serum creatinine analysis; F: serum urea
analysis of Ercc1 ctrl and pko mice.

G: Representative Periodic Acid Schiff (PAS) staining of 13 week-old Ercc1 ctrl and pko mice and
quantification of sclerotic glomeruli, n = 5, 50 glomeruli per sample.

H: Breeding and induction scheme for homozygous inducible podocyte specific Ercc1 ko mice (ipko).

I: Representative Coomassie blue staining of Ercc1 ctrl and ipko urine 124d after induction with
tamoxifen, bovine serum albumin (BSA) was loaded as reference (n=6).

J: Representative Periodic Acid Schiff (PAS) staining of Ercc1 ctrl and ipko mice 175d after induction
with tamoxifen (n=6).

All scatterplots indicate mean plus 95% confidence interval, *p < 0,05, **p < 0,01, ***p < 0,001, ****p <
0,0001, scalebars: 100um.
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Figure 2: The podocyte-specific constitutive ko of Ercc1 leads to foot process effacement and
podocyte loss accompanied by accumulation of DNA damage.

A: Representative electron microscopy image of 7 and 9 week-old Ercc1 ctrl and pko podocyte, scalebar
indicating 2um, B: blood side —intracapillary space, U: urinary side — bowman’s space, Asterix indicating
podocyte foot process (n=3).

B: Representative immunofluorescence staining of slit diaphragm protein nephrin with nuclear marker
DAPI of Ercc1 ctrl and pko kidneys, scalebar indicating 2um (n=5).

C: Representative immunofluorescence staining of podocyte proteins synaptopodin (gray), Dachshund
homolog 1 (dach1) (Endlich et al., 2018) (green) and far-red fluorescent DNA dye Drag5 (red) as a
nuclear marker in sections of 9 week-old Ercc1 ctrl and pko kidneys, with quantification of podocyte
number and density of Ercc1 ctrl and pko kidneys, scalebar indicating 10pym (n=5).

D: corresponding staining in paraffin embedded sections of 11 week-old Ercc1 ctrl and pko kidneys,
scalebar indicating 10um (n=5).

E: Representative immunofluorescence staining of synaptopodin (gray), DNA damage marker yH2A.X
(green) and nuclear marker Draqg5 (red) in sections of 9 week-old Ercc1 ctrl and pko kidneys, with
quantification of yH2A.X foci per podocyte nucleus and nuclear area of Ercc1 ctrl and pko kidneys,
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scalebar indicating 2um, yellow dotted line indicating nuclear border (n=5, 10 glomeruli per sample, 5
podocytes per glomerulus).

F: Staining corresponding to Fig 2E in paraffin-embedded sections of 11 week-old Ercc1 ctrl and pko
kidneys, scalebar indicating 2um, yellow dotted line indicating nuclear border (n=>5).
All violin plots indicate median (black) and upper and lower quartile (gray), ***p < 0,001, ****p < 0,0001.
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Figure S2:
A: Quantification of glomerular volume of 9 week-old Ercc1 ctrl and pko kidneys (n = 5, 10 glomeruli per
sample)

B: Quantification of podocyte nuclear area of 9 week-old Ercc1 ctrl and pko kidneys, n = 5, 10 glomeruli
per sample, 5 podocytes per glomerulus.

C: Quantification of yH2A.X foci area per podocyte nuclear area of 9 week-old Ercc1 ctrl and pko
kidneys, n = 5, 10 glomeruli per sample, 5 podocytes per glomerulus.

D: Quantification of yH2A.X foci area per podocyte nucleus of 9 week-old Ercc1 ctrl and pko kidneys, n
=5, 10 glomeruli per sample, 5 podocytes per glomerulus.

All violin plots indicate median (black) and upper and lower quartile (gray), **p < 0,01, ***p < 0,001, ****p
< 0,0001
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Figure 3: DNA damage leads to an activation of the mTORC1 pathway and is increased in human
FSGS.

A: Schematic of in vitro protocol for the induction of DNA damage.

B: Representative immunoblot images for DNA damage marker YH2A.X and loading control protein
beta-tubulin of immortalized murine podocyte lysates (n=3).

C: Representative immunofluorescence images for tumor suppressor p53 and nuclear marker DAPI in
immortalized murine podocyte lysates (n=3).
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D: Representative immunoblot images for mTORC1 target phospho-S6-Ribosomal-Protein (pS6Rp),
S6Rp and loading control protein alpha-actin of immortalized murine podocyte lysates (n=3).

All cells imaged or lysed after treatment with mitomycin C (MMC) or ultraviolet C (UV-C) irradiation +
Rapamycin or serum starvation (SS), n = 4.

E: Representative immunofluorescence staining of SNP, pS6Rp and DAPI in sections of 9 week-old
Ercc1 ctrl and pko kidneys with Quantification of SNP and pS6Rp double positive cells per glomerulus
and per total SNP positive cells, scalebar indicating 10pym (n=5, 10 glomeruli per sample).

F: Representative immunohistochemistry staining of pS6Rp in sections of human MCD and FSGS
biopsies with quantification of pS6Rp positive cells per glomerulus, scalebar indicating 25um (n= 4, =272
glomeruli per group),

G: Representative immunofluorescence staining of SNP, yH2A.X and Drag5 in sections of human MCD
and FSGS biopsies with quantification of yH2A.X foci per podocyte nucleus scalebar indicating 2um,
yellow dotted line indicating nuclear border (n=4, 4 glomeruli per sample, 5 podocytes per glomerulus).
All violin plots indicating median (black) and upper and lower quartile (gray),”*p < 0,01, ***p < 0,001,
****p < 0,0001.
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Figure S3:

A: Quantification of podocyte nuclear area of human MCD and FSGS biopsies (n=4, 4 glomeruli per
sample, 5 podocytes per glomerulus).

B: Quantification of yH2A.X foci number per podocyte nucleus of human MCD and FSGS biopsies (n=4,
4 glomeruli per sample, 5 podocytes per glomerulus).

C: Quantification of yH2A.X foci area per podocyte nucleus of human MCD and FSGS biopsies, (n=4,
4 glomeruli per sample, 5 podocytes per glomerulus).

D: Quantification of yH2A.X foci area per podocyte nuclear area of human MCD and FSGS biopsies,
(n=4, 4 glomeruli per sample, 5 podocytes per glomerulus).

All violin plots indicate median (black) and upper and lower quartile (gray), ***p < 0,001, ****p < 0,0001
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Figure S4:

A & B: Representative immunohistochemistry staining of pS6Rp in sections of murine young and aged
wildtype kidneys with quantification of pS6Rp-positive cells per glomerulus, scalebar indicating 25um (n
=11, 50 glomeruli per sample).

C & D: Representative immunofluorescence staining of SNP, yH2A.X and Drag5 in sections of murine
young and aged wildtype kidneys with quantification of yH2A.X foci per podocyte nucleus, scalebar
indicating 2um (n=4, 5 glomeruli per sample, 5 podocytes per glomerulus).

E & F: Representative immunohistochemistry staining of pS6Rp in sections of human young and aged
kidneys with quantification of pS6Rp-positive cells per glomerulus, scalebar indicating 50uym (=40
glomeruli per sample).

G & H: Representative immunofluorescence staining of SNP, yH2A.X and Drag5 in sections of human
young and aged kidneys with quantification of yH2A.X foci per podocyte nucleus, scalebar indicating
5um (5 glomeruli per sample, 5 podocytes per glomerulus).

Scatterplot depicting mean and 95% confidence interval, All violin plots indicating median (black) and
upper and lower quartile (gray), *p < 0,05, **p < 0,01, ***p < 0,001, ****p < 0,0001.
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APRT 353 ENSG00000198931 2,20E-07|16:88811768_C/A 0,668248

DR vID DIP o p o A b

0,017241379| -1,420888498

1
APRT 353|ENSG00000198931 2,20E-07|16:88082011_C/CG 0,167905 1| 0,973333333| 1,162364612
APRT 353|ENSG00000198931 2,20E-07|16:88079209_C/T 0,162832 1| 0,974358974 1,15139183
DAD1 1603 [ENSG00000129562 1,02E-11|14:22589178_A/G 0,952647 1| 0,75862069| -0,565218707
GPX4 2879|ENSG00000167468 0,000934415|19:1104079_G/A 0,964011 1| 0,166666667| 0,345933105
GTF2H1 2965|ENSG00000110768 0,000932223|11:18321662_G/A 0,234675 1| 0,712643678| 0,708757092
GTF2H1 2965 |ENSG00000110768 0,000932223|11:18322331_A/G 0,192217 1| 0,712643678| 0,708757092
GTF2H1 2965|ENSG00000110768 0,000932223|11:18322275_C/G 0,192217 1| 0,712643678| 0,708757092
NME1 4830 ENSG00000239672 3,34E-10|17:51153130_A/T 0,336428 1| 0,408045977| 0,524297468
NME1 4830 ENSG00000239672 3,34E-10|17:51154262_C/G 0,265371 1| 0,408045977| 0,524297468
NME1 4830 ENSG00000239672 3,34E-10|17:51152947_T/C 0,169729 1| 0,408045977| 0,524297468
RAD52 5893 |ENSG00000002016 0,001127433|12:792365_C/T 0,505161 1| 0,557471264| -0,876745977
RAD52 5893 | ENSG00000002016 0,001127433|12:857042_G/A 0,115504 1| 0,568965517| -0,875319626
RAD52 5893 |ENSG00000002016 0,001127433|12:813242_C/T 0,0956224 1| 0,563218391| -0,853034149
TK2 7084 | ENSG00000166548 0,00015724216:66550099_T/C 0,463657 1| 0,356321839 0,53268484
TK2 7084 | ENSG00000166548 0,000157242|16:66549744_A/G 0,251954 1| 0,350574713| 0,530924135
TK2 7084 | ENSG00000166548 0,00015724216:66549715_G/C 0,251954 1/ 0,350574713| 0,530924135

Table 1: EQTL analysis of DNA repair genes in FSGS patients
Ensg: ensemble gene ID; FDR: false discovery rate, PIP: posterior inclusion probability, AF:

allele frequency, beta: expression difference to reference allele
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Visual Abstract

Schematic overview of main findings — Accumulation of genomic stress in podocytes occurs
through endogenous or exogenous agents as well as genetic factors causing decreased DNA
repair gene expression. Excessive DNA damage leads to the activation of mMTORCH1 triggering

podocyte effacement, loss, glomerular scarring and proteinuric kidney disease.
Supplementary Information:

Table S1: Gene expression analysis of ERCB for Hallmark DNA Repair and Nucleotide
Excision Repair Genes

Table S2: Clinical characteristics of FSGS patients
Table S3: EQTL analysis of DNA repair genes in FSGS patients
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