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1 Abstract

Disease heterogeneity presents challenges in the understanding of disease progression of individual cells or
cell types within complex tissues, particularly when the cells that are undergoing damage progress at differ-
ent rates. In progressive renal diseases that lead to focal segmental glomerulosclerosis (FSGS), the loss of
podocyte number and function is a major contributing factor for renal pathogenesis and our understanding of
the underlying damage mechanisms in damaged podocytes has been limited. The present work addresses this
gap in understanding by investigating the dysregulation of transcription networks, alterations in the epige-
netic landscape, modulation of cellular pathways, and regulation by transcription factor (TF) in podocytes
during FSGS development. By employing mouse models, single-cell technologies, and molecular assays,
we developed a podocyte damage score (PDS) to decipher TF and pathway rewiring, explored changes in
the epigenetic landscape, and investigated the molecular actions of LMX1B, which is a key TF essential for
podocyte maintenance. Our findings highlighted the robustness and specificity of the PDS in scoring damage
at single-cell resolution across murine and human chronic kidney diseases and demonstrated the versatility of
the PDS in identifying unique cellular mechanisms across diverse disease models. We performed comprehen-
sive mappings of the epigenetic landscape for various glomerular cell types in health and disease and revealed
differential regulation of glomerular cell-specific enhancers through chromatin accessibility and by acetylation
of histone 3 lysine 27 which correlated with target gene expression and key signaling pathways. Additionally,
functional podocyte-specific knockout studies of Lmxz1b using single-cell multiomic approaches revealed its
potential role as a novel regulator of the non-canonical Wnt signaling pathway in injured podocytes and in
vitro studies implicated the C-terminal end of LMX1B in liquid-liquid phase separation (LLPS), and offered
additional mechanistic insight into the function of LMX1B. In summary, our integrated approach utilizing
single-cell technology allowed for a comprehensive investigation of the intricate gene regulatory mechanisms
and epigenetic rewiring of podocytes undergoing FSGS and shed light on differential regulation related to
key TFs and signaling pathways critical for podocyte function.



2 Introduction

2.1 Podocyte biology

The glomerulus is the filtration unit of the kidney and is responsible for maintaining body homeostasis as
well as fluid and electrolyte balance by filtering blood into urine [1]. The filtration process begins when blood
plasma passes through the glomerular filtration barrier, which only permits free passage to small molecules
like water, ions, glucose, amino acids and waste products, yet remains impermeable to macromolecules [1].
The resulting glomerular filtrate collects in the Bowman’s capsule, travels through the proximal tubules
and along various segments of the renal tubules where essential substances such as glucose, amino acids,
and the majority of the filtered water undergo reabsorption back into the bloodstream before nitrogenous
wastes, salts and excess water are excreted as urine [2]. The integrity of the glomerular filtration barrier
ensures appropriate size and charge selection against macromolecules to prevent protein wastage in the urine
(proteinuria). Proteinuria is a hallmark of kidney disease [3]. The glomerular filtration barrier preventing
proteinuria consists of three components: the fenestrated endothelium, the basement membrane, and the
podocytes [1]. The endothelium layer of the glomerular capillaries is layered by endothelial cells while
podocytes are terminally differentially epithelial cells that wrap around the capillaries to create filtration
slits with thin diaphragms in between [1]. The glomerular basement membrane (GBM) is an extracellular
matrix that forms between the glomerular endothelial cells (GECs) and the podocytes. The function of the
filtration barrier is dependent on the integrity and interplay between the three constituents but the specific
molecular mechanisms remain largely unknown [4, 5].

Podocytes are highly specialized epithelial cells located on the outer surface of the glomerular capillaries [2]
(Figure 1). They have unique finger-like extensions called foot processes, which interdigitate with neighboring
podocyte foot processes forming cell-cell junctions but leaving narrow gaps or slits between them forming the
slit diaphragm (SD) [6, 7]. These specialized adherens junctions contain unique podocyte-specific integral
membrane proteins including nephrin, podocin and Nephl. These proteins serve as a signaling platform to
maintain the filtration function and to regulate the shape of foot processes through interaction with the
actin cytoskeleton [8]. Mutations in nephrin, podocin, podocalyxin and Nephl are associated with foot
processment effacement and proteinuria. Scaffolding proteins including ZO-1, CD2AP, MAGI-2 and various
actin-binding proteins including actinin-4 are associated with the junction and also localized to the slit
diaphragm [9]. Podocytes are terminally differentiated cells without the capacity to renew and podocyte
damage is suggested to be one of the critical factors in determining renal prognosis [3, 10]. Mechanical injury
to podocytes, genetic susceptibility, drug treatment, and aging may all contribute to podocyte damage and
deteriorating filtration ability of the slit [11, 9, 12]. The disruption of the podocyte slit diaphragm can
occur in various kidney diseases, such as Focal Segmental Glomerulosclerosis (FSGS), Diabetic Nephropathy
(DN) and Minimal Change Disease (MCD), where the selective filtration properties of the slit diaphragm
are compromised, resulting in abnormal filtration rate and proteinuria [3, 9, 6]. The filtration process across
the glomerular capillary exerts physical forces on the capillary wall but the gel-like structure of the GBM
counteracts this hydrostatic pressure by dynamic organization of the highly regulated actin cytoskeleton
network in podocytes [13]. Thus the coordinated transcriptional regulation from the nucleus to signaling
effectors at the SD is essential for correct mechanosensing and preservation of the structural integrity required
to maintain podocyte function. The failure to provide mechanical resistance against blood pressure by the
podocytes to compress the GBM leads to poor permselectivity of the filtration barrier and loss of albumin and

other macromolecules into the urine [14]. Therefore, a deeper understanding of how transcription regulatory



mechanisms contribute to the maintenance of podocyte function in health and undergo alterations during

disease progression can provide valuable insights for the development of therapeutic strategies.
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Figure 1: The structure of podocytes. A. Scanning electron microscopy view from Bowman’s space. Major
or primary processes (MP) link the cell body (CB) to foot processes (FP), which interdigitate with that
of the neighboring podocytes to form the filtration slits. B. Transmission electron microscopy image of the
cross-section of the filtration barrier showing the fenestrated endothelium, GBM, and podocyte FP with the
slit diaphragm (SD). C. Schematic representation of the slit diaphragm and key proteins that play a role in
the the maintenace of podocyte function. Figures A and B are adapted from Mundel et al. [15]. Figure C
is adapted from Benzing et al. using Biorender [13].

2.1.1 Focal segmental glomerulosclerosis

Focal segmental glomerulosclerosis (FSGS) is a histological pattern of the glomeruli characterized by scarring
and lesions in segments of a subset of glomeruli [16]. Clinical manifestations of FSGS encompass proteinuria
or hypoalbuminemia, edema, decreased kidney function, and can result in chronic kidney disease (CKD)
[17]. The loss of and injury to podocytes are associated with the development of FSGS [18]. The medical
intervention aims to mitigate the severity of symptoms, preserve renal function, and slow disease progression
[3, 17]. In severe cases, FSGS may progress to end-stage renal disease (ESRD), which necessitates dialysis or
kidney transplantation as a final treatment option [18]. FSGS is a heterogeneous glomerular damage pattern
with diverse presentations and underlying causes. It encompasses various subtypes, including primary,
secondary, and genetic FSGS [18, 19]. Primary FSGS, also known as ”idiopathic” FSGS, arises spontaneously
without an identifiable cause, and its exact mechanisms are not well understood. On the other hand,
secondary FSGS emerges as a consequence of stress imposed on the glomeruli by secondary associated
risk factors from outside of the kidney. The contributing conditions may include obesity, hypertension,
diabetes, infections, or medications [19]. Additionally, genetic mutations can play a significant role in FSGS
pathogenesis where mutations in genes encoding proteins important for podocyte function and glomerular
filtration can result in hereditary forms of FSGS [17, 3].

The identification of key proteins that are essential for podocyte function led to the discovery of numerous
mutations responsible for the onset of FSGS. For example, mutations in the nephrin (NPHS1) [20], and
podocin (NPHS2) [20, 14], genes cause childhood- and adult-onset FSGS. a-Actinin-4 is an actin-filament

crosslinking protein and missense mutations in the ACTN4 gene leading to nonsynonymous substitution at



L228E, T232T or S235P have been identified as direct causes of FSGS [21]. CD2-associated protein (CD2AP)
is an adaptor protein that can directly interact with nephrin and F-actin to regulate the actin cytoskeleton
[22]. Patients with mutations in the CD2AP genes resulting in truncated proteins were affected by idiopathic
FSGS [23] and early onset nephrotic syndrome [24], and heterozygous mutations at K301M [25] and T374A
[26], as well as point mutations within introns [27] were established FSGS-causing variants. Transcription
factors (TF's) are also crucial regulators of podocyte function. Wilm’s tumor gene (WT1) is a zinc finger
TF important for the development of kidneys and the differentiation of podocytes, and WT1 variants are
pathogenic for the Denys—Drash syndrome which is presented with renal failure [28], and mutations in the zinc
finger domain show dominant negative activity via loss of binding to DNA of target genes [29, 28]. Another
example is the Lim homeobox transcription factor 1B (LMX1B) which belongs to the LIM-homeodomain
TF family and amino acid substitution at arginine 246 has been shown to cause FSGS [30, 3, 31, 32]. In
contrast to WT1, whose target genes have been identified via glomerular ChIP-seq [33, 34, 35], knowledge
of transcriptional mechanisms of LMX1B and the function of its target genes remains to be explored due to
the lack of high-quality antibodies for ChIP-seq.

2.2 Transcriptional regulation

Mutations in podocyte-specific TFs, including WT1 and LMX1B, are well-established contributors to FSGS.
Consequently, our work investigates the molecular functions of these regulatory factors in order to understand
the regulatory role of TFs underlying podocyte damage. Gene expression can be regulated at two key
stages, transcription and translation, wherein the former regulates the conversion of DNA to RNA and
the latter controls the expression of proteins synthesized from its mRNA. Transcriptional regulation is the
core feature of cell development including acquisition of cell fate, differentiation of cell type, maintenance
of cell metabolism, and response to external stimuli. Transcriptional regulation is a complex and highly
orchestrated process that intricately controls gene expression and precise gene expression, occurring at the
appropriate spatial, temporal, and quantitative levels, is vital for the development and maintenance of the

correct cell identity [36].

2.2.1 Transcription factor regulation in podocytes

The role of several TFs that are essential in the development and maintenance of podocyte function have
been elucidated [37, 38]. The WT1 gene encodes a four Kriippel-type Cys2-His2 zinc finger and a tumor
suppressor protein that is indispensable for the initial stages of kidney development, but also the mainte-
nance of the integrity of the final differentiated podocyte [39]. WT1 defines podocyte identity by activation
of other podocyte-specific TFs, including Mafb, Lmx1b, FoxC2, and Tcf21 [40, 33, 34]. Mutations in WT1
are associated with a spectrum of diseases including Wilms’s tumor, the Denys-Drash syndrome, the Frasier
syndrome, and the isolated steroid-resistant nephrotic syndrome, then eventually progress to end-stage renal
failure [37]. The alternative splicing of WT1 leads to the protein expression of two major isoforms: +KTS
and -KTS both have distinct biological functions in development [41]. The predominant +KTS isoform has
a higher affinity for RNA binding and is implicated in gene regulation, and direct regulation of Scribble
gene, which regulates cell apical-basal polarity, in cultured podocyte models [42]. Downstream targets of
Wtl1 are also implicated in podocytophathy in FSGS, including Teadl [43, 44], Tcf21 [45, 46, 47] and Mafb
[48, 49, 50, 51]. Foxcl/2 has been to interact with WT1 in zebrafish to regulate podocyte formation [52].
REl-silencing transcription factor (REST), which is a repressor of neuronal genes during embryonic develop-



ment has also been whon to play a role in the adaptation to injury and aging in podocytes [53]. In summary,
the transcriptional regulation enabled by TFs can further lead to signaling cascades of downstream TFs to
form interconnected auto-regulatory loops within a gene regulatory network, and the intricate interaction
orchestrated by a network of TFs underscores the complexity of transcriptional control in podocytes. Un-
derstanding how the cell type-specific regulatory network is dynamically modulated upon podocyte damage

remains challenging to decipher.

2.2.2 Gene regulatory networks in the kidney

The elucidation of the gene regulatory network of podocytes is highly relevant for understanding molecular
functions and pathogenesis of FSGS. Meta-analysis of gene expression in hyperglycemic zebrafish showed
altered gene expression of key TF genes which led to morphological abnormalities in glomeruli, pronephric
tubules, proximal and distal ducts [54]. Integrated network analysis identified key changes in gene expression
and regulatory mechanism in FSGS [55], and research has shown that TAGLN-mediated regulatory network
may be involved in the progression of proteinuria [56]. Novel calcium-regulated gene networks have been
identified in podocytes [57]. Genes associated with the Wnt signaling cascade were dysregulated, while classi-
cal podocyte-specific genes appeared widely unaltered [58]. In the diphtheria toxin (DT)-mediated podocyte
depletion mouse model, differential gene expression analysis in isolated GECs showed significant changes in
pathways related to cell adhesion, actin cytoskeleton, cell proliferation, angiogenesis, as well as apoptosis
[59]. Podocyte-specific gene regulatory networks revealed alternative splicing of key genes that regulated
cellular processes important for the function of the cytoskeleton, endosomes, and peroxisome [60]. However,
current investigations of cell type-specific gene regulatory networks rely mostly on bulk transcriptomic and
proteomics and are technically limited in capturing subtle cellular changes in damaged podocytes. In this
thesis, we harness the power of single-cell technologies to comprehensively characterize temporal-dependent

transcriptional changes in podocytes undergoing progressing FSGS at single-cell resolution.

2.3 Epigenetic regulation of gene expression

Another layer of regulation beyond transcription control includes epigenetic mechanisms. The term epigenet-
ics was first coined by Waddington in 1942 to study ”mechanisms by which the genes of the genotype bring
about phenotypic effects” [61] but its definition has since drifted beyond the vague yet ambitious term aimed
to explain the intriguing fact that multiple cell types can arise from one single fertilized egg. Epigenetics
first echoed Herring’s definition used later in the year 1993 to refer to “the entire series of interactions among
cells and cell products which leads to morphogenesis and differentiation” [62]. Both references redeliberated
the Latin root word, epigenesis, which is an idea propelled by Aristotle who contrasted epigenesis with pre-
formation to draw his philosophical interpretation of nature and nurture based on observations made from
the embryonic development of chick eggs [63]. Indeed, before the 1990s, the primary focus of epigenetics
research pertained to developmental biology. However, the modern most widely accepted definition of epige-
netics came instead from Riggs’ review in 1996 summarized as “the study of mitotically and/or meiotically
heritable changes in gene function that cannot be explained by changes in DNA sequence” [64]. Therefore,
in this thesis, epigenetic mechanisms describe changes in the way genes are accessed or utilized in response
to input cues in flexible and reversible manners.

Examples of epigenetic mechanisms include DNA methylation, histone modifications and variant ex-

change, modification by chromatin remodelers and RNA-based regulation, including long non-coding RNAs



[65]. Methylation is a direct modification wherein a methyl group is covalently transferred to the C-5 position
of the cytosine ring in DNA molecules, and this reaction is catalyzed by methyltransferases and predom-
inantly occurs in the promoter regions of target genes that are enriched with CpG dinucleotides, called
CpG islands [66, 67]. Histones interact with and compact nuclear DNA into nucleosomes while regulating
the access to regulatory elements. Nucleosomes consist of 146bp of DNA wrapped around a histone oc-
tamer, comprising two copies each of four core histone proteins (H2A, H2B, H3, and H4) and are connected
via linker histone H1 [68]. The precise arrangement of nucleosomes along the DNA sequence is subject
to dynamic modifications and regulation by chromatin remodelers, via direct acetylation, methylation, or
phosphorylation on histones, which in turn influence chromatin structure and gene expression patterns [69].
The acetylation of histone 3 lysine 27 (H3K27ac), and monomethylation of histone 3 lysine 4 (H3K4mel)
are often associated with open chromatin and active gene expression [70], while histone deacetylation or
tri-methylation of histone 3 lysine 27 (H3K27me3) is linked to gene repression [71]. Chromatin remodel-
ing complexes control gene expression by modifying nucleosome shuffling or positioning to allow access to
condensed DNA regions to regulate transcription machinery protein [72]. Non-coding RNAs, such as microR-
NAs (miRNAs) and long non-coding RNAs (IncRNAs), are RNA molecules that do not code for proteins but
regulate gene expression at the post-transcriptional level [73]. Active transcription of enhancers generates
IcRNAs known as enhancer RNAs (eRNAs) and eRNAs are also implicated in transcriptional regulation
of target genes via phase separation and the formation of nuclear transcriptional condensates [74, 75, 76].
The complexity of the multifaceted epigenetic regulation of gene expression reflects the dynamic interplay
between various epigenetic mechanisms that can collectively modulate chromatin structure and accessibility
in response to changes in stimuli, cellular signals or damages. Potential combinatorial regulatory effects of
epigenetic modifications and their interaction with TFs and regulatory elements add additional layers of
complexity and research is still needed to understand how epigenetic mechanisms modulate kidney function

and podocyte biology.

2.3.1 Epigenetic mechanisms in kidney and podocytes

Regulation of DNA regulatory elements and chromatin structure in the kidney DNA regula-
tory elements such as promoters, enhancers, insulators and repressors are key regions in the genome that
determine the efficacy of transcriptional regulation and the connectivity of the gene regulatory networks
(Figure 2). These regulatory elements and networks are highly cell type-specific and context-dependent
and remain technically challenging to determine for podocytes, thus necessitating careful annotation and
then understanding of rewiring of the interconnecting epigenetic landscape of podocytes undergoing dam-
age. Promoters are generally 1-2 kilobases upstream of the transcription start site (T'SS) and are essential
for the recruitment of RNA polymerase II transcription machinery. In podocytes, the analysis of the murine
Nphsl promoter led to the identification of a 1.25-kb fragment promoter-enhancer element that can drive
transgene expression in podocytes without expression in extrarenal tissues and this promoter was further
exploited to generate a podocyte-specific Cre recombinase activatable mouse line that is now widely used in
in vivo investigation of podocyte biology [77, 78, 79]. In contrast, enhancers are cis-regulatory sequences
that work in concert with the promoter of a gene to control the spatiotemporal expression of its gene tar-
gets and can serve as a scaffolding platform for recruitment and binding of transcription factors and DNA
modifying complexes. The regulation of enhancers is irrespective of their orientation, distance or position
to their TSS target. Clusters of enhancers, called super-enhancers (SEs), may act synergistically or re-

dundantly to regulate transcription [80]. The analysis of primary cultures of human cortices and tubules



discovered that genetic variants associated with kidney diseases (GWAS) and kidney expression quantitative
trait loci were mostly enriched in DNA regulatory regions [81]. In the glomerulus, FOXC1/2 are suggested
to play meaningful roles in core regulatory circuits as they associate with SEs [82]. On the other hand,
CTCF is a protein that can bind to insulator elements and partition chromatin into higher-ordered topo-
logically associating domains (TADs) which act as single functional units for co-regulation in the genome.
The podocyte-specific inducible ablation of CTCF has been shown to develop rapid podocyte loss, severe
progressive albuminuria, hyperlipidemia, hypoalbuminemia, and impairment of renal function [83, 84]. Due
to technical limitations, mapping the 3D chromatin organization of podocytes presents a considerable chal-
lenge. However, the promoter-enhancer contacts have been profiled in human cultured podocytes, where the
glucocorticoid receptor binding sites were shown to be enriched at SEs [85]. The 3D chromatin conformation
map has also been investigated human cultured glomeruli by Hi-C to identify the target genes of risk variants
associated with kidney diseases but Hi-C generally lacks sufficient resolution to fully delineate the chromatin
interaction associated with transcription [81], thus the generation of an epigenetic map that fully annotates
and characterizes the glomerular cell type-specific landscape in health and disease will be a prerequisite to

understanding epigenetic remodeling in FSGS.

cell type-specific TFs
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Figure 2: Schematic of DNA regulatory elements where cell-type-specific TFs can associate with enhancers or
SEs to activate gene expression via enhancer-promoter contacts within CTCF-defined TADs but repressors
inhibit transcription.

Regulation by histone modifications Numerous research have explored the role of histone modifica-
tions and histone-modifying enzymes in kidney diseases. In patients with FSGS or diabetic nephropathy,
podocytes showed reduced H3K27me3 levels, and the loss of H3K27me3 in cultured podocytes in vitro en-
couraged podocyte dedifferentiation [86]. Additionally, the deletion of enhancer of zeste homolog 2 (EZH2),

an enzyme responsible for catalyzing H3K27me3 methylation, decreased H3K27me3 levels in the promoter



region of the Notch ligand Jagl and increased susceptibility to glomerular disease in mice [86]. In diabetic
kidney diseases, advanced glycation end products (AGEs) were found to reduce the level of H3K27me3
through modulation of the expression of nuclear inhibitor of protein phosphatase 1 (NIPP1) and concur-
rently decreased the expression of its interactor EZH2 [87]. Furthermore, the induction of chronic kidney
injury in mice through lipopolysaccharide injection led to increased serum creatinine and urine albumin
levels [88], accompanied by heightened H3K4me3 levels in podocytes [89]. Podocyte-specific deletion of the
Pax Transactivation Domain-Interacting Protein (PTIP), an essential component of a H3K4 methyltrans-
ferase complex, resulted in proteinuria and podocyte effacement in 12-month-old mice [90]. In addition, in
murine podocytopathy models, the activities of histone deacetylases 1 and 2 (Hdacl, Hdac2) in podocytes
were increased [91]. VPA is a Hdacl/2 inhibitor and treatment with VPA ameliorated podocyte effacement,
decreased levels of albuminuria and inhibited podocyte loss [92, 93]. Interestingly, the genetic ablation of
podocyte-associated Hdacl and Hdac2 provided renal protection, improved proteinuria, and mitigated the
progression of glomerular injury in podocyte-specific Tln1-KO mice [91]. However, the germline podocyte-
specific deletion of Hdacl and Hdac2 in mice displayed severe proteinuria and showed characteristics of DNA
damage, cell cycle arrest, and senescence [94]. The conflicting evidences of the regulation of gene expres-
sion by histone modifiers in mice highlight the complexity of the epigenetic regulation in podocytes thus
necessitating mapping the exact genome-wide epigenetic landscape of podocytes by various DNA regulatory

elements and their changes as well as changes in upstream effectors in podocyte damage.

2.3.2 Interplay between transcription factors and chromatin regulation

The interplay between TFs function and epigenetic regulation presents a complicated yet pivotal aspect in
unraveling the intricate mechanisms underlying podocyte biology in FSGS. TFs can modulate the transcrip-
tional regulatory network by binding to specific DNA motifs and dictating the activation or repression of its
target genes through the recruitment and stabilization of the RNA polymerase complex [95]. Additionally,
DNA regulatory elements, such as promoters and enhancers, play a crucial role in activating gene transcrip-
tion and expression, while repressors and silencers work oppositely to hinder these processes. For example,
FOXC1/2 has been suggested to regulate podocyte-specific SEs [82], and two distal intronic enhancers of
Pbx1 can be bound by BRG1 to regulate nephron progenitor-specific expression in response to Six2 activity
[96]. Insulators are DNA elements that form isolated transcriptional hubs and prevent inappropriate inter-
actions between adjacent chromatin domains [97], bound by insulator proteins like CTCF [98], cohesin [99],
or YY1 [100], contribute to the organization of chromatin into higher-order, self-associating and loop-like
subdomains known as topologically associating domains (TADs) and further facilitate the activation of genes
associated within these TADs [101, 102, 85]. Chromatin can also undergo dynamic structural changes and
shuffle between closed or open conformations to regulate the recruitment of TFs and general transcriptional
machinery to target genes and to elicit downstream transcriptional activity via chromatin remodeling com-
plexes to reorganize TADs and to fine-tune the overall gene expression output [72]. Overall, the intricate
interplay of TF's, cis-regulatory elements, chromatin structures, and chromatin remodeling complexes con-
stitutes a sophisticated regulatory network that governs gene expression, ensuring precise, temporal- and
context-dependent transcriptional responses [36]. However, the regulatory role and the exact mechanism of
action of several TFs important for podocyte function and how they interact with the chromatin to modulate

transcriptional activity are still unclear.



2.4 LIM Homeobox Transcription Factor 1 Beta (LMX1B)

In this thesis, we aim to elucidate the functional role of LMX1B in podocytes and its molecular mechanism
of action within the nucleus. LMX1B belongs to the LHX transcription factor genes and LIM-homeodomain
protein family and contains two protein-interacting cysteine and histidine-rich LIM zinc-binding domains at
the N-terminus, one central DNA-binding homeodomain, and a C-terminal glutamine-rich transcriptional
activation domain. The homeodomain recognizes AT-rich elements, known as FLAT elements, which contain
the 5-ATTA-3’ (reverse 5-TAAT-3’) core sequence in the promoter or intron region of its target genes.
Lmx1b expression has been detected in neurons, retinas, and limbs. Lmx1b is required for the formation
of dorsal-ventral patterning during development in limbs and organs, including the kidney, brain, and eye.
It has been reported that LMX1B can interact with NFkb at target gene transcription. LMX1B is highly
expressed in ovarian cancer cells, laryngeal squamous cell carcinoma, and radioresistant esophageal cancer
cells. Lmx1b is also implicated in osteogenic differentiation and bone regeneration [103, 104]. The first
mutation of LMX1B was described in 1998 [105]. Haploinsufficiency of LMX1B causes Nail-patella syndrome
where patients are often presented with defects in limbs, eyes and brain and nephropathy [106, 107]. LMX1B
knockout mice are embryonically lethal [105]. In podocytes, Lmx1b is important in glomerular development
and is implicated in the dysfunction of the podocytes [108], and a missense mutation (R246Q) in LMX1B
causes FSGS without extra-renal manifestations and downregulated the WT1(-KTS) isoforms in podocytes
[109]. Podocyte-specific deletion of Lmx1b in mice showed proteinuria yet little foot process effacement in
podocytes, as well as dysregulation of actin cytoskeleton organization [110]. In zebrafish, Lmx1b and FoxC
combinatorially bind to the nphs2 promoter and regulate podocyte development [111]. Regulatory elements
for Lmx1b have been identified in vertebrates using ChIP-seq during development [112], and two associated
cis-regulatory modules LARM1 and LARM?2 have been shown to be bound by Lmx1b in vertebrates during
limb development, and both enhancers are associated with active chromatin marks and display enhancer
activity within the dorsal mesoderm [112]. Published work on LMX1B from various cell types suggests that
LMXI1B is essential in the maintenance of cell type differentiation via association with active enhancers to
drive gene expression and to modulate downstream cellular pathways but the specific mechanisms of action
in podocytes are still unclear. In the context of podocytes, the elucidation of the protein interactors, direct
target genes, and associated enhancers of LMX1B will be needed to bridge the gap in the understanding of

the regulatory function and mechanisms of LMX1B.

2.5 The role of Wnt signaling in podocytes

Lmx1b has been implicated in the Wnt signaling pathway in the establishment of the dorsal-ventral axis
during development [113], but may play a role in regulating podocyte biology which has not been previously
investigated. The Wnt signaling pathway consists of the canonical and the non-canonical pathways and
transduces different signals via downstream effectors. The canonical Wnt signaling pathway is S-catenin-
dependent and signals through the Frizzled receptor to trigger signaling cascades that enable the translocation
of [-catenin to the nucleus where it acts as a transcription co-activator for the expression of T cell factor
(TCF)-lymphoid enhancer factor (LEF)-dependent genes, wherein non-activated steady state, S-catenin
is phosphorylated by a destruction complex formed by GSK33, APC, CK1 and axin, then targeted for
proteosomal degradation [114, 115]. The non-canonical Wnt pathways include the Wnt/Ca?* signaling
pathway and the Wnt/planar-cell-polarity (PCP) pathway. The Ca?*-dependent pathway activates PLC

and PKC which leads to increased intracellular Ca?t concentration thus triggering the activation of the



CaMKII pathway and downstream transcriptional changes. On the other hand, the Wnt/PCP pathway
is mediated through the class of Frizzled, Ror or LRP receptors to recruit Dishevelled (DVL) proteins
to trigger the activation of small GTPases, such as RHOA and RACI, then activates downstream Rho-
associated protein kinase (ROCK) or JUN-N-terminal kinase (JNK) proteins to regulate actin cytoskeleton
remodeling, adhesion dynamics and polarization that power cell motility. The activation of the non-canonical

Wunt pathway can inhibit the canonical pathway [114, 115].
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Figure 3: Canonical and non-canonical Wnt signaling pathways. Binding of specific Wnt ligands to the
Frizzled class receptors activates the canonical Wnt signaling pathway inhibits the phosphorylation and
degradation of S-catenin and instead leads to the translocation of (-cantenin to the nucleus to activate
transcriptional responses. The non-canonical Wnt signaling pathway is categorized into the planar-cell-
polarity (PCP) pathway or the Ca?* pathway which activates downstream signaling cascades to regulate
the actin cytoskeleton or to modulate transcriptional responses.

2.5.1 Canonical Wnt signaling in podocyte damage

The Wnt//-catenin signaling pathway has been shown to be activated in podocytes in diabetic nephropathy
[116, 117, 118], adriamycin-induced (ADR) nephropathy [119] and angiotensin II-induced podocyte injury
[120], and the inhibition of the activated Wnt5 signaling pathway generally show renal protective effects.
For example, the activation of Wnt/g-catenin by TGF-51 led to podocyte injury and proteinuria [121],
whereas podocyte-specific knockout of S-catenin was protective after adriamycin-induced injury [119] and
against oxidative stress [122]. Similarly, the inhibition of the Wnt pathway using peptides and small molecule
inhibitors, such as Klotho-derived peptide 6 (KP6) [117], DKK1 [123], ICG-001 [124] or Paricalcitol [125],
improved proteinuria and ameliorate glomerulosclerosis and fibrosis. However, it has also been shown that
constitutively active podocyte-specific expression of S-catenin led to increased susceptibility to glomerular

injury and proteinuria, whereas deletion of podocyte-specific S-catenin or inhibition of the canonical Wnt
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pathway also displayed increased susceptibility to diabetic kidney disease [118]. Conflicting evidence pre-
sented on the role of S-catenin suggests that the expression of (-catenin needs to be carefully balanced
in podocytes for proper glomerular filtration. Mechanistically, WT1 has been implicated in the canonical
Wnt signaling pathway. Ectopically overexpressed WT1 has been shown to downregulate active [-catenin
expression in cultured podocytes and mouse models, and WT1 demonstrated protective effects on podocytes
by inhibiting 8-catenin activation [126]. Overall, the specific mechanism of how the canonical Wnt signaling

pathway is regulated by TF's in podocytes is still not well understood.

2.5.2 Non-canonical Wnt signaling in podocytes damage

In contrast, the role of the non-canonical Wnt signaling pathway has not been well investigated in podocytes.
Podocyte-specific deletion of Wntless, a receptor protein required for Wnt secretion, showed susceptibility to
ADR-induced podocyte injury and downregulated NFAT1 and NLK which are downstream mediators of the
non-canonical Wnt/calcium pathway [127]. NFAT1 is a TF and a key transcription regulator of calcium and
calcineurin signaling, and the activation of NFAT in mice caused progressive proteinuria and FSGS [128].
Mutation in the TRPC6 cation channel which regulates calcium influx into cells caused FSGS and TRPC6
has been implicated in crosstalking with the Wnt signaling pathway to regulate podocyte function [129].
In addition, the Wnt/PCP pathway has been implicated in the organization of the SD proteins and the
remodeling of the cytoskeleton mediated by Wnt5a, which induced the mislocalization of Dvl and Daaml,
and modified stress fibers morphology and increased cell motility in cultured podocytes [130, 131]. The
activation of ROCK, RhoA, and Rac-1 activities, which are downstream signaling transducers of the non-
canonical Wnt signaling pathway, have been implicated in podocyte injury [132, 133]. Simiarly, Rap1 activity
has been shown to be essential to mediate signaling between nephrin and integrin-3 to maintain the integrity
of focal adhesion. Overall, the inhibition of the upregulated canonical Wnt signaling pathway in podocyte
injury models seems renal protective, although the modulation of the non-canonical Wnt pathway may lead
to aberrant podocyte function and the balance between the two pathways may be needed for proper podocyte
function. The role of the non-canonical Wnt signaling pathway in podocytes, including the identification
and understanding of specific Wnt ligands, interacting receptors, and the mechanisms by which key effector
signaling transducers or TF mediate downstream transcriptional rewiring during podocyte damage, remains

speculative.

2.5.3 The implication of LMX1B in the Wnt signaling pathway

Lmx1b has been reported to be essential for the dorsalization of distal limb structures though there are
conflicting reports for its role in dorsal-ventral patterning during limb development and digit regeneration
[113, 134, 135, 112]. Ectopic expression of Wnt7a, a secreted ligand, has been found to induce and maintain
the expression Lmx1 from the limb ectoderm to the mesenchyme during development [136]. In chick embryos,
[B-catenin did not induce ventral expression of Lmx1 suggesting that Wnt7a regulated Lmx1 via the non-
canonical Wnt signaling pathway [137, 138, 139]. However, Wnt7a may also act through the canonical Wnt
signaling pathway depending on the cell type [140, 141, 139]. Lmx1b has also been shown to maintain Wnt1
expression in brain development [142, 143]. An autoregulatory loop between Wntl and Lmxla/Lmx1b has
been described in the midbrain dopaminergic (mDA) neurons to regulate mDA-specific transcription factors
to drive differentiation [144]. However, Wnt ligands that may be associated with Lmx1b function has not

been previously described in podocytes and remain an interesting aspect of research.
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Common Wnt ligands that can act through the canonical Wnt signaling pathway include Wntl, Wnt2,
Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt10a and Wnt10b, whereas Wnt4, Wntba, Wntbb, Wnt6, Wnt7a, Wnt7b
and Wnt11 were implicated in the non-canonical Wnt signaling pathway [145]. The role of Wnt ligands has
not been well described in podocyte research. Wnt5b is involved in bone function and limb development
[146], though conflicting effects have been attributed to its role in non-canonical signaling. Wnt5b acted via
both the calcium-dependent signaling pathways and the Wnt/PCP pathway in chondrocyte differentiation
[147], but regulated chondrocyte stacking through Wnt/PCP-independent signaling pathway in zebrafish
[148]. Wnt5b has been shown to activate adipocyte differentiation [149], S-cell differentiation [150] and
cardiomyocyte differentiation [151]. Wnt ligands are found to be required for nephron formation from
nephrogenic mesenchyme and Wnt signaling is important for patterning of the proximal-distal nephron axis
[152, 153]. It has been shown that the activation of the Wnt pathway in mesonephric cultures repressed
early and late glomerular markers including Wt1 and Pod1 [153] but LMX1B, which is also a key TF that
shares similar function to WT1 and directly regulator of podocin has not been implicated in the canonical

nor non-canonical Wnt signaling pathway in neither healthy and disease podocytes.

2.6 Next generation sequencing (NGS) technologies

The regulatory relationships between TFs and their target genes within a gene regulatory network and the
associated cell-type specific gene expression are very difficult to entangle in a heterogeneous cell population
and even more challenging in a heterogeneous disease like FSGS. Genome-wide sequencing is an indispensable
tool to investigate gene regulation. The identification of specific binding sites for transcription factors
(TFs) of interest and the mapping of the epigenetic landscape yield novel insights into the intricate and
spatially dynamic regulation of podocytes in FSGS. Technical advancement in bulk sampling and single-cell
technologies provide more robust methods to overcome technical challenges previously encountered in various
types of samples, enabling one to uncover novel and key biological pathways underlying the intertwining

transcriptional network.

2.6.1 Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq)

The assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) is a molecular biology tool
pioneered by Buenrostro in 2013 [154], and is now largely favored as an alternative method for MNase-seq
[155], DNase-seq [156] and FAIRE-seq [157]. It is widely used to assess genome-wide DNA accessibility
from different cells and tissues. ATAC-seq exploits a hyperactive mutant transposase 5 (Tn5) that has a
high affinity for open chromatin and is engineered with barcoded sequencing adapters. Upon activation by
magnesium, Tnb inserts loaded adapters into open regions of the genomes and thus fragments DNA that are
later amplified by PCR for sequencing in one single step. Omni-ATAC-seq is an improved method of ATAC-
seq for low input and frozen tissue [158]. Compared to other sequencing techniques, ATAC-seq benefits from
low input, high sensitivity, ease of library preparation and adaptivity for bulk processing. Unsurprisingly
in 2015, single cell ATAC-seq was developed where ATAC-seq was integrated with microfluidic devices to
capture single nuclei aimed to map the accessible genome of individual cells to investigate the regulome

within a heterogenous cell population [159].
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2.6.2 Cleavage Under Targets & Tagmentation (CUT&Tag)

The conventional and gold standard technique of profiling genome-wide chromatin binding profiles of protein
of interest has been Chromatin Immunoprecipitation sequencing (ChIP-seq) which required a large amount
of input material (millions of cells) and tedious optimization of cell fixation, sonication and antibody valida-
tion. Alternative approaches to study DNA-protein interaction including FARP-ChIP, ChIPmentation and
TAF-ChIP aimed to overcome the limitations of ChIP-seq by lowering the prerequisite for input material
and by improving signal-to-noise of datasets but may remain challenging to perform. In 2017, the Henikoff
lab introduced an improved modification of Laemmli’s Chromatin Immunocleaveage (ChIC) method called
CUT&RUN which targeted a fusion protein containing Micrococcal Nuclease (MNase) and Protein A (pA-
MNase) to antibodies bound to the chromatin in bead-immobilized nuclei or permeabilized cells [160]. This
technique is further refined into Cleavage Under Targets & Tagmentation (CUT&Tag) by exploiting the prop-
erties of the hyperactive mutant Tnb transposase to insert barcoded sequencing adapters and to streamline
the library preparation process [161]. The most attractive features of CUT&Tag include adaptability to
single cell platforms, and faithful reproducibility of data compared to ChIP-seq yet fewer input materials
for profiling histone modifications [161]. Though antibody validation remains strictly restricted to ChIP-seq
standards, CUT&RUN and CUT&Tag are robust methods for profiling transcription factors and histone
markers binding profiles in situ and can be a highly attractive method used to study rare cell type popula-

tions and to apply on precious tissues [96].

2.6.3 Single cell technologies

Techniques for genome-wide profiling of cell state have been undergoing rapid development toward acquiring
high coverage data from bulk samples, but single-cell genomic, epigenomic, and transcriptomic methods have
revolutionized the rapidly evolving field of genome analysis by overcoming the need to extract and purify for
single populations of cells. Single-cell technology can capture complex heterogeneity of samples at a single-
cell resolution and profile the transcriptomic gene expression of thousands of cells at once. The diversity of
sample input accommodates a wide range of sample preparation and conditions and can effectively be used
to streamline large-scale analysis of novel or rare cell populations [162]. Single-cell RNA-seq (scRNA-seq)
profiles RNA from cells and single-nucleus RNA-seq (snRNA-seq) may be more suitable for frozen and hard-
to-dissociate tissues due to sample availability though both techniques enable large-scale cell mapping efforts
and capture meaningful biological function such as individual cell state and structure [163]. Systematic and
comprehensive benchmarking between scRNA-seq and snRNA-seq show little difference in sensitivity and
reproducibilities but snRNA-seq vastly increased the datasets of patient-derived samples [164, 165].

In recent years, single-cell-based datasets of the kidney in mice and humans have expanded and vastly
advanced the understanding of kidney pathogenesis. scRNA-seq and multiomic analysis of cultured kidney
organoids [166, 167, 145, 168] can be directly compared to human fetal kidney [169] are used to investigate
kidney development and cell type specification and patterning [170]. Additionally, the analysis using a
murine model with cell type-specific gene deletion [84] or injury model [171] lead to in-depth knowledge
of gene regulation in various nephropathy [172]. Single-cell ATAC-seq (scATAC-seq) is also widely used to
profile open chromatin and the analysis using scATAC-seq in the kidney [173, 174]. Multiome allows for the
combination of scATAC-seq with scRNA-seq for the profiling of cell state and RNA expression from the same
cell in developing [174], adult [175] or disease kidney [176] and this provided novel insight in the expression of
quantitative trait loci (eQTLs) [177]. Bulk and single-cell datasets of patients with kidney diseases can also
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be accessed through various biobanks, including the KPMP consortium [178, 179]. Patient-derived primary
organoids may lead to promising therapeutics in personalized modeling [180].

Single-cell CUT& Tag (scCUT&Tag) is a novel technique that will further expand the power of genome-
wide profiling of cellular epigenome at single-cell resolution [161]. Several more advanced methods of sc-
CUT&Tag utilize the power of nanobody [181, 182] or different barcoding to multiplex several histone
markers or TFs of interest to minimize sequencing cost [183]. Presently, there are no kidney or glomerular
scCUT&Tag from mice or humans publicly available. Future efforts in the application of scCUT&Tag and
the investigation of DNA regulatory genome and TF binding coupled to snRNA-seq in human FSGS will

become an exciting field of personalized therapeutic research.
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3 Research Aims

Little is known about the regulatory processes governed by gene expression, epigenetic mechanisms and cell
type-specific transcription factors in podocytes undergoing damage. This thesis attempts to bridge the gap
in knowledge using next-generation bulk and single-cell sequencing, transgenetic mouse models and cellular
assay to investigate the multifarious regulation of transcription in podocyte injury in FSGS. Previously, the
methods used to quantify podocyte damage often relied on histology without clear knowledge of the under-
lying molecular pathways involved in glomeruli damage. Transcriptomics can reveal unique gene expression
damage-related and temporal-dependent responsive changes but rare cell types within complex tissue, such
as podocytes, suffer from poor capture rates and insufficient resolution in order to derive meaningful insights
on biological pathways. Furthermore, the understanding of molecular pathway changes based on transcrip-
tomic alone is limited without integration with other layers of transcriptional control such as regulation
via epigenetics. The lack of comprehensive cell type-specific experimental data that describe the epigenetic
landscape in health and disease hinders further speculation on how various DNA regulatory elements, chro-
matin modifiers and TFs cooperatively regulate transcriptional changes in podocyte damage. LXM1B is an
established TF that is essential for podocyte differentiation and maintenance, but its molecular mechanism of
function has not been elucidated in podocytes. The purpose of this thesis is to understand the multifaceted
regulation at the transcription level in podocytes in health and disease. The podocyte damage score (PDS)
developed in Chapter 1 aimed to unravel the disease-specific changes in cellular signaling pathways and TF
activities aligned by temporal dynamics at single-cell resolution. Chapter 2 outlines the epigenetic map of
the glomerulus to identify genome-wide DNA cis-regulatory elements that regulate key genes and signaling
pathways that are crucial for the maintenance of podocyte function. Finally, the experiments presented in
Chapter 3 aim to characterize the regulatory function of LMX1B and to study its molecular mechanism of

action via phase separation.
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4 Materials

4.1 Chemicals and reagents

Table 2: List of chemicals and reagents used

Item Company Catalog number
Tris-HCl Thermo Fischer Scientific J22638.AP
Sodium dodecyl sulfate Carl Roth CN30.3
EDTA Thermo Fischer Scientific AM9260G
Sodium chloride Carl Roth 3957.1
Potassium choride Merck 1.04936.0500
Sodium phosphate dibasic heptahydrate Carl Roth X987.2
Monopotassium phosphate Carl Roth 3904.1
Sodium bicarbonate Carl Roth 6885.1
D-Glucose Sigma-Aldrich G7021-1KG
Calcium chloride dihydrate Carl Roth HNO04.2
Magnesium chloride hexahydrate Carl Roth 2189.2
Magnesium sulfate heptahydrate Sigma, 230391
Protease inhibitor without EDTA Sigma 5056489001
Sodium butyrate Sigma-Aldrich 19-137
Murine RNase inhibitor NEB MO0314L
UltraPure Water Thermo Fischer Scientific 10977035
HEPES Carl Roth 9105.3
Manganese chloride Carl Roth T881.3
Spermidine Sigma-Aldrich S0266
Digitonin Fluka 37006
Dimethyl sulfoxide Sigma D2650
BSA Carl Roth 3737.1
Concanavalin A beads Polysciences 86057-3
40% acrylamide BioRad 161-0140
VA-044 initiatior Wako 017-19362
Boric Acid Sigma, B0252
D-fructose Sigma, F0127
1-Thiglycerol Sigma M1753
Sodium deoxycholate Applichem A1531,0100
Polyethylenglykol 8000 Carl Roth 0263.1
Wnt5b R&D Systems 3006-WN
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4.2 Kits and Assays

Kit and assay Company Catalog number
REDTaq ReadyMix PCR-Reaction Mix Sigma-Aldrich R2523
GoTaq Flexi DNA Polymerase Promega M7808
Nuclei EZ Prep Sigma-Aldrich NUC101-1KT
DNA Clean&Concentrator-5 Zymo Research D4013
ChIP DNA Clean & Concentrator Zymo Research D5205
Q5 High-Fidelity DNA Polymerase NEB MO0491L
NucleoSpin Gel and PCR, Clean-up Macherey-Nagel 740609.50
NucleoSpin Plasmid, Mini kit Macherey-Nagel 740588.50
NucleoBond Xtra Midi kit Macherey-Nagel 740410.50
Creatinine (urinary) colorimetric assay kit Cayman Chemical 500701
4.3 Antibodies
Antibody Company Catalog number | LOT number
H3K2T7ac Active Motif 39133 28518012
H3K4mel Epicypher 13-0040 20178005-44
H3K27me3 Cell Signaling Technology 9733S 14
H3K4me3 Diagenode C15410003-50 A5051-001P
Normal rabbit IgG Cell Signaling Technology 2729 1
Guinea pig anti-rabbit IgG Antibodies-Online ABIN101961 NE-200-022001
Lmx1b Proteintech 18278-1-AP 00009655
Nephrin Fitzgerald 20R-NP002 P21022412
Podocin Sigma, P0372 NA
Acetylated Tubulin Sigma T6793 0000174802
4.4 Enzymes
Enzymes Company Catalog number
Proteinase K Thermo Fischer 10181030
Protease Sigma P5147
Collagenase IV Worthington LS004186
DNase Worthington 9003-98-9
pAG-Tn5 Epicypher 15-1017
Sall-HF NEB R3138L
HindIII NEB RO104L
MIul-HF NEB R3198L
NotI NEB RO189L
T5H Exonuclease NEB MO0663L
Phusion High-Fidelity DNA Polymerase NEB MO0530L
Taq DNA Ligase NEB MO0208L
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4.5 Oligonucleotides for genotyping

Table 3: Oligonucleotides used for genotyping

Purpose

Strand

Sequence (5’ to 3’)

Beta-globin

forward

reverse

TGC TCA CAC AGG ATA GAG AGG GCA GG
GGC TGT CCA AGT GAT TCA GGC CAT CG

Cre

foward

reverse

ACC CGA CGG TCT TTA GGG
GCA AAC GGA CAG AAG CATTT

Rosa26

forward
reverse

reverse

CTC TGC TGC CTC CTG GCT TCT
CGA GGC GGA TCA CAA GCA ATA
TCA ATG GGC GGG GGT CGT T

Wt1

forward
reverse

reverse

GTG ACC CCG CAG CTA GCC
GGA GCG TTC ATC TCG GAG AC
CCA TTT GTC ACG TCC TGC

LMX1B flox

forward

reverse

AGG CTC CAT CCA TTC TTC TC
CCA CAA TAA GCA AGA GGC AC

Cre:ERT2

forward
reverse
forward

reverse

TCA ACA TGC TGC ACA GGA GAT
ACC ATA GAT CAG GCG GTG GGT
CCT GAC AGT GAC GGT CCA AAG
CAT GAC TCT TCA ACT CAA ACT

Podocin flox

forward

reverse

CCA GCA TCC CAT TAG ATA GAT GAG G
GCA TCC AAA TGA TCA GAG TTC CCA GG

R231Q

forward
reverse
forward

reverse

GCC CGG CTC TAT GCT ATA AT

ACT GAC TGA CTG ATT CCC CA

CGC CTC TTG GCA CAT CG

CAG GAG AAT TTC AGT CAA GCT TT

A286V

A286V-sequencing

forward
reverse

reverse

CAC TCC AAT TGC CCT CTT CTG
ACA CTA TCA ACA GCG GTG GA
CAG CCG GAT TCC GTT CAG T

4.6 Oligonucleotides for cloning

Cloning into pEGFP-N1:

Name Strand

Sequence (5’ to 3’)

Lmx1b-201 | forward

reverse

TCA GAT CTC GAG CTC AAG CTG CCA CCA TGG ATA TAG CAA CAG
GTC CCG AGT C
CGA CTG CAG AAT TCG AAG CTT GGA GGC AAA GTA GGA GCT CT

Cloning into pEGFP-C1:
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reverse

Name Strand | Sequence (5’ to 3’)
Lmx1b-201 | forward | GCT TCG AAT TCT GCA GTC GAC ATG GAT ATA GCA ACA GGT CC
reverse | CGG GCC CGC GGT ACC GTC GAT CAG GAG GCA AAG TAG GAG C
deltal80-221 | forward | ACT ATG AGA AGG AGA AAC CGA GAA GGC CCA AAC GGC CCC G

CGG GGC CGT TTG GGC CTT CTC GGT TTC TCC TTC TCA TAG T

delta288-401

reverse

CGG GCC CGC GGT ACC GTC GAT CAG TGT CTC CGG GCC AGC T

4.7 Equipment

Item Company Catalog number
PCR cycler BioRad S1000
Nanodrop spectrophotometer PeqLab 1000

DNA loBind 1.5ml microtubes Eppendorf 0030 108.051

Qubit 4 Fluorometer and dsDNA kit Thermo Fisher Scientific Q32854

Tapestation and D1000 High sensitivity Agilent 5067- 5584/5067- 5585

CellTrics 30 pm, sterile Sysmex 04-004-2326
CellTrics 10 pm, sterile Sysmex 04-004-2324
100 pm cell strainers Sarstedt 83.3945.100
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5 Methods

5.1 Animal work
5.1.1 Animal husbandry and mouse models

Mice were housed and maintained in CECAD in vivo Research Facility. All mice were kept under a 12 h
light /dark cycle and had ad libitum access to food and water. All mouse experiments were performed with
approval from The Animal Care Committee of the University of Cologne and LANUV NRW (Landesamt
fiir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, State Agency for Nature, Environment
and Consumer Protection North Rhine-Westphalia) for this study. Mice were kept on a C57BL6 background
except for Wtl.hetdel mice, which were kept on a FVB/N background. Mice were crossed to cell type-specific
Cre lines to generate cell type-specific expression of nuclear GFP reporter.

Mouse line Purpose Reference
Rosa26"Tn¢ Visualization of nuclear fluorescent reporter [184]
Rosa26mTm¢ Visualization of membrane fluorescent reporter [185]

Podocin?31Q/A286V | Compound heterozygous mutation of NPHS2 [14]
Phb2flex Deletion of PHB2 [186]

Lmx1bflox Deletion of LMX1B [187]
Wt1.hetdel Heterozygous deletion of WT1 [188]

Nphs2:cre Podocyte-specific Cre driver [189]

Tie2:cre Endothelial cell-specific Cre driver [190]
Nphs2:CreERT2 Tamoxifen-inducible podocyte-specific Cre driver | [191]

Table 4: Mouse lines used in the study.

5.1.2 Tamoxifen induction

Lmx1bf°% were crossed with Rosa26™T™S and Cre:ERT2 to inducibly express podocyte-specific membrane
GFP reporter. For tamoxifen induction, mice are fed ad libitum with a tamoxifen diet for an indicated

number of days prior to sacrifice and organ harvest.

5.1.3 Genotyping PCR

DNA from mouse ear tags were extracted by boiling tissues at 95 °C for 30 min in base solution (0.025N
NaOH, 0.2 mM EDTA), cooled on ice and adding an equal volume of neutralization solution (52 mM Tris-
HCI) [192]. Genotyping PCR reactions were performed accordingly (Table 7) and the PCR products were

A286V

analyzed using a 2% agarose gel. For the Podocin allele, the PCR product was cleaned by enzymatic

purification by incubating with 0.25 unit of SAP and 0.5 unit of Exol for 20 min at 37 °C followed by an

inactivation step for 15 min at 72 °C. The resulting product was used for Sanger sequencing.

5.1.4 Glomeruli and nuclei isolation

Glomeruli isolation was performed as described in [193]. Mice were sacrificed by cervical dislocation and

kidneys were extracted and perfused ex vivo through the renal arteries with magnetic Dynabeads suspension
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in HBSS (5.4 mM KCl, 0.3 mM NagHPOy, 0.4 mM KHyPOy, 4.2 mM NaHCOg, 137 mMm NaCl, 5.6 mM
D-glucose, 1.3 mMm CaCly, 0.5 mM MgCly, 0.6mM MgSO,). Perfused kidneys were minced by scalpel and
digested with digestion buffer (1 mg/ mL Pronase E, 1 mg/ mL collagenase type II and 50 unit/ mL DNase
I in HBSS) for 15 min at 37 °C. The kidney suspension was triturated until homogenous and filtered twice
through 100 pm cell strainers. The kidney lysates were washed with HBSS and pelleted at 1500 rpm for
5 min at 4 °C. The pellet was resuspended in HBSS and washed on the magnet until isolated glomeruli were
obtained.

Isolated glomeruli were resuspended in 1 mL of lysis buffer (Sigma EZ lysis buffer supplemented with
EDTA-free protease inhibitors) and placed on a Thermoshaker at 1400 rpm for 10 min at 4 °C. After
magnetization, the supernatant containing loose nuclei was collected through a 30 pm cell strainer. The
leftover beads were resuspended in 1 mL lysis buffer and titurated 10 times. The sample was incubated
shaking at 1400 rpm for 5 min and tituration was repeated. After magnetization, the loose nuclei were
collected through a 30 pm filter and the leftover beads were resuspended in 1 mL lysis buffer and further
lysed through 27G needle 5 times. After the loose nuclei were collected, the beads were resuspended in
1 mL of lysis buffer and further lysed through 30G needle 5 or 10 times to collect the final aliquots of loose
glomerular nuclei. The pooled nuclei were centrifuged at 500 g for 5 min at 4 °C. The pellet was resuspended
in 300 uL of lysis buffer, transferred to a 1.5 mL Eppi, and placed on the magnet for 3 minutes to remove

residual magnetic beads.

5.1.5 Flow assisted cytometry sorting (FACS)

FACS sorting of nuclei was supported by the Max Planck Institute of Aging, FACS & Imaging Facility using
the BD FACSAria IITu or the BD FACSAria Fusion flow cytometers equipped with the 70 pm nozzle with
chillers. Isolated glomerular nuclei were stained with DAPI and singlet and DAPI+ nuclei were gated by
forward scatter and side scatter and the UV1 laser. DAPI+ nuclei were then sorted by fluorescent signal
and GFP+ or tdTomato+ nuclei were collected into lysis buffer.

Nuclei isolated from wildtype mice carrying no Rosa® ™% allele were DAPI+ but GFP- and tdTomato-.

nTnG/wt nTnG/nTnG

Isolated nuclei from Rosa or Rosa mice are exclusively tdTomato+, while nuclei isolated

from Cre transgenic mice (Pod:cre or Tie2:cre) show respective cell-type specific GFP signal.

5.1.6 Coomassie urinary analysis

Urine from mice was collected and 2 pl. was combined with 4 pnL. of water and 6 pL of 2X Lammli buffer
supplemented with DTT. The lysate was boiled at 95 °C for 5 min and loaded onto 10% polyacrylamide gel.
The SDS-PAGE was run at 200V until the dye front had run off. The gel was fixed in fixation buffer (25% v/v
Isopropanol, 10% v/v acetic acid) for 30 min and stained with Coomassie buffer (1% w/v Coomassie brilliant
blue G-250, 3% w/v ortho-phosphoric acid, 20% v/v methanol, 10% w/v ammonium sulfate) overnight. The
gel was destained with water overnight prior to imaging using Odyssey CLx.

5.1.7 Albumin and creatinine ELISA

Urines from mice were first analyzed by coomassie urinary analysis to approximate the dilution for albumin
ELISA (usually ranging between 1:100 to 1:100,000). All steps were carried out at room temperature. First,
wells were coated for 1 h with 100 pL of anti-mouse albumin coating antibody at 1:10,000 in coating buffer
(0.05 M carbonate-bicarbonate, pH 9.6), then washed 5 times with 200 pL of wash solution (50 mm Tris,
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0.14 M NaCl, 0.05% Tween-20, pH 8.0) before incubating for 30 min with 200 pL of blocking solution (50 mm
Tris, 0.14M NaCl, 1% BSA, pH 8.0). The wells were washed again 5 times with 200 puL of wash solution
before incubation for 1 h with 100 pL of standards or samples diluted in diluent buffer (50 mm Tris, 0.14 M
NaCl, 0.05% w/v Tween-20, 1% w/v BSA, pH 8.0). Next, the wells were washed 5 times with 200 pL of
wash solution before incubation with 100 pL of HRP detection antibody diluted 1:25,000 in the diluent buffer
for 1 h. Finally, the wells were washed 5 times with 200 pL of wash solution and developed with 100 pL
of substrate solution (100 pg/ mL TMB, 48 mM sodium acetate, 0.01% v/v hydrogen peroxide, pH 5.2)
for 15 min in the dark. The reaction was stopped by adding 100 pL of stop solution (0.18 M sulfuric acid)
and the absorbance was measured at 450 nm. For the creatinine urinary colorimetric ELISA, urines were
diluted 1:20 in water and assayed according to the manufacturer’s protocol. All samples were measured in

triplicates.

5.1.8 PAS staining

Kidneys were fixed in 4% formalin overnight at 4 °C and stored in cold PBS until dehydration and embedding
in paraffin. Tissues were cut into 2 pm sections onto a glass slide using the microtome and slides were
incubated at 60 °C for 2 h. The slides were incubated sequentially twice for 5 min in xylol, thrice for 3 min
in 100% ethanol, twice for 2 min in 97% ethanol, once for 1 min in 70% ethanol, and twice for 2 min in
water. The slides were stained in 0.9% periodic acid for 10 min and the excess was rinsed off in water for
1 min. The slides were then stained in undiluted Schiff’s reagent for 10 min and rinsed in tap water for
2 min. Then, the slides were stained in undilute Mayer’s hemotoxylin for 10 min, and rinsed in water water
for 8 min. Finally, the slides were incubated sequentially once in 70% ethanol, twice in 97% ethanol, thrice
in 100% ethanol, and twice in xylol for 2 min each. The slides were embedded with histomount and scanned

with Leica Slidescanner.

5.1.9 STED microscopy

Kidney tissues were fixed in formalin for 4 h at room temperature and stored in cold PBS. The kidney cortex
was cut into 1-2 mm pieces and immersed in hydrogel solution (4% acrylamide, 0.25% VA-044 initiator in
PBS) at 4 °C for 12-16 h. The gel was polymerized by incubation at 50 °C for 3 h. The excess polymer
was removed and tissues were washed in PBS three times before embedding in 3% agarose prior to cutting
into 200 pm sections using a vibratome. Samples were transfered to a clearing solution (200mM boric acid,
4% SDS, pH 8.5) and incubated at 50 °C until cleared. Samples were washed briefly in wash buffer (10 mm
HEPES, 200 mMm NaCl, 3% Triton X-100) before incubation with primary antibodies at 37 °C overnight.
Samples were washed with wash buffer before incubation with secondary antibodies at 37 °C overnight and
embedded in saturated fructose solution (80.2% w/w fructose, 0.5% alpha-thioglycerol) before mounting in
a glass-bottom dish for imaging using the Leica SP8 STED microscope. Quantification of slit diaphragm

length was performed using Fiji as described in [14].
5.2 DNA preparation

5.2.1 ATAC-seq and omniATAC-seq

ATAC-seq was performed as described in [154]. Briefly, 50,000 GFP+ or tdTomato+ nuclei were sorted by
FACS into lysis buffer and centrifuged at 1000 g for 10 min at 4 °C. The pellet was resuspended in 50 pL
of transposition reaction mix (25 pL of transposition buffer, 2.5 pL of TDE1, and 22.5 pnL of nuclease-free
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water). The reaction was carried out at 37 °C for 30 min. Immediately following transposition, DNA was
purified using Zymo DNA clean concentrator-5 per the manufacturer’s instructions. The transposed DNA
was eluted in 10 pL of elution buffer.

For Podocin®Q/AV and Phb2f1°* cre transgenic mice where fewer podocytes were recoverable by FACS
after glomeruli and nuclei isolation, omniATAC-seq was performed instead of ATAC-seq as described in
[158]. Briefly, 10,000 or 5,000 GPF+ or tdTomato+ nuclei were collected by FACS, centrifuged at 1000 g for
10 min at 4 °C and the pellet was resuspended in 10 pL or 5 pL of transposition reaction mix respectively
(25 nL of transposition buffer, 2.5 pL of TDE1, 16.5 pL. PBS, 0.5 pL 1% digitonin, 0.5 nL 10% Tween-20
and 5 pL nuclease-free water). The reaction was carried out at 37 °C for 30 min shaking at 1000 rpm on
the Thermoshaker. Immediately following incubation, transposed DNA was purified using Zymo DNA clean

concentrator-5 per manufacturer’s instructions and eluted in 10 pL of elution buffer.

5.2.2 Cut&Tag

Cut&Tag experiments were performed as described in [161]. Briefly, glomerular nuclei were FACS sorted
into lysis buffer and conjugated with 5-10 pL of activated Concanavalin A beads per sample. The primary
antibody was incubated with the nuclei-bead complex at 1:50 dilution overnight at 4 °C in Wash150A buffer
(WASH150 buffer, 0.1% BSA, 2 mMm EDTA). Incubation of the secondary antibody was performed for 30 min
at room temperature using the guinea pig anti-rabbit antibody at 1:100 dilution in Wash150 buffer (20 mMm
HEPES, pH 7.5, 150 mM NaCl, 0.5 mM spermidine, 0.05% digitonin, 5 mM sodium butyrate, supplemented
with protease inhibitors). The pAG-Tn5 adapter complex was used in 1:20 dilution in Wash300 buffer (20 mm
HEPES, pH 7.5, 300 mM NaCl, 0.5 mM spermidine, 0.01% digitonin, 5 mM sodium butyrate, supplemented
with protease inhibitors) and incubated with the samples for 1 h at room temperature. The transposition
reaction proceeded for 1 h at 37 °C in tagmentation buffer (20 mm HEPES, pH 7.5, 300 mM NaCl, 10 mM
MgCl2, 0.5 mM spermidine, 0.01% digitonin, 5 mM sodium butyrate, supplemented with protease inhibitors),
and the reaction was stopped by the addition of SDS, EDTA and Proteinase K and incubated for 1 h at
55 °C. The transposed DNA was purified using the Zymo ChIP DNA clean and concentrator kit according
to the manufacturer’s instructions or by phenol-chloroform extraction and eluted in 21 pL of elution buffer.

To determine the cycle number for library preparation, one parallel CUT&Tag reaction was performed
and 5 nL eluted DNA was combined with 1 pL of 10 pM Ad1.1 primer, 1 pL of 10 yM Ad2.x primer, 1.25 pL
of 10X SYBR Green, 12.5 pL of 2X NEBNEXT HiFi PCR mastermix and 4.25 pL of nuclease-free water.
The library was amplified using QuantStudio 5 Real-Time PCR, System for 5 min at 72 °C, 30 s at 98 °C,
cycled 39 times at 10 s at 98 °C and 10sec at 63 °C, before final extension at 1 min at 72 °C.

5.2.3 Phenol chloroform extraction

One volume of phenol-chloroform isoamyl alcohol was added to the sample, vortex, and loaded onto a pre-
packed phase lock gel tube before centrifugation at 16,000 g for 5 min. One volume of chloroform was added
to the phase lock gel tube and inverted 10 times before centrifugation at 16,000 g for 5 min. The supernatant
was added to an equal volume of 100% ethanol and DNA was precipitated at -80 °C for at least 15 min.
After centrifugation at 16,000 g for 10 min at 4 °C, the pellet was rinsed with 1 mL of 100% ethanol before

re-centrifugation at 16,000 g for 10 min at 4 °C. The pellet was air-dried before resuspension in elution buffer.
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5.3 Single cell technologies
5.3.1 Single nuclei RNA-seq and multiome

Glomeruli were isolated from mice kidneys and subjected to isolation of nuclei using Sigma EZ lysis buffer
supplemented with EDTA-free protease inhibitors and 0.1% murine RNase inhibitor. Isolated nuclei were
washed twice in lysis buffer and counted with a hemocytometer. After centrifugation at 1000g for 10 min,
nuclei were resuspended in PBS supplemented with 2% BSA to reach an approximate concentration of 1000
nuclei/ pL. Prior to immediate processing, the samples were further filtered through a 10 pm cell strainer.
For multiome, nuclei were resuspended to approximately 3000 nuclei/ pL in 1X Nuclei Buffer from Ilumina

supplemented with protease and RNAse inhibitors.

5.3.2 Library preparation and sequencing

Library preparation and DNA sequencing of ATAC-seq, omniATAC-seq, Cut&Tag, and all single nuclei
technologies were performed by the Cologne Centre of Genomics (CCG). 12 cycles of PCR amplification
were used for ATAC-seq samples. Cycle numbers of PCR amplification used for Cut&Tag samples were
determined by qPCR as described above. For snRNA-seq, libraries and sequencings were prepared per the

manufacturer’s instructions supported by 10X Genomics.

5.4 Molecular cell biology
5.4.1 Cloning

pEGFP-C1 was linearized by Sall-HF and pEGFP-N1 by HindIII respectively at 37 °C for 10 h before gel
purification on 1% agarose gel using NucleoSpin Gel and PCR Cleanup kit according to manufacturer’s
protocol. Inserts were PCR amplified using Q5 polymerase from the mouse cDNA library and cloned into
linearized pEGFP-C1 or pEGFP-N1 using Gibson assembly. Ligated DNA products were transformed into
DH10 competent cells and grown on appropriate antibiotic plates overnight at 37 °C. Single colonies were
picked into 3 mL of LB supplemented with antibiotics and grown to saturation overnight. Minipreps were
prepared using a Nucleospin Plasmid EasyPure kit according to the manufacturer’s protocol. The sequence
of the inserts was confirmed by Sanger sequencing, then plasmids were prepared and purified by NucleoBond

Xtra Midi kit according to the manufacturer’s protocol.

5.5 Cell culture work
5.5.1 Cell culture and transfection

HEK293T cells were cultured in monolayers and maintained at 37 °C and 5% COs in DMEM media with
GlutaMAX supplemented with 10% fetal bovine serum (FBS). Cells were passaged by washing them once
with sterile PBS and adding 1 mL trypsin for 5 min at 37yntil detached. Diluted cells were transferred into
a fresh culture dish with the pre-warmed medium.

Plasmids were transfected into HEK293T cells using calcium phosphate transfection. 3 pg of DNA was
added to 0.25 M calcium chloride and complexed with an equal volume of 2X HEBS buffer by thorough

vortexing, then added dropwise to cells for 6-8 h. The next day, cells were used for live cell imaging.
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5.5.2 Fluorescence recovery after photobleaching (FRAP)

HEK293T cells were grown on glass bottom 35 mm dishes and transfected with appropriate plasmids prior
to live cell imaging using the Leica SP8 STED microscope. 5 frames of images were acquired prior to
photobleaching of fluorescent signals at the region of interest (ROI) within the cell and imaged at 1.3 s

interval for at least 30 frames for potential signal recovery within the ROI. Images were analyzed using Fiji.

5.6 Bioinformatics
5.6.1 Multiome analysis

For snRNA-seq, the Seurat R package was used to perform filtering, normalization, dimensionality reduction,
clustering, and differential expression analysis. The “FindClusters” function was performed to generate
different clustering results. Differential gene analysis was performed by the “FindAllMarkers” function
and DEGs were identified with Bonferroni-adjusted P values as described in figure legends. For snATAC-
seq, the Signac R package was used to perform subsequent analysis. The accessible chromatin peaks for
each cell type were identified using MACS2. Differential chromatin accessibility analysis was performed by
the “FindAllMarkers” function. Differentially accessible chromatin regions were identified with Bonferroni-
adjusted P values as described in the figure legend. The ”FindMotifs” function and the JASPAR database
were used to identify motif enrichment of transcription factors. The ”RunChromVAR” function was used to

compute a per-cell motif activity.

5.6.2 GAGE analysis

GAGE was used to assess the gene set enrichment for pathway analysis [194]. The average log2 fold change
of differentially expressed gene sets was derived from tamoxifen-induced 6-day, 10-day and 14-day between
sick and healthy podocytes and they were each compared to 6-day control to identify significant signaling
pathways within the KEGG database.

5.7 Statistics

Statistical calculations were done using the rstatix package within R. Comparison of two groups was done

using a t-test and comparison between more than two groups was done using ANOVA.

25



6 Results

6.1 Gene regulatory network of podocytes and the development of the Podocyte
Damage Score (PDS)

6.1.1 Single nucleus map of mouse glomeruli in FSGS

To investigate disease heterogeneity in FSGS, single nuclei were extracted from isolated glomeruli and
snRNA-seq was performed using Nphs2R231Q/A286V and W1 hetdel mice at various stages of the disease.

2R231Q/A286V pjce at 4w (n=4),

Glomeruli were isolated from wildtype or experimental animals from Nphs
6w (n=3), 8w (n=3) or 12w (n=4) or from Wil hetdel mice at 12w (n=4) or 25w (n=2). Heatmaps of the
top 10 gene markers of each cluster were generated to identify different cell types within the kidney, and
snRNA-seq analysis identified the three major cell types in the glomerulus, podocytes, endothelial cells and
mesangial cells based on the expression of lineage-specific markers (Figure 4A and D). Globally, a distinct

separation between healthy and disease cells in all disease models was observed (Figure 4C and F).
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Figure 4: snRNA-seq analysis of FSGS mice revealed a major shift in damage response in all cell types.
UMAP showing cells identified in Nphs2BR231Q/A286V mice by cell type (A), age (B) and genotype (C).
UMAP showing cells identified in W¢l.hetdel mice by cell type (D), age (E) and genotype (F). There
is a clear separation between healthy and damaged cells in all cell types. Subclustering of podocytes in
Nphs2R231Q/A286V mice show clear distinction by age (G) and by genotype (H) within damaged podocytes.
I. Heatmap of top 20 gene clusters of healthy podocytes (cluster 0) and damaged podocytes (cluster 1). J.
Differential expression analysis patterns in damaged podocytes show similarily across all four timepoints.
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To understand how rare cell types in the kidney, such as podocytes, respond to injury and rewire their
gene connectivity and signaling pathways in FSGS. Subclustering of 23,650 podocytes in Nphs2R231Q/A286V
mice revealed clear separation of podocytes by genotype (Figure 4H) where healthy podocytes showed dif-
ferential gene expression in known podocyte marker genes including Thsd7a, Sulfl and Dockb whereas in
damaged podocytes, these genes were downregulated (Figure 4I). There was an age-dependent gene expres-
sion change in damaged podocytes from 4w to 12w (Figure 4G) possibly correlating with disease progression
yet differential expression analysis between these four timpoints showed large overlap, with 251 commonly
significant genes (Figure 4J). To resolve the discrepancy between the lack of gene expression changes in dam-
aged podocytes with podocyte disease progression, we hypothesize that even within damaged podocytes,
there were subsets of podocytes where the rewiring and changes in TF and pathway activity correlated with
the extent of podocyte damage. Subsequently, we developed a podocyte damage score (PDS) aimed at moni-
toring the disease trajectory and pathway activity at single-cell resolution and investigating cell type-specific

gene regulatory network reconfiguration in FSGS.

6.1.2 Development of the PDS

In order to develop the PDS, approximately 200 publicly available datasets of microarray, bulk and single-cell
RNA-seq of different models of podocyte damage, including diabetic nephropathy, FSGS and toxin-induced
injury were pooled and considered for the development of the PDS. To maximize the biological representation
of podocytes, these studies were filtered by cell types where only FACS-sorted podocytes, whole glomeruli
bulk and single-cell RN A-seq from kidneys were retained for further analysis but whole kidney and cultured
podocytes studies were removed from consideration due to poor capture of the podocyte population or poor
recapitulation of the function of podocytes in cell culture. Approximately 40 datasets were further examined
and datasets with confounding phenotypic presentation of podocyte dysfunction were removed. Combined
with several in-house generated bulk and single-cell RNA-seq (as shown above), 37 datasets eventually
contributed to the development of the PDS (Table 5). The differential expression analysis was performed to
identify gene signatures of podocyte damage for each dataset. Genes were more specifically selected if they
fulfill the criteria that they are detectable in >75% of the studies and are expressed in the same direction
of change between control and disease. Finally, the differential gene expression was ranked by p-value and
the top 50 common genes were combined as damage signatures aliased as the PDS (Figure 5). Next, we
validated the PDS across different datasets to test its sensitivity in detecting damage in specific cell types,

various disease types and along disease progression.

GSE accession | Model group Type of dataset | Type of cells Reference
GSE18358 Wt1 KO MA glomeruli [195]
GSE117571 Foxcl/2 KO MA glomeruli [196]
GSE63272 Slit diaphragm MA podocytes [197]
GSE20235 HIV/VHL KO MA glomeruli 198]
GSE106841 diabetes MA glomeruli [199]
GSE108629 toxic damage MA podocytes [200]
GSE112116 diabetes MA glomeruli [91]
GDS3992 diabetes MA glomeruli [201]
GSE17709 PTIP KO MA glomeruli [90]
GSE117987 HIV-mediated damage | bulk glomeruli [202]
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GSE123179 slit diaphragm bulk glomeruli [203]
GSE126217 glycan metabolism bulk glomeruli [204]
GSE154955 toxic damage bulk podocytes [35]
GSE127235 diabetes sc glomeruli [205]
GSE146912 various sc glomeruli [206]
in-house dataset | slit diaphragm bulk glomeruli

in-house dataset | toxic damage bulk glomeruli

in-house dataset | Wt1 KO bulk glomeruli

in-house dataset | Wt1 KO sc podocytes

GSE119049 light chain deposition | bulk glomeruli [207]
GSE131266 diabetes MA glomeruli [208]
GSE138774 actin cytoskeleton bulk glomeruli [209]
GSE134327 diabetes bulk glomeruli [210]
GSE110092 slit diaphragm bulk glomeruli [211]
GSE123853 diabetes bulk glomeruli [212]
GSE104624 focal adhesion MA glomeruli [213]
GSE77717 diabetes bulk glomeruli [214]
GSE84663 diabetes MA glomeruli [215]
GSE79291 diabetes bulk glomeruli, podocytes | [216]
GSE85569 diabetes MA glomeruli [217]
GSE56236 immunologic damage MA glomeruli [218]
GSE43061 ageing / DNA damage | MA glomeruli [219]
GSE33744 diabetes MA glomeruli [220]
GSE36209 diabetes MA podocytes [221]
GSE136138 ageing bulk podocytes [222]

Table 5: Datasets used for the development of the PDS. MA = microarray, bulk = bulk RNA-seq, sc
= scRNA-seq. Published datasets are referenced by GSE accession numbers and datasets without GSE
accession numbers (NA) were generated in-house. Datasets are also categorized by cell types that were
assayed and classified under different model groups based on disease etiology.
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Figure 5: Bioinformatic workflow used in the development of the PDS. A. Selection of publicly available
studies and datasets that contribute to the development of the PDS. Approximately 200 studies were filtered
by podocyte specificity and only FACS-sorted podocytes, glomerular bulk RNA-seq and glomerular scRNA-
seq were collected for further analysis. The models of each dataset were further categorized by the type
of podocyte disease and non-representative datasets were excluded. Based on these datasets, the PDS was
tested by validating for cell type, disease type, and disease stage specificity using both bulk RNA-seq and
snRNA-seq. B. Outline of the selection of genes for AUCell scoring to calculate the PDS. Gene expression
data from various disease models and datasets were analyzed by differential analysis, combined, filtered and
ranked using AUCell to collect a list of 50 common gene signatures known as the PDS. C. Heatmap of all
studies used in the development of the PDS show clustering by the types of disease model.



6.1.3 PDS is podocyte-specific and is applicable to various damage models

Next, we tested the usability of the PDS and validated it for disease-type and cell-type specificity across
test datasets. The PDS was first cross-validated by applying to bulk datasets after excluding disease-specific
datasets, such as diabetes, slit diaphragm, or toxic damage for control and experimental conditions (Figure
6A). In addition, we tested the PDS for cell-type specificity using independent datasets sourced from Chung
et al. where various disease models were characterized using scRNA-seq [206]. Here, we validated PDS
using the nephrotoxic serum (NTS) nephritis model where the injection of NTS induced acute inflammatory
responses followed by proteinuria that peaked 1 day after treatment, but gradually decreased within 7 days.
AUCell score was calculated for all clusters (endothelium, podocytes, mesangium, juxtaglomerular apparatus,
tubules and immune cells). The PDS was able to distinguish between control from nephritis conditions most
significantly in the podocyte cluster. Importantly, the progression and recovery of podocyte damage was
detected between control, day 1 (nephrl) and day 5 (nephr5) NTS nephritis within the podocyte cluster
thus emphasizing the power of PDS to monitor disease progression (Figure 6B). We further tested the PDS
on podocytes using additional scRNA-seq of other models including doxorubicin and diabetes to show that
the PDS was able to differentiate between healthy and diseased podocytes across different disease models
(Figure 6C).

Next, we evaluated the robustness of the PDS by randomizing the ranks and the log fold changes (LFCs)
within a percentage of studies and re-calculating the PDS score to assess the separation between healthy
and disease podocytes on validation datasets. A given percentage of validation studies were randomized in
a stepwise fashion (0, 25%, 50%, 70%, 90% and 100%) and the 75% cutoff for inclusion of gene markers
criterion was removed to recalculate the PDS. The PDS was applied to single-cell datasets including the
nephritis and the doxorubicin models. After one round of randomization, more than 70% of the datasets
needed to be randomized before the cell specificity of the PDS on podocytes was affected (Figure 6D). The
validation datasets were further randomized for 50 rounds for each percentage of randomness. In every
randomization round, the average disease score was re-calculated across control and experimental cells and
tested on the nephrl dataset to show the average disease score of control and experimental cells. More than
80% of the datasets needed to be randomized before the stability of the PDS on podocytes was affected
(Figure 6E).
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Figure 6: PDS is robust and podocyte-specific. A. Cross-validation of PDS on model-specific bulk RNA-seq
datasets. Diabetes, slit diaphragm or toxic damage studies were left out and disease markers were ranked
with the remaining damage models. The PDS was re-calculated for the models that were left out and the
results were plotted for control and experimental studies on test datasets. B. Validation of PDS on single
cell datasets from Chung et al. [206]. AUCell score was calculated for each cluster from the glomerular
scRNA-seq for all conditions (control, nephrl and nephr5). The PDS shows high sensitivity for podocytes
and is able to capture disease progression (nephrl) and recovery (nephr5) in the NTS nephritis model. C.
The PDS is tested on all single-cell datasets and is able to capture disease progression in all models in
podocytes. D. Randomization of the PDS shows that the PDS is cell-type specific. More than 70% of all
cells need to be randomized for PDS to lose specificity. E. Even after 50 rounds of randomization of studies,
more than 80% of the datasets need to be randomized to affect the stability of PDS.

6.1.4 Verification of PDS marker genes

Furthermore, we verified the expression of PDS marker genes on other levels of cellular regulation to confirm
the correlation between gene expression with protein expression. Expectedly, PDS marker genes were de-
tected in most datasets on the transcript level and they clustered in two groups, up- or down-regulated upon

podocyte damage (Figure 7). To correlate the changes in the transcriptome to those in the proteome, we
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evaluated the expression of the PDS gene signatures using proteomics data collected from Nphs2R231Q/A286V

glomeruli at 3w. Proteins that were not detected by mass spectrometry or non-protein coding genes were

excluded from analysis. Of all PDS markers genes, 35 PDS proteins were detectable in either wildtype or

disease mice (Figure 8A) and 19 PDS proteins were measured in both conditions. PDS marker genes that

were detected in both control and disease conditions showed the same direction of change on the protein

level as on the transcript level (Figure 8B).
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GSE117987_ HVadriom_bulk | Tg26.mut
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