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Summary

The most common kidney diseases include chronic and acute kidney failure, degenerative
kidney diseases, various kidney inflammations, kidney stones, renal cell carcinoma, and
genetic kidney diseases such as autosomal-dominant polycystic kidney disease or rare
inherited disorders like Bartter syndrome. Globally, chronic kidney disease (CKD) affects
approximately 10% of the population, making it one of the most significant health burdens.
Kidney stones are also widespread, with varying prevalence across different regions. Renal
cell carcinoma, one of the most common types of kidney cancer, accounts for about 2—-3% of
all cancers worldwide. Rare inherited kidney diseases, such as Bartter syndrome, a disorder
of kidney tubule function, are extremely rare, with an estimated prevalence of less than 1 in
1,000,000 individuals.

However, since the human body is a complex and multifaceted system, kidney diseases are
closely linked to other organs, such as the heart or brain. It is known that a damaged and non-
functioning kidney stops the elimination of waste products from the blood and therefore an
enormous amount of fluid collects in the blood vessels, causing high blood pressure. The
harmony and balance of the system and the cooperation of the organs is essential. In the past,
disease modelling of the kidney has been challenging due to the challenge of obtaining cells
derived from the kidney. Although relatively few kidney cells are shed under healthy- compared
to dysfunctional conditions, we were able to isolate, cultivate and expand urine cells from
healthy donors with a non-invasive method. These cells were identified as multipotent urinary
stem cells, with a broad differentiation potential. We named these cells urine-derived nephron
progenitor cells (UdJRPCs) who can be differentiated into renal cell types such as glomerular
podocytes and can be used for iPSC reprogramming.

Since kidney diseases are often caused by damage to the glomerulus or tubule, the use of
UdRPCs has a wide potential for in vitro studies. UJRPCs can be immortalized and
reprogrammed into induced pluripotent stem cells. In this study, immortalization was performed
using human telomerase (hTERT) and partial programming by the Yamanaka factors (UM30-
OSN). The use of these cell lines provides a long-term and far-reaching platform for
investigating kidney-associated diseases.

In addition, the cell lines produced were able to differentiate into a highly specialized cell type,
named podocytes. Podocytes play a role in blood filtration in the glomeruli of the kidney. The
restriction or malfunction of podocytes is associated with numerous renal diseases, therefore,

the study and application of this cell type as a disease model is highly important. Worldwide,
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approximately 9.4 million deaths annually are attributable to elevated blood pressure.
Hypertension is mainly regulated by the renin-angiotensin-aldosterone system (RAAS), with
its main mediator angiotensin Il (ANG Il). Elevated ANG Il levels lead to a pro-fibrotic,
inflammatory, and hypertrophic environment, inducing apoptosis in podocytes. Prolonged
activation of the RAAS is crucial for the pathogenesis of podocyte injury and causes
proteinuria. To counteract podocyte damage, drugs that modulate the RAAS pathway such as
losartan are administered to patients with high blood pressure. In the following studies, the
UdRPCs-derived podocytes show activation of RAAS by being responsive to ANG I
stimulation. The research data reveals an ANG lI-dependent down regulation of the podocyte
specific markers Nephrin (NPHS1) and Synaptopodin (SYNPO) leading to changes in the
cytoskeleton. Adding a precise concentration of losartan counteracts the ANG ll-induced
changes. These changes lead to increased expression of specific-podocyte-markers that
rescue the podocyte cytoskeleton, as shown by quantitative real-time PCR and Western blot
analysis. In addition, the disruption of the podocyte cytoskeleton, which is detected by
immunofluorescence-based detection of phalloidin, is prevented by losartan. This knowledge
is important for further nephrotoxicity studies as well to understand the molecular pathway in

many kidney diseases.

Diseases such as acute kidney injury or even chronic kidney disease can also be investigated
using UdRPC:s. In the two studies presented here, the secretome of the urine of an AKI patient
cohort was analyzed. In addition, the effect of patient and healthy urine on human podocytes
was investigated. Based on the results, we identified ADIPOQ, EGF, and SERPIN3A as
potential early biomarkers that could detect acute kidney injury (AKI) as early as 24 hours after
surgery. Besides that, genes were upregulated 72 hours after surgery, among them are
CXCL1, VEGF, and RENIN.

Another study carried out by our lab was a study of CKD patients from Ghana that revealed
decreased secretion of EGFR and VEGF in CKD progression. EGFR and VEGF may act in
maintaining microvascular integrity and promoting endothelial and tubular cell survival and
repair. Early detection of such cytokines could enable timely interventions to prevent filtration
barrier breakdown, potentially yielding significant patient benefits. Moreover, cytokine-based
tests are non-invasive, cost-effective, and easily conducted using urine samples and flow-cell

detection devices, presenting a promising alternative for AKI and CKD monitoring.
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Apolipoprotein L1 (APOL1) is a key genetic risk factor for CKD in individuals of African
ancestry. Understanding this association is critical for risk stratification, early detection, and
the development of targeted therapies in the future. To demonstrate the utility of the partially
reprogrammed cell line UM30-OSN as a model for APOL1-associated kidney disease, we
investigated the effects of interferon-y (IFN-y) on UM30-OSN-derived podocytes and
evaluated the potential of the JAK1/JAK2 inhibitor baricitinib to mitigate IFN-y-induced cellular
responses.

Stimulation with IFN-y resulted in enhanced STAT1 phosphorylation, increased APOL1
expression, upregulation of pro-inflammatory and fibrotic markers such as IL-6, TGF-j,
vimentin, and fibronectin, as well as morphological changes indicative of cellular stress.
Pretreatment with baricitinib effectively inhibited STAT1 phosphorylation, reduced the
expression of pro-inflammatory and fibrosis-associated genes, and preserved podocyte

morphology.

Furthermore, | carried out another study with UdRPCs from individuals with sodium-wasting
conditions, named Bartter syndrome. Regarding the previous studies, Bartter syndrome has
an interesting angle, by looking at hypertension and aging-related processes. The RAAS
involves several systematic processes to regulate blood pressure caused by electrolyte
imbalance. Salt intake is a critical factor influencing hypertension and plays a significant role
in determining sensitivity to hypertensive responses.

To study the etiology of Bartter syndrome at the molecular level an induced pluripotent stem
cell line (iPSC) of an 18-year-old Bartter syndrome type 3 (BS3) patient within a homozygous

whole gene deletion of CLCNKB genotype was generated and characterized.

Research is the key to a better future, for each individual and society. Science investigates the
smallest building blocks of life, molecules such as DNA, RNA, proteins, lipids and
carbohydrates and their interactions in biological systems. This field of research is central to
understanding the foundations of life and developing solutions for medical, biotechnological
and ecological challenges. For this reason, in vitro studies aim to create therapeutic options,
considering both ethical and legal guidelines. Previously published studies have shown that
the use of UdRPCs, already used for urological tissue regeneration, bone regeneration or used
in the treatment of acute to chronic kidney injuries.

In these previous studies, few experiments were conducted to explain the mechanism that

describes the positive effect of transplanted urinary stem cells on the regeneration of injured
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kidneys. The present study should provide a starting point to further investigate the
mechanism. Accordingly, healthy human UdRPCs from a female individual aged 31 years were
unilaterally transplanted under the renal capsule of mice kidneys subjected to ischaemia-
reperfusion injury (IRI). Analyses of the blood serum of the transplanted mice showed that the
secretome of the animals is altered in a time-dependent manner by the transplantation.
UdRPCs reduce fibrosis and inflammation in a mouse model of kidney injury. They
downregulated the expression of profibrotic and inflammatory markers and modulated the
systemic secretome by releasing factors like IL-10, VEGF, and HGF. Complete kidney function
was not restored within 21 days due to limitations imposed by ethics to conform with the R®
principle-Reduce,Refine,Replace. The results highlight UJRPCs as a promising, non-invasive
therapy for kidney repair.

This thesis underlines the significant potential of urine-derived renal progenitor cells for
modelling not only kidney diseases such as acute kidney injury, chronic kidney disease,
APOL1-mediated disease, Bartter syndrome, High blood pressure, or sickle cell disease but
also similarities between kidney and brain and emphasizes the need for further investigation

to validate their therapeutic use in the future.
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Zusammenfassung

Die haufigsten Nierenerkrankungen umfassen chronisches und akutes Nierenversagen,
degenerative  Nierenerkrankungen, verschiedene Nierenentziindungen, Nierensteine,
Nierenzellkarzinom sowie genetische Nierenerkrankungen wie die autosomal-dominante
polyzystische Nierenerkrankung oder seltene erbliche Erkrankungen wie das Bartter-
Syndrom. Weltweit betrifft chronische Nierenerkrankung (CKD) etwa 10 % der Bevdlkerung,
was sie zu einer der bedeutendsten Gesundheitsbelastungen macht. Nierensteine sind
ebenfalls weit verbreitet, mit unterschiedlicher Pravalenz in verschiedenen Regionen. Das
Nierenzellkarzinom, eine der haufigsten Krebsarten der Niere, macht etwa 2-3 % aller
Krebserkrankungen weltweit aus. Seltene erbliche Nierenerkrankungen wie das Bartter-
Syndrom, eine Stérung der Nierenréhrenfunktion, sind aullerst selten, mit einer geschatzten

Pravalenz von weniger als 1 von 1.000.000 Individuen.

Da der menschliche Korper jedoch ein komplexes und weit verzweigtes System ist, stehen
Erkrankungen in enger Verbindung mit anderen Organen wie dem Herzen oder dem Gehirn.
Es ist bekannt, dass eine geschadigte und nicht funktionierende Niere die Ausscheidung von
Abfallstoffen aus dem Blut stoppt. Dadurch sammelt sich eine enorme Menge Flissigkeit in
den Blutgefallen an, was zu Bluthochdruck oder noch héheren Werten fihrt. Die Harmonie

und das Gleichgewicht des Systems sowie die Zusammenarbeit der Organe sind essenziell.

In der Vergangenheit war die Modellierung von Nierenerkrankungen aufierst schwierig, da es
eine grole Herausforderung darstellte, aus der Niere gewonnene Zellen zu erhalten. Obwohl
unter gesunden Bedingungen relativ wenige Nierenzellen im Vergleich zu dysfunktionalen
Zustanden ausgeschieden werden, konnten wir Zellen aus dem Urin gesunder Spender mit
einer nicht-invasiven Methode isolieren, kultivieren und vermehren. Multipotente Stammzellen
aus dem Urin besitzen ein breites Differenzierungspotenzial; sie kénnen in renale Zelltypen
wie glomerulare Podozyten differenziert und auch fiir die Reprogrammierung zu induzierten
pluripotenten Stammzellen (iPSCs) genutzt werden. Da Nierenerkrankungen haufig durch
Schaden an Glomerulus oder Tubuli verursacht werden, bietet diese Methode ein breites

Potenzial fur In-vitro-Studien.

Die sogenannten aus Urin gewonnenen nephronalen Vorlauferzellen (UdRPCs) kénnen auf

verschiedene Weise immortalisiert und in induzierte pluripotente Stammzellen reprogrammiert
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werden. In diesem Fall wurde die Immortalisierung mithilfe von humaner Telomerase (hTERT)
und einer teilweisen Programmierung der Yamanaka-Faktoren durchgefuhrt. Die Verwendung
dieser Zelllinien bietet eine langfristige und weitreichende Plattform zur Untersuchung

nierenassoziierter Erkrankungen.

Entsprechend wurden die erzeugten Zelllinien unter anderem in einen hochspezialisierten
Zelltyp, die Podozyten, differenziert. Podozyten spielen eine Rolle im Blutfiltrationsprozess in
den Glomeruli der Niere. Einschrankungen oder Fehlfunktionen der Podozyten stehen mit
zahlreichen Nierenerkrankungen in Verbindung, weshalb die Untersuchung und Anwendung
dieses Zelltyps als Krankheitsmodell von grof3er Bedeutung ist. Weltweit sind jahrlich etwa 9,4
Millionen Todesfalle auf Bluthochdruck zurlickzufiihren. Bluthochdruck wird hauptsachlich
durch das Renin-Angiotensin-Aldosteron-System (RAAS) reguliert, dessen Hauptmediator
Angiotensin Il (ANG IlI) ist. Erhéhte ANG-II-Werte fihren zu einem pro-fibrotischen, -
inflammatorischen und -hypertrophischen Milieu und induzieren Apoptose in Podozyten. Eine
verlangerte Aktivierung des RAAS ist entscheidend fir die Pathogenese von
Podozytenschaden und verursacht Proteinurie. Um Podozytenschaden entgegenzuwirken,
werden Medikamente verabreicht, die den RAAS-Weg modulieren, wie beispielsweise

Losartan.

In den vorliegenden Studien zeigen die aus UdRPCs differenzierten Podozyten eine
Aktivierung des RAAS durch ihre Reaktion auf ANG-II-Stimulation. Die Forschungsdaten
belegen eine ANG-Ill-abhangige Herunterregulierung der podozytenspezifischen Marker
Nephrin (NPHS1) und Synaptopodin (SYNPO), was zu einer Veranderung des Zytoskeletts
fuhrt. Die Zugabe einer prazisen Konzentration von Losartan verhindert die ANG-ll-abhangige
Veranderung des Zytoskeletts. Dies flihrte zu einer erhdhten Expression spezifischer
Podozytenmarker, die das Podozyten-Zytoskelett rettete, wie durch quantitative Echtzeit-PCR
und Western-Blot-Analysen gezeigt wurde. Darliber hinaus konnte die Zytoskelettstérung der
Podozyten, die durch immunfluoreszenzbasierte Phalloidin-Detektion sichtbar gemacht
wurde, durch Losartan verhindert werden. Dieses Wissen ist sowohl flr weitere
Nephrotoxizitatsstudien als auch fir das Verstandnis molekularer Mechanismen vieler

Nierenerkrankungen von Bedeutung.

Erkrankungen wie akute Nierenschadigung (AKI) oder sogar chronische Nierenerkrankung
(CKD) kénnen ebenfalls mithilfe von UdRPCs untersucht werden. In den beiden vorgestellten

Studien wurde das Sekretom des Urins einer AKI-Patientenkohorte analysiert und die Wirkung
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von Patienten- und gesundem Urin auf humane Podozyten untersucht. Heute kann man
schlussfolgern, dass biologische Prozesse geschlechts- und altersabhangige Variationen
aufweisen kénnen. Basierend auf den Ergebnissen konnten wir ADIPOQ, EGF und SERPIN3A
als potenzielle friihe Biomarker identifizieren, die eine akute Nierenschadigung bereits 24
Stunden nach einer Operation nachweisen kdnnen. Zusatzlich wurden Gene identifiziert, die
72 Stunden nach der Operation hochreguliert waren, darunter CXCL1, VEGF und RENIN.

Parallel dazu zeigte eine Studie an CKD-Patienten aus Ghana eine verminderte Sekretion von
EGFR und VEGF im Verlauf der CKD-Progression. Dies deutet darauf hin, dass EGFR und
VEGEF als Initiatoren bei AKI wirken und wahrend der CKD-Progression abnehmen kdnnten.
Eine frihzeitige Erkennung solcher Zytokine kdnnte rechtzeitige Interventionen erméglichen,
um einen Zusammenbruch der Filtrationsbarriere zu verhindern, was potenziell erhebliche
Vorteile fur Patienten bringen kdnnte. Dartber hinaus sind zytokinbasierte Tests nicht-invasiv,
kostengunstig und kénnen leicht mit Urinproben und Flusszell-Detektionsgeraten durchgefihrt

werden, was eine vielversprechende Alternative fir das Monitoring von AKI und CKD darstellt.

APOL1 ist ein entscheidender genetischer Risikofaktor fir CKD bei Menschen mit
afrikanischer Abstammung. Das Verstandnis dieses Zusammenhangs hilft bei der
Risikostratifizierung, Friherkennung und in Zukunft moéglicherweise bei gezielter Therapie. Um
die Nutzlichkeit der partiell reprogrammierten Zelllinie, UM30-OSN als Modell fir APOL1-
vermittelte Nierenerkrankungen zu demonstrieren, haben wir die Auswirkungen von Interferon-
y (IFN-y) auf UM30-OSN-Podozyten untersucht und das Potenzial des JAK1/JAK2-Inhibitors
Baricitinib zur Abschwachung IFN-y-induzierter zellularer Reaktionen bewertet. Die IFN-y-
Stimulation fihrte zu einer erhéhten Phosphorylierung von STAT1, einer Aktivierung von
APOL1, einer Hochregulierung von proinflammatorischen und fibrotischen Markern wie IL-6,
TGF-B, Vimentin und Fibronectin sowie zu morphologischen Veranderungen, die auf Zellstress
hinweisen. Die Vorbehandlung mit Baricitinib hemmte wirksam die STAT1-Phosphorylierung,
verringerte die Expression von pro-inflammatorischen und Fibrose-assoziierten Genen und

bewahrte die Morphologie der Podozyten.

In einer weiteren Studie wurden UdRPCs von Individuen mit Natriumverlustsyndromen, wie
dem Bartter-Syndrom, analysiert. Im Hinblick auf die vorherigen Studien bietet das Bartter-
Syndrom einen interessanten Ansatz, da es Bluthochdruck und altersbedingte Prozesse

untersucht. Das RAAS umfasst mehrere systemische Prozesse zur Regulierung des
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Blutdrucks, die durch Elektrolytungleichgewichte verursacht werden. Der Salzkonsum ist ein

kritischer Faktor, der die Empfindlichkeit gegenuber hypertensiven Reaktionen beeinflusst.

Zur Untersuchung der Atiologie des Bartter-Syndroms auf molekularer Ebene wurde eine
induzierte pluripotente Stammzelllinie (iPSC) eines 18-jahrigen Patienten mit Bartter-Syndrom
Typ 3 (BS3) und einer homozygoten Deletion des gesamten Gens CLCNKB generiert und
charakterisiert.

Forschung ist der Schlissel zu einer besseren Zukunft — fur jede Einzelperson und flr die
Gesellschaft als Ganzes. Die Wissenschaft untersucht die kleinsten Bausteine des Lebens —
Molekule wie DNA, RNA, Proteine, Lipide und Kohlenhydrate — und deren Wechselwirkungen
in biologischen Systemen. Dieses Forschungsfeld ist zentral fir das Verstandnis der
Grundlagen des Lebens und fir die Entwicklung von Ldsungen flr medizinische,

biotechnologische und 6kologische Herausforderungen.

Aus diesem Grund zielen In-vitro-Studien darauf ab, therapeutische Optionen zu schaffen,
wobei sowohl ethische als auch gesetzliche Richtlinien bertcksichtigt werden. Bereits
veroffentlichte  Studien haben gezeigt, dass UdRPCs in der urologischen
Geweberegeneration, der Knochenregeneration oder in der Behandlung von akuten bis

chronischen Nierenschaden eingesetzt werden kénnen.

Dementsprechend wurden gesunde menschliche UdRPCs eines weiblichen Individuums im
Alter von 31 Jahren einseitig unter die Nierenkapsel von Mausen transplantiert, die einer
Ischamie-Reperfusionsverletzung (IRI) ausgesetzt waren. Analysen des Blutserums der
transplantierten Mause zeigten, dass das Sekretom der Tiere durch die Transplantation
zeitabhangig verandert wird. UdRPCs reduzieren Fibrose und Entzindung in einem
Mausmodell flr Nierenverletzungen. Sie verringerten die Expression von profibrotischen und
entziindlichen Markern und modulierten das systemische Sekretom durch Freisetzung von
Faktoren wie IL-10, VEGF und HGF. Die vollstandige Nierenfunktion konnte nicht innerhalb
von 21 Tagen wiederhergestellt werden, da die Einhaltung des R3-Prinzips (Verringern,
Verfeinern, Ersetzen) ethische Einschrankungen mit sich brachte. Die Ergebnisse zeigen,
dass UdRPCs eine vielversprechende, nicht-invasive Therapie fir die Nierenreparatur
darstellen.

Diese Arbeit unterstreicht das bedeutende Potenzial von aus Urin gewonnenen

Nierenvorlauferzellen fir die Modellierung nicht nur von Nierenerkrankungen wie akuter
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Nierenschadigung, chronischer Nierenerkrankung, APOL1-vermittelter Erkrankung, Bartter
syndrom, Bluthochdruck oder Sichelzellkrankheit, sondern auch von Ahnlichkeiten zwischen
Niere und Gehirn und betont die Notwendigkeit weiterer Untersuchungen, um ihren

therapeutischen Einsatz in Zukunft zu validieren.
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Structure of this Thesis

This thesis compiles ten publications, which address the potential use of urine and urine-
derived renal progenitor cells in kidney diseases and further the use of their therapeutic

potential. The publications are presented in chronological order:

1. Erichsen L, Thimm C, Bohndorf M, Rahman S, Wruck W, Adjaye J (2022).
Activation of the Re Activation of the Renin—-Angiotensin System Disrupts
the Cytoskeletal Architecture of Human Urine-Derived Podocytes. Cells;
https://doi.org/10.3390/cells11071095 (original research).

2. Erichsen L, Kloss L, Thimm C, Bohndorf M, Schichel K, Wruck W, Adjaye J
(2023). Derivation of the Immortalized Cell Line UM51-PrePodo-hTERT
and Its Responsiveness to Angiotensin Il and Activation of the RAAS
Pathway. Cells; https:// doi.org/10.3390/cells12030342 (original research).

3. Wruck W* Thimm C* Adjaye J (2025). Evidence for conserved gene
expression and biological processes operative in human podocytes and
adult brain. BioRxiv; https://doi.org/10.1101/2025.03.17.643629 (original
research).

4. Thimm C, Zhong C, Wruck W, Grillo A, Mack R, Bohndorf M, Graffmann N,
Tang A, D’Ambriosio V, Wan E, Siew K, Evans R, Walsh S, Adjaye J (2025).
Generation of a Bartter syndrome type 3 patient-derived induced
pluripotent stem cell line ISRM-BS3-UM18-iPSC (HHUUKDi014-A). Stem
Cell Research; https://doi.org/10.1016/j.scr.2025.103760 (original research).

5. Kordes C, Spitzhorn LS, Bohndorf M, Ncube A, Thimm C, Erichsen L, Wruck
W, Adjaye J (2025). Human urine-derived SIX2-positive renal progenitor
cells improve kidney injury in an ischemia reperfusion injury mouse
model. BioRxiv; https://doi.org/10.1101/2025.07.02.662781 (original
research).

6. Thimm C, Mack R, Aruna-Adjei O, Wruck W, Adjaye J (2025). Modelling
APOL1-mediated kidney inflammation and fibrosis usinga partially
reprogrammed urine derived SIX2-positive renal progenitor cell line.
BioRxiv; https://doi.org/10.1101/2025.07.28.667124 (original research).

7. Erichsen L, Thimm C, Wruck W, Kaierle D, Schless, Huthmann L, Dimski T,
Kindgen-Milles D, Brandenburger T, Adjaye J (2023). Secreted Cytokines
within the Urine of AKI Patients Modulate TP53 and SIRT1 Levels in a
Human Podocyte Cell Model. International Journal of Molecular Sciences;
https:// doi.org/10.3390/ijms24098228 (original research).

8. Thimm C, Adjaye J (2024). Untangling the Uncertain Role of Overactivation
of the Renin—Angiotensin—Aldosterone System with the Aging Process
Based on Sodium Wasting Human Models. International Journal of
Molecular Sciences; https:// doi.org/10.3390/ijms25179332 (original review).
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and Losartan-Induced Gene Regulatory Networks Using Human Urine-
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A general synopsis outlines the anatomy and function of the kidney, beginning with nephron
development and the glomerulus. It further addresses the Renin-Angiotensin-Aldosterone
System, common kidney diseases such as acute kidney disease and chronic kidney disease,
Apolipoprotein 1-mediated disease and magnesium-related disorders. Subsequent sections
explore the effects of aging, the role of induced pluripotent stem cells, and approaches to cell
line immortalization. The included publications provide deeper insight into the interconnection
of these topics, offering background information and methodological details. This is followed

by a discussion, with a final summary concluding the key findings.
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1 Introduction

1.1 Fundamentals of renal anatomy and function

The kidneys are organs that fulfill many important functions to maintain normal bodily functions.
The kidneys' main function is to filter the urine, removing urinary components such as urea,
uric acid, salts, water, creatine, and toxins. Thereby controlling the homeostasis of electrolytes
such as phosphate, potassium, calcium, and potassium. They also control blood pressure and
regulate the acid-base balance, such as the synthesis site of calcitriol hormones,
erythropoietin, and renin’.

The kidneys are in the retroperitoneal space on both sides of the spine and have a bean-
shaped form. They each weigh between 55 and 261 grams. A kidney is usually 5 cm wide, 90
to 130 cm long, and 2.5 to 3 cm thick. All these parameters depend on gender, ethic, racial
diversity and the lateral position of the kidney®™.

The kidneys develop from the intermediate mesoderm and are controlled by the renal arteries.
From the outside, the kidney is surrounded by a stretchable connective tissue envelope, the
so-called capsula fibrosa renis. Each kidney consists of renal lobes, which are divided into the
medulla renalis and the cortex renalis (A). The medulla is pyramid-shaped, with the renal
calyces of the entire pyramid forming the renal pelvis, renal pelvis. The cortex is approximately
one cm thick strip above and between the pyramids (Figure 1A).

To create a highly specialized and uniform network of arterioles that supply the glomeruli, the
kidneys organize their blood vessels through a series of branching divisions. Upon entering
the kidney, the renal artery undergoes multiple levels of branching. The renal artery first splits
into segmental arteries, each serving a specific region of the kidney. Segmental Arteries, the
interlobar arteries, these segmental arteries further branch into interlobar arteries, which run
along the renal columns toward the junction between the cortex and medulla.

A nephron, the smallest functional unit of the kidney, consists of a glomerulus. There are
approximately 1.3 million nephrons in a kidney (Figure 1B). These consist of the glomerulus
and the tubule system®. The glomerulus is composed of a capillary vascular plexus that
includes an inflow (vas afferens) and an outflow (vas efferens) vessel surrounded by the
Bowman's capsule. Small tubes that run through the inner part of the kidney, known as renal
tubules, play a critical role in filtering and regulating the flow of various chemical substances

between the blood and the urine. These tubules are integral components of the nephron and
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are responsible for the reabsorption of essential molecules and the secretion of waste
products. After the initial filtration of blood in the glomeruli, the filtrate enters the tubules, where
several processes occur. Through these processes through the proximal convolted tubule,
loop of Henle, distal convoluted tubule and the collecting ducts, the renal tubules maintain
homeostasis by balancing electrolytes, water, and pH levels, while ensuring the removal of
metabolic wastes. Their function is critical to overall kidney health and the body's ability to

regulate blood composition.

The surface of the glomerular capillaries has size- and charge-selective characteristics and
therefore serves as a filtration barrier for the blood passing through the glomerulus. The
glomerular excretion of blood plasma into the urinary cavity of Bowman's capsule leads to the
formation of approximately 200 liters of primary urine per day. This process of glomerular
excretion of blood plasma prevents the following three-part filtration unit from containing
important blood components such as macromolecular proteins and blood cells. The
fenestrated endothelium of the capillary bulb, the glomerular basement membrane, and a

highly specialized cell type, the podocyte, form the tripartite filtration unit’.

The secondary urine is formed by resorption and secretion processes in the tubule system.
The filtered fluid reaches the mitochondria-rich proximal tubule, which opens into the Henle
loop. There the filtered low-molecular substances such as glucose and smaller proteins are
reabsorbed. This is where freely filterable glucose is completely reabsorbed through active
transport processes. The collecting ducts transport the secondary urine into the renal pelvis.
From there, it reaches the bladder, where the urine is moved forwards by peristaltic contraction

waves (2 - 6 /min) and is finally released via the urethra’.
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Figure 1: Kidney anatomy

The kidney is a paired bean-shaped endocrine organ that is responsible for the filtration, reabsorption, and
concentration of urine, as well as for the production of renin and erythropoietin. From the outside, the kidney is
surrounded by a stretchable connective tissue envelope, capsula fibrosa renis. Each kidney consists of renal lobes,
which are divided into the medulla renalis and the cortex renalis (A). The medulla is pyramid-shaped, with the renal
calyces of the entire pyramid forming the renal pelvis, renal pelvis. The cortex is approximately one cm thick strip
above and between the pyramids (A). The kidney tissue consists of small filter units, the nephrons (B). The nephron
is the smallest unit of the kidney and consists of the renal corpuscle and the renal tubular system. Whereby the
renal corpuscle contains the glomerulus and a collection of capillaries enclosed by Bowman's capsule. The renal
tubule can be subdivided from proximal to distal. The straight section between the two, together with the loop of
Henle, is known as the intermediate tubule. The distal tubule opens into the collecting tubule from the uterine bud.
The figure was created and edited with the BioRender Template “Kidney Anatomy™”’.

1.2 Development of the nephron

The functional unit of the kidney is the nephron, which develops from the progenitor stem cells
induced by Wnt signaling 8. The development of the mammalian kidney resembles relics of
evolution. Initially, embryos have two transitional kidneys, the pro- and mesonephron, from
which the adult kidney of the metanephros eventually develops after a spatial and temporal
sequence®.

The first stages of kidney development are part of the reproductive system in that the kidney

begins with the sprouting of the ureteral bud from the ductus pronephricus. Primitive kidney
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development is initiated by the expression of Pax-2 and Sim-1 in the intermediate mesoderm.
As the ureteric bud grows into the metanephrogenic mesenchyme, it begins with branching
morphogenesis. Isolated mesenchymal cells aggregate at the newly formed branches and
begin a transformation from mesenchyme to epithelium, while other mesenchymal cells form
the interstitial stroma. Both tissue types are descendants of the interstitial mesoderm of a
narrow cell population that lies between the paraxial and lateral plate mesoderm and
specializes during gastrulation. Development takes place sequentially in the metanephric
blastema. The onset starts when the epithelial forms the ureteric bud at its extreme caudal
end. The nephron progenitor cells express various signaling factors that play an important role
during kidney development. These factors are: Eya1, Cited1, Hox11, Osr1, Pax2, Sall1, Six1,
Six2 and WT1'%"®. The deletion of each of these factors leads to defective kidney development
in the mammalian kidney.

Subsequently, the ureteric bud invades the predetermined renal mesenchyme, begins to
branch, and initiates nephrogenesis. The nephron develops through the mesenchymal-
epithelial transition (MET) and morphogenesis, which is activated via the non-canonical WNT
signalling pathway via WNT4. The migration of endothelial cells into the developing glomerulus
is essential for the attachment of a functional nephron. The development of a second kidney
is triggered by the caudal elongation of the epithelial Wolffian duct (WD), which leads to the
formation of the mesonephros (MN). In aquatic vertebrates, the MN serves as the main
excretory organ, whereas in reptiles, birds and mammals it is only a transient organ. Although
the MN is only transiently present during kidney formation in mammals, it is crucial for the
development of other organs derived from the urogenital system such as gonads, adrenal
glands and also for hematopoiesis'’. The WD finally forms the ureteric bud, which induces
nephron formation in the neighboring metanephric mesenchyme by induced signals. When the
mesenchyme receives signals from the ureteric bud, it can undergo two independent fates.
One is the pathway of self-renewal to maintain the progenitor pool and the other is the initiation

of MET, leading to the formation of the segmented nephron™.

1.3 Glomerulus of the kidney

The nephrons of mammals have at least 16 different highly specialized epithelial cell types.
The interaction of epithelial cells, endothelial cells, immune cells, and interstitial cell types is

essential for kidney function and, above all, for maintaining the internal environment'®*°. the
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system is divided into distal and proximal systems. There are also spatial differences between
the medulla and cortex. There are further differences in the interstitial sodium and urea
concentrations, which are essential for water homeostasis. The hypoxic conditions present can
only be survived by specialized epithelial and immune cells®®. The glomerulus, the filtering unit
of the kidney, is a specialized bundle of capillaries uniquely located between two resistance
vessels.

Blood from the glomerular capillaries is collected in the efferent arterioles, which in turn divide
to form the second capillary bed, the peritubular capillaries. This second capillary system has
a low hydrostatic pressure and is responsible for returning the reabsorbed fluid and electrolytes
to the circulation.

These capillaries are each located within Bowman's capsule and are the only capillary beds in
the body that are not surrounded by interstitial tissue. Therefore, a unique support structure is
required. The proximal component layer of the glomerular filter itself is a fenestrated
endothelium characterized by the presence of individual fenestrae in the order of 70-100 nm
in diameter. These cells envelop the luminal aspect of the capillary and enable filtration. The
second layer of the filter, the glomerular basement membrane (GBM), is a complex meshwork
of extracellular proteins, including collagen type IV, laminins, fibronectins, and proteoglycans.
The distal layer of the glomerular filter consists of the visceral epithelial cells, named
podocytes.

These highly differentiated and specialized cells adhere to the outer surface of the glomerular
capillaries and extend into the urethra of Bowman's capsule. They contributing to the formation
of the filtration slit diaphragm and serve as a support to maintain the integrity of the free-
standing capillary loops. They have a large cell body from which numerous foot processes
taper around the glomerular capillaries. Neighboring podocytes thus form lamellipodia-like foot
processes, between which an interdigital unique cell-cell contact is formed. At the same time,
the podocytes ensure the size selectivity of glomerular filtration: the slit diaphragm. These foot
processes are separated from each other by 30 - 40 nm wide filtration slits and covered by a
thin, electron-dense membrane, the slit diaphragm?'. The podocyte slit membrane expresses
several characteristic molecules like the "tight junction"-associated molecule zonula
occludens-1 (ZO-1) at the cytoplasmic side of slit membranes, which is co-localized with P-

222 |n addition to P-cadherin, there are three other

cadherin, a-, B- and y-catenin
transmembrane molecules with large extracellular domains in the zipper-like structure of the
slit diaphragm. These are the cadherin-like molecule FAT, the protein Neph-1 and Nephrin

(NPHS1)2-2.
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Near to the extracellular proteins of the slit membrane is the hairpin-like transmembrane
protein NPHS2 with two cytoplasmic ends, which is expressed within the glomerulus only in
podocytes?’. The CD2-associated protein (CD2AP) is localized in the cytoplasm within the
podocyte foot processes on the side of the slit membrane and anchors NPHS1 and NPHS2 to
the F-actin of the cells?®. An interaction between Podocin (NPHS2) and NPHS1, Neph1, and
CD2AP has already been demonstrated®3°. This highly conserved complex, through which
podocytes are connected to cell-cell contacts, controls podocyte function and maintains an
internal support network?':%.

The morphology of podocytes, which form the filtration slits with their primary and secondary
foot processes, can only be maintained by a mature internal support network.

Actin forms the basis of the cytoskeleton in the secondary foot processes of the podocyte,
while the cytoskeleton of the cell body and the primary processes are based on microtubules
and intermediate filaments®'. The secondary foot processes have a cytoskeleton based on
microfilaments. This contractile apparatus consists mainly of F-actin, Myosin-Il, Alpha-actinin-
4 (ACTN4), talin, and vinculin. ACTN4 is one of four highly homologous alpha-actinin proteins
that form "head-to-tail" homodimers, which are ubiquitously expressed®. In non-muscular
cells, ACTN4 is involved in the organization of the cortical cytoskeleton and localizes to stress
fibers and focal contacts, where it interacts with several cytoskeletal and membrane-
associated molecules. Other proteins such as synaptopodin (SYNPO) and podocalyxin-like
protein (PODXL) are key maker of differentiated podocytes*-3°.

A third cell type, the mesangial cells, also contributes to the integrity of the glomerular tuft and
the dynamics of filtration. Taken together, this elegant structure enables the formation of the
primary glomerular filtrate, which enters a space delimited by the visceral and parietal epithelial

cells before being altered during transport through the tubule.

1.4 Renin-angiotensin-aldosterone system

Glomerular diseases are subject to a slow and asymptomatic progression over many years.
This leads to serious health problems such as hypertension, nephrotic syndrome, acute kidney
disease, chronic kidney disease or kidney failure. Kidney failure can lead in some cases to
confusion and death if not treated immediately>®.

The renin-angiotensin-aldosterone system (RAAS) is a bioenzymatic cascade that influences

the systemic and localized physiological processes. One major systemic role of RAAS is blood
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pressure regulation, primarily achieved by increasing peripheral vascular resistance,
enhancing cardiac contractility, promoting water and sodium reabsorption, and stimulating
aldosterone secretion. Additionally, RAAS facilitates catecholamine release from sympathetic
nerve terminals, thus contributing further to blood pressure control’.

The RAAS activation is typically triggered by a reduction in renal perfusion, blood pressure, or
sodium levels, which are detected by specialized sensors in the kidneys. According to Guyton
and Hall, “the juxtaglomerular cells of the kidney release renin in response to decreased
arterial pressure or sympathetic nervous system stimulation”. This release marks the first
step in a cascade that significantly impacts cardiovascular and renal function. Renin, an
enzyme secreted into the bloodstream, catalyzes the conversion of angiotensinogen, a liver-
derived protein, into angiotensin I. This relatively inactive precursor is subsequently converted
into angiotensin Il (ANG Il) by angiotensin-converting enzyme (ACE), primarily in the lungs.
The ANG Il sequence—Asp-Arg-Val-Tyr-lle-His-Pro-Phe—is conserved across many
mammalian species like humans, horses, and pigs. Notably, ANG Il can also be synthesized
independently of renin through alternate pathways involving tissue plasminogen activators (t-

38,39

PA), cathepsin G, tonin**~°, and the enzyme chymase, which cleaves angiotensin | directly
into ANG Il, accounting for about 40% of the renal ANG Il production®.

Angiotensin Il, an octapeptide, plays a pivotal role in the RAAS pathway, acting as a potent
vasoconstrictor and promoting the release of aldosterone from the adrenal cortex. As Hall and
Guyton note, “Angiotensin Il directly increases blood pressure by constricting blood vessels

"1, Aldosterone enhances sodium and

and indirectly through stimulating aldosterone secretion
water reabsorption in the distal nephron, leading to an increase in blood volume and pressure.
Additionally, angiotensin Il stimulates antidiuretic hormone (ADH) secretion from the posterior
pituitary, which further promotes water reabsorption in the kidneys. Collectively, these
mechanisms work to restore hemodynamic stability. However, this adaptive response can
have detrimental effects if chronically activated.

Prolonged RAAS activation, often seen in conditions such as hypertension, heart failure, and
chronic kidney disease, leads to pathological consequences. Angiotensin Il not only
perpetuates high blood pressure but also promotes cardiac remodeling and fibrosis, as
described by Schmieder et al.*', who highlight that “sustained RAAS activation accelerates
organ damage through pro-inflammatory and pro-fibrotic pathways.” In the kidney, elevated
intraglomerular pressure due to angiotensin Il-mediated efferent arteriole constriction

contributes to podocyte injury and proteinuria.
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ANG Il interacts with two primary receptor subtypes: AT1 (AGTR1) and AT2 (AGTR2). Beyond
the systemic RAAS effects, localized RAAS is present in various organs*?, including the kidney,
where ANG Il concentrations can reach up to 1000 times higher than in the general
circulation®***, Both AGTR1 and AGTR2 receptors in the kidney play essential roles in
regulating renal hemodynamics, tubular function, cellular growth, and matrix production
(Figure 2)*,

So far, physiological and pathological effects have been reported to be mainly mediated via
AGTR1 receptors. Within the kidney, AGTR1 receptors are found in glomerular mesangial
cells, proximal and distal tubular epithelial cells, medullary interstitial cells, and renal
vasculature®®%344 Renal AGTR1 activation induces vasoconstriction, sodium reabsorption,
protein synthesis, and cellular growth, all of which are key to angiotensin II-mediated
responses (Figure 2)*%°. AGTR2 receptors are critical in fetal development, where they are
highly expressed; however, their expression declines after birth and remains limited in adult
tissues such as the brain, heart, and reproductive organs*¢=2,

In adult humans, AGTR2 receptors are found in the vasculature, glomeruli, juxtaglomerular
apparatus, renal tubules, afferent arterioles, and the renal capsule*. Although their precise
function is not fully understood, AGTR2 receptors are believed to play roles in regulating renal
hemodynamics and tubular functions, may promote vasodilation and kidney function (Figure
2)%.

Pharmacological interventions, including ACE inhibitors, angiotensin receptor blockers
(ARBs), and aldosterone antagonists, have proven effective in mitigating these effects. By
interrupting the RAAS pathway, these agents reduce blood pressure, decrease proteinuria,
and slow the progression of kidney and cardiovascular disease. As targeting the RAAS is a
cornerstone in the management of cardiovascular and renal pathologies. In summary (Figure
2), the RAAS is vital for maintaining blood pressure and fluid balance during acute stress, but
its chronic overactivation can lead to significant harm. Understanding the interplay between its
physiological and pathological roles underscores the importance of targeted therapies in

mitigating its long-term effects.

1.4.1 Angiotensin Il receptor antagonists

Persistent activation of the RAAS is a key factor in the pathogenesis of podocyte injury, leading
to proteinuria, a primary indicator of filtration barrier failure. Proteinuria, often resulting from

podocyte injury, significantly predicts disease progression and renal outcomes in glomerular
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diseases®®®'. ANG IlI, a major effector of RAAS, triggers the downregulation of ACTN4 and
reduces focal adhesion expression in podocytes. This leads to F-actin restructuring and
redistribution of ZO-1 in cultured podocytes, destabilizing the actin cytoskeleton®?.

With prolonged RAAS activation, ANG Il promotes a shift in podocyte phenotype from stable
to migratory, resulting in increased actin cytoskeletal turnover. This shift can eventually deplete
podocytes, contributing to focal segmental glomerulosclerosis®. Clinical studies support the
benefits of RAAS blockade in reducing proteinuria, whether through ACE inhibitors or AGTR1
antagonists®"**. Angiotensin Il receptor blockers (ARBs) generally have fewer side effects than
other antihypertensive medications, including dizziness or light-headedness, headache, and
fatigue.

The 1990s saw the development of losartan, the first orally active, nonpeptide ARB. Since
then, other ARBs—such as valsartan, eprosartan, and olmesartan—have been synthesized®®.
Unlike ACE inhibitors, ARBs prevent ANG Il from binding to AGTR1 without affecting
bradykinin and substance P degradation. However, AGTR1 inhibition interrupts negative
feedback, leading to increased renin secretion and ANG Il synthesis. Consequently, elevated
ANG Il may activate AGTR2 or other receptors, modulating effects on the kidney and other
tissues*>%657,

Losartan is widely used to treat glomerular diseases linked to podocyte damage, such as focal
segmental glomerulosclerosis. However, its precise signaling mechanisms in these contexts

remain partially speculative®.
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Figure 2: Renin-angiotensin-aldosterone system

The renin-angiotensin-aldosterone system (RAAS) is crucial for regulating fluid balance, electrolytes, and blood
pressure. Renin, an enzyme primarily produced by the juxtaglomerular cells of the kidney, is secreted when renal
blood flow drops below 70 mmHg. Renin's role is to convert angiotensinogen into angiotensin I, which is then
transformed into angiotensin Il (ANG Il) by the angiotensin-converting enzyme (ACE), mainly produced in the
endothelial cells of the lungs. Angiotensin Il acts through angiotensin receptors, type 1 and 2 (AGTR1/2), to
influence various processes such as regulating renal hemodynamics, tubular function, cellular growth, and matrix
production. By binding to AGTR1, ANG Il causes vasoconstriction, cell division, cytoskeleton disruption, metal ion
transport and regulates the hormone level. By binding to AGTR2, it causes vasodilation, cell differentiation, renin
secretion, extracellular matrix organization, and oxytocin signalling pathway. Clinical studies support the benefits
of RAAS blockade in reducing high blood pressure, whether through ACE inhibitors or AGTR1 antagonists, e.g.
losartan. Created and edited the biorender template ,,Renin-Angiotensin System* https://BioRender.com.

1.5 Kidney diseases

1.5.1 Acute kidney injury

Acute kidney injury (AKI) is a kidney disease with a poor clinical outcome. According to the
International Society of Nephrology (ISN), around 13 million people worldwide suffer AKI every
year, with around 85% of cases occurring in low- and middle-income countries®®. The mortality
rate is high, with an estimated 1.7 million deaths annually. The ISN describes AKI as “a global

»59

health crisis that disproportionately affects the most vulnerable in society””. It is associated
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with increased morbidity and mortality up to 50% even in patients requiring dialysis, and is also
linked to prolonged hospitalization®®-%4,

It is characterized by an abrupt (within hours or weeks) deterioration in kidney function, which
can be caused by reduced renal perfusion (prerenal failure), direct structural damage to the
nephrons (intrarenal) or drainage disorders (postrenal)®®.

According to studies, even minor injuries or impairment of kidney function can lead to serious
consequences, such as changes in serum creatinine (sCr) and/or urine output (UO)®. Based
on this, the diagnosis is made according to the kidney disease Improving Global Outcome
(KDIGO) criteria®”. This measures both the creatinine increase and the reduced urine
excretion. The reference value is an increase in serum creatinine of 20.3 mg/dL (26.5 ymol/L)
within 48 h or an increase in serum creatinine of 21.5 times or new reduction in urine volume

to <0.5 mL/kgKG/h over 6 h.

Intrinsic acute kidney injury is a serious kidney disease, refers to a form of acute kidney injury
resulting from direct damage to the kidney tissue itself®®. This distinguishes it from prerenal
AKI (caused by insufficient blood flow to the kidneys) or postrenal AKI (caused by obstruction
of the urinary tract). Intrinsic AKl is a significant subset of AKI cases, particularly in hospitalized
or critically ill patients®®.

The pre- and postrenal AKIl is the result of extrarenal disease leading to a reduced glomerular
filtration rate (GFR).

However, in persistent conditions, cellular damage can also develop and progress to intrinsic
renal disease®®. At the same time, the risk of chronic kidney disease (CKD) increases. After
AKI, renal function continues to deteriorate in some patients. In a proinflammatory and
profibrotic environment, the proximal tubules undergo maladaptive repair. In the transition from
AKI to CKD, impaired recovery from AKI leads to a reduction in tubular and glomerular filtration
and thus to CKD. Pre-existing CKD is also one of the most important risk factors for AKI, with
an increased risk of more than tenfold®.

Other risk factors for AKI include patient-related factors such as advanced age, pre-existing
chronic organ failure (especially kidney, heart, or liver failure), cancer, or autoimmune

diseases, as well as the etiology of AKI**6%-"",

At the cellular level aberrant expression of proteins such as NGAL, which is known as a typical

|72

marker for tubular damage, are associated with AKI’“. Nowadays NGAL has been proposed
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as an AKI biomarker, as it has already been highly expressed in patients who progressed
rapidly to end-stage renal failure”.

In addition, other cellular and molecular targets play an essential role in the pathogenesis of
AKI. Among them is p21 induction in AKI, which can be induced by p53-dependent and p53-

independent mechanisms’*7®. In this context, in AKI p53 has been reported to induce the DNA

276,77 |74,78

damage response mediated by ATR/Chk or p53 can trigger tubular cell death in AK
AKI in humans is acknowledged to be multifactorial and is associated with other major risk
factors including advanced age, sepsis, diabetes, cardiovascular diseases, and the use of
nephrotoxic agents’. These interrelated factors often exacerbate kidney damage and
complicate recovery, underscoring the need for a comprehensive approach to prevention and

management. This requires new therapeutic approaches targeting molecular pathways®’.

1.5.2 Chronic kidney disease

Chronic kidney disease, which describes the change in the level of pathological functionality
or structure of the kidney over at least three months, is a widespread disease worldwide. It
leads to a progressive, usually irreversible decline in excretory and incretory kidney function
and can consequently lead to terminal kidney failure. By 2022, more than 10% of the global
population will be affected, i.e. more than 800 million people®'. CKD is one of the most common
causes of death worldwide®?#?

The early stages are usually asymptomatic over time and symptoms arise when the final
stages are reached. In 2019, a standardized nomenclature was developed by the National
Kidney Foundation Kidney Disease Outcomes Quality Initiative®* and the international
guideline group Kidney Disease Improving Global Outcomes (KIDIGO)®.

The classification of CKD is based on estimated glomerular filtration rate (eGFR) and
albuminuria (Figure 3). The glomerular filtration rate (GFR) is a key measure of kidney function.
It estimates how much blood is filtered by the glomeruli in the kidneys per minute, reflecting
the kidneys' ability to remove waste, toxins, and excess fluids from the blood®. GFR is
essential in diagnosing, staging, and managing kidney diseases, particularly "CKD. Normal
GFR in healthy adults is approximately 90-120 mL/min/1.73 m?®¢.

Albuminuria refers to the presence of albumin, a type of protein, in the urine. It is a key indicator
of kidney damage or dysfunction and is often associated with CKD and other systemic
conditions such as diabetes and hypertension®. Normal albumin excretion is less than 30

mg/day or 30 mg/g creatinine®’.
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Based on the GFR, kidney disease can be categorized into five stages of severity (G1 - G5).
Stage 1 describes an eGFR of more than 90 mL/min per 1.73 m? for more than three months.
Normal renal function is usually present. An eGFR in the range between 60 - 89 mL/min per
1.73 m?is associated with reduced renal impairment. Patients with stage 3a -3b have moderate
functional impairment, with an eGFR of 45 - 59 mL/min per 1.73 m?. An eGFR of 15 - 29 and
< 15 is referred to as stage 4-5, where there is severe functional impairment or even chronic
kidney failure.

Classifications in view of albuminuria are additionally combined with the creatinine value and
are divided into three stages (A1 - A3). In stage 1, the albuminuria is < 30 mg/day with a
creatinine rate of < 3 mg/mmol. The values are normal to slightly elevated.

Albuminuria values of 30 to 300 mg/day with a creatinine rate of 3 to 30 mg/mmol classify
patients in stage 2. Patients in stage 3 have values of >300 mg/day albuminuria and >30
mg/mmol creatinine rate. The classification according to GFR and albuminuria is summarized
together with the underlying disease in the CGA classification. C stands for ‘cause’, G for the
GFR category (G1 - G5), and A for the albuminuria category (A1 - A3).

Persistent albuminuria categories
Description and range

Al A2 A3
KDIGO: Prognosis of CKD by GFR Normal to mildly Moderately Severely
and albuminuria categories increased increased increased
<30 mg/g 30-300 mg/g >300 mg/g
<3 mg/mmol 3-30 mg/mmol  >30 mg/mmol
. G1 Normal or high =90
E
R o G2 Mildly decreased ~ 60-89
=
E = Mildly to
= T —!
EE G3a moderately decreased 49-59
@5
Qs Moderately to
23
80 a4 Severely decreased  15-29
&
(0]
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Figure 3: Chronic kidney disease criteria

The chronic kidney disease (CKD) has been standardized and developed by the National Kidney Foundation Kidney
Disease Outcomes Quality Initiative®*and the international guideline group Kidney Disease Improving Global
Outcomes (KIDIGO)®. Classification as CKD is assessed based on the estimated glomerular filtration rate (eGFR)
and albuminuria. The GFR is divided into G1 - G5 and the albuminuria into A1 - A3. Boxes marked in green indicate
a low risk, which does not lead to CKD due to any other kidney diseases. Yellow indicates a moderate risk of CKD,
whereas orange indicates an increased risk. Red boxes describe a very high risk. The figure was adopted from
Stevens et al.®.

In addition to the etiology of CKD, several molecular mechanisms are involved, including
oxidative stress and inflammation , which contribute to the progression of renal injury and the
development of end-stage renal disease®. Studies have described several uraemic toxins that
are associated with increased oxidative stress in CKD and the associated deterioration in renal
function®. These include indoxyl sulphate, which accumulates in the serum of CKD patients.
This mainly activates nicotinamide adenine dinucleotide phosphate oxidases such as NOX4.
Resulting in the cellular production of superoxides. In addition, indoxyl sulphate increases the
production of growth factor-beta1, tissue inhibitor of metalloproteinase-1, proalpha1(l) collagen
and free radicals in vascular smooth muscle and vascular endothelium®®'. Inflammation also
plays an important role. Interleukins are among the first immune responses and inflammatory
effects®. Interleukins are currently used as a diagnostic indicator for all diseases. For CKD,
the focus is on IL-6%. IL-1%* and 1L-20%2%%%_ |n addition, there are biomarkers associated with
CKD that are both gender-specific and independent. The gender-specific markers are IL10
and MME for male and CLU, RETN, AGER, EGFR and VEGFA for female®”. The gender-
independent cytokine markers were APOA1, ANGPT2, C5, CFD, GH1, ICAM1, IGFBP2, IL8,
KLK4, MMP9 and SPP1%’.

Targeting genes that are aberrantly expressed in CKD are important for early detection and

possible therapeutics®.

1.6 Apolipoprotein L1-mediated kidney disease

Apolipoprotein L1 (APOL1), encoded a protein that plays a central role in the innate immune
response, in particularly in the killing of Trypanosoma parasites®®. APOL1 is a member of the
apolipoprotein L gene family and is primarily expressed in podocytes, endothelial cells, and
various immune cell types'®",

APOL1 has received particular attention in recent years due to the discovery of two genetic
variants - G1 and G2. The APOL1 risk variants G1 comprises two missense mutations
(rs73885319 and rs60910145) and G2 (6 bp deletion, rs71785313) are widespread in sub-

Saharan Africa as they provide evolutionary protection against sleeping sickness
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)192-1%4 However, they also increase the risk of certain kidney

(Trypanosoma brucei rhodesiense
diseases when two risk variants are present, including G1/G1, G1/G2 or G2/G2. Individual risk
variants G1 or G2 are present in over 40-50% of the population in West Africa, particularly in
Nigeria and Ghana'%>1%,

Homozygous or combined carriers of G1/G1, G2/G2 or G1/G2, which approximately 13-15%
of the West African population carry'®’, have a significant 10-30 times higher risk of developing
diseases such as focal segmental glomerulosclerosis (FSGS)'%, HIV-associated nephropathy
(HIVAN)'® or CKD"%°,

In comparison, the genetic variant GO/GO, which does not carry the risk-associated mutations
is predominantly found in the European population. These strong differences in genotypes
contribute significantly to ethnic disparities observed in the epidemiology of CKD'02103.109.110,
Besides the epidemiological associations, the molecular mechanisms by which APOL1 risk
variants lead to kidney damage is not yet fully understood. However, studies suggest that toxic
effects on podocytes, resulting in foot process effacement and detachment, inflammatory
reactions, cellular stress and disruption of mitochondrial function play a role™'="'8,

Renal fibrosis is a defining feature of chronic kidney disease (CKD) and serves as a hallmark
of disease progression, regardless of the underlying cause'®. Fibrogenesis is initiated in
response to chronic kidney damage; following renal injury, profibrotic factors are produced by
injured tubular epithelial cells and infiltrating inflammatory cells that stimulate signaling events
leading to extracellular matrix (ECM) production'®'2. APOL1 risk variants are linked to
accelerated fibrosis in the kidneys, contributing to the progression of kidney disease'?® 24125,
This has been shown in mouse models''*'%5'?7 |n a transgenic mouse model expressing the
podocyte-specific APOL1-G2 risk variant (G2APOL1), these variants induced activation of
STING and NLRP3 inflammasome pathway, triggered pronounced renal fibrosis, increased
albuminuria and impaired renal function'?’.

Given the high prevalence of risk variants in populations of African descent and the severity of
associated kidney disease, there is growing interest in incorporating APOL1 genotyping into
clinical practice, particularly in the context of kidney transplantation. Emerging evidence
suggests that donor APOL1 genotype may influence allograft survival, leading to an ongoing

debate about the role of genetic screening in donor selection and transplant outcomes’'®128-

131, Understanding
the pathophysiological links between APOL1 variants and CKD is therefore crucial for the
development of new therapeutic strategies. This aimed at reducing disease risk in genetically

predisposed individuals. Future research needs to further elucidate the cellular and molecular
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pathways underlying APOL1-associated kidney damage to develop precision medicine

approaches and reduce the global burden of kidney disease.

1.6.1 Mechanisms of Interferon-y and the JAK/STAT pathway

Janus kinase 1 (JAK1) is a central member of the Janus kinase (JAK) family, which plays a
key role in the signal transduction of numerous cytokines and growth factors via the JAK-STAT
signaling pathway. This pathway is essential for regulating immune responses, inflammation,
cell proliferation, and apoptosis’?. In the context of CKD, JAK1-mediated signaling has
emerged as a significant contributor to inflammation and fibrosis, two core mechanisms driving

CKD progression'?,

Activation of the JAK-STAT pathway is initiated by the binding of interferon-y (IFN-y) to its
receptor complex, composed of IFNGR1 and IFNGR2, which leads to receptor dimerization
and subsequent transphosphorylation of the associated kinases JAK1 and JAK234 As a
result, the signal transducers STAT1, STAT2, and STAT3 are recruited and phosphorylated.
These phosphorylated STATs dimerize, translocate into the nucleus, and bind to specific DNA
sequences such as GAS or ISRE elements, thereby activating transcription of target genes
including IRF-1, STAT1/2, and APOL1 (Figure 4)'00.118.132.135.136

Persistent activation of this pathway promotes tubulointerstitial inflammation, fibrosis,
glomerulosclerosis, and leads to the loss of functional nephrons. Particularly relevant in this
context is the APOL1 gene, whose risk variants induce toxic gain-of-function activity,
especially in podocytes, resulting in cellular injury*18137-1% Numerous studies have shown
that APOL1 expression is upregulated by pro-inflammatory cytokines such as IFN-y and TNF-
112,114,136,140—144_ ThIS

a, a process mediated directly through the JAK-STAT signaling cascade

makes targeted modulation of this pathway a promising therapeutic approach.

Preclinical studies have demonstrated that JAK1 blockade can attenuate the inflammatory
response and reduce renal fibrosis. In this context, baricitinib, an oral and selective JAK1/2
inhibitor, has emerged as a promising candidate. Baricitinib specifically inhibits JAK1 and
JAK2, leading to downstream suppression of inflammatory gene transcription, reduction of
tissue damage, and decreased APOL1 expression in kidney cells. In experimental models,
baricitinib has been shown to reduce APOL1-induced cytotoxicity and alleviate podocyte

injury’12.118.136.145 " A Phase 2 trail of baricitinib in patients with protenuria APOL1-associated
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FSGS or APOL1-associated HTN-CKD without diabetes where dialy treated with and without
baricitinib™®. This study demonstrated the antiproteinuric efficacy and safety of baricitinib in
patients with APOL 1-associated FSGS and APOL 1-associated HTN-CKD'46.

Baricitinib is already approved for several inflammatory and autoimmune diseases,

147 148

including rheumatoid arthritis'’, atopic dermatitis™*, and alopecia areata'®. Its potential use
is also being explored in chronic kidney diseases, particularly those with inflammatory or
immune-mediated components, such as diabetic nephropathy. In an ongoing Phase Il clinical
trial involving type 2 diabetes with proteinuric kidney disease, baricitinib significantly reduced
proteinuria over 24 weeks'*. Also in a Phase Il clincial trail for lupus nephritis, baricitinib
showed a significant improve in disease activity'.

Overall, baricitinib represents a promising therapeutic option, particularly for patients with
a genetically determined high-risk profile, such as those with APOL1-associated
nephropathies. The potential toslow disease progression through targeted JAK
inhibition would represent a significant advancement in the treatment of this vulnerable patient

population.
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Figure 4: Interferon-y signaling pathway.

Interferon-y binds to its heterodimeric receptor, composed of interferon gamma receptor 1 (IFNGR1) and interferon
gamma receptor 2 (IFNGR2), inducing receptor dimerisation. This leads to the activation of the associated Janus
kinases JAK1 and JAK2 via transphosphorylation. Subsequently, the signal transducers STAT1, STAT2, and
STATS are recruited and phosphorylated. The phosphorylated STATs form dimers and translocate to the nucleus,
where they bind to specific DNA elements such as gamma interferon activation site (GAS) or IFN-stimulated
response element (ISRE) sequences, thereby promoting the transcription of target genes including Interferon
Regulatory Factor 1 (IRF-1), STAT1/2, and Apolipoprotein L1 (APOL1). Baricitinib inhibits this upstream signaling
by selectively blocking JAK1 and JAK2 activity, thereby suppressing STAT activation and downstream gene
expression. Created in https://BioRender.com'6®

1.7 Disease that leads to a magnesium deficiency

Magnesium is an element from the alkaline earth group. It is an easily metabolizable light
metal, which is a vital mineral for humans, animals, and plants. Humans cannot produce
magnesium themselves and must ingest it with food to ensure that the body is adequately
supplied.

Magnesium is an important electrolyte for protein synthesis, the stability of nucleic acids,

oxidative phosphorylation, intracellular anionic ligands, especially ATP, and neuromuscular
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excitability'®" 152

. most magnesium within the body is found in bones, muscle cells, and soft
tissues. Only Less than 1% of the organism's total magnesium is found in the blood'®®. The
body contains of approximately 24 g of magnesium'®, whereby the recommended dietary
allowance (RDA) for magnesium varies by age and sex, with adult men requiring 400—420
mg/day and adult women 310-320 mg/day to support essential physiological functions,
including muscle and nerve function, bone health, and energy production'*.

The magnesium content of the body is controlled by intestinal absorption and renal excretion.
Approximately 80% of the free serum magnesium is filtered in the glomeruli, with 95% being
reabsorbed along the nephron. Whereas 15-20% is reabsorbed in the proximal tubules,
approximately 70% in the loop of Henle, and 5-10% in the distal tubule.

Magnesium deficiency, also known as hypomagnesemia, describes a serum magnesium
concentration >2.6 mg/dl. Hypomagnesaemia is often asymptomatic. However, it is
accompanied by several symptoms including abdominal pain, nausea, lethargy, weakness,
increased neuromuscular excitability, e.g. muscle cramps, and cardiac manifestations. In
addition, magnesium deficiency can lead to hypokalemia due to increased sodium excretion
in the loop of Henle and the collecting duct'®.

Magnesium deficiency is symptomatic for several diseases, including Gitelman syndrome
(GS)"™ and Bartter's syndrome (BS)'®’. Furthermore, many therapies have been reported to
cause an increased loss of magnesium'®®. Subsequently, only the BS will be discussed further

in this dissertation.

1.7.1 Bartter syndrome

In 1962, Dr. Frederic Bartter and colleagues first described Bartter syndrome (BS), an
autosomal-recessive inherited disorder (Figure 5A)"".

They identified this condition after observing a group of patients who presented with specific
clinical features, including Hypokalemia, Growth retardation, metabolic alkalosis, normal to low
blood pressure and increased renin and aldosterone levels. Bartter and his colleagues found
that these symptoms were caused by an inherited defect in the kidney’s ability to reabsorb salt,
specifically in the thick ascending limb (TAL) of the loop of Henle.

Nowadays Bartter syndrome describes a plethora of subtypes, each associated with mutations
in specific genes that affect ion channels or transporters involved in electrolyte reabsorption

within the TAL. These genetic differences contribute to variability in severity and symptom
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presentation. The Bartter syndrome typically manifests in the early years, often within the first

year of life'®

. Multidisciplinary management involving nephrologists, dietitians, and primary
care physicians is essential for addressing the complex care needs of affected individuals.
Regular monitoring and tailored treatment strategies are vital to mitigating complications
associated with electrolyte imbalances.

Treatment usually focuses on electrolyte supplementation, potassium-sparing diuretics, and in
some cases, non-steroidal anti-inflammatory drugs (NSAIDs) to help reduce kidney
prostaglandin production and slow down electrolyte losses'®"1°,

BS is a polygenic disease caused by homozygous or mixed heterozygous mutations in one of
the following genes: SLC12A1, KCNJ1, CLCNKB, BSND or CASR (Figure 5B).

The five different subtypes of Bartter syndrome illustrate the diverse genetic and phenotypic
expressions of the disorder, which are expressed in the tubular epithelial cells of the TAL.
Type | BS is characterized by loss-of-function mutations within the SLC12A1 gene. It presents
in the infancy or early childhood and is the most common form of the BS. The SLC712A1 codes
for the apical sodium-potassium-chloride co-transporter NKCC2. Type Il of BS is caused by
loss-of-function mutations in the KCNJ1 gene. It codes for the apical inwardly rectifying
potassium channel ROMK. BS type lll, also known as classic Bartter syndrome, is caused by
mutations in the CLCNKB gene, which codes for the basolateral chloride channel- CIC-Kb.
Distinct variants of chloride channels are present in most organs but CLCNKB affected here is
found exclusively in the kidney, so the clinical manifestation of a mutation in this channel is
only seen in the kidney'®".

Bartter syndrome with sensorineural hearing loss (hyperprostaglandin E syndrome), or BS
type IVa, is caused by loss-of-function mutations in the BSND gene, which encodes Barttin, a
B-subunit for CIC-Ka and CIC-Kb. Parallel to BS type IVa, simultaneous mutations in CIC-Ka
and CIC-Kb are present in type IVb. Bartter syndrome type V with hypocalcemia is also known
as autosomal dominant hypoparathyroidism. This is characterized by gain-of-function
mutations in the Ca?-sensing receptor-CASR, which codes for the basolateral calcium
receptor CASR.

Bartter syndrome is an inherited disorder of the renal tubules caused by impaired salt
reabsorption. It leads to several electrolyte abnormalities including low potassium and chloride,
salt wasting, hypokalemia, and metabolic alkalosis'®%'53,

Previously BS patients were classified based on age, the presence of hypercalciuria,

polyhydramnios or growth retardation, and severity. Based on differences in the metabolism
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of divalent cations, BS can be distinguished by laboratory measurements which include urinary
Ca?" excretion, Ca®*/Creatinine, and serum Mg'®'.

Due to the rare nature of the syndrome, there is only limited clinical information on treatment.
Therapeutically, BS patients urgently need sufficient fluid and electrolyte replacement. For
newborns, it is important to control the risk of pre-renal failure due to imbalances in fluid
homeostasis. The classic pharmacological therapy for BS patients include the administration
of potassium chloride, prostaglandin inhibitors (indomethacin), and aldosterone antagonists
(spironolactone)'®*1°,

The symptoms of BS patients are initially treated with the help of potassium supplementation.
Also, potassium-sparing diuretics such as spironolactone, eplerenone, or amiloride are often
prescribed. According to the literature, these diuretics lead to reduced aldosterone levels,
which subsequently increases serum potassium and hence counteracting metabolic alkalosis.
In cases of persistent hypokalemia and or other side-effects of medications, potassium-sparing
diuretics, renin-angiotensin system blockers, or NSAIDs are also prescribed. Combinations of
these medications are also recommended in certain cases 619617,

Angiotensin-converting enzyme inhibitors (ACE inhibitors) are used to correct low K+ levels or

to counteract proteinuria’®” "%,
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Figure 5: Bartter syndrome

Bartter syndrome is a relatively rare renal salt wasting syndrome caused by an autosomal recessive inherited defect
in tubular transport proteins SLC12A1, KCNJ1, CLCNKB, BSND or CASR (A and B). BS Type | is characterized by
loss-of-function mutations within the SLC12A1 gene. Type Il is caused by loss-of-function mutations in the KCNJ1
gene. BS Type Ill caused by mutations in the CLCNKB gene, which codes for the basolateral chloride channel-
CIC-Kb. The Type IV is divided into Type IVa and IVb. BS type IVa is caused by loss-of-function mutations in the
BSND gene, where type Vb has, simultaneous mutations in CIC-Ka and CIC-Kb. The last Type of BS This is
characterized by gain-of-function mutations in the Ca?*-sensing receptor-CASR, which codes for the basolateral
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calcium receptor CASR. The Figure was adopted and added by the Licensee MDPI, Basel, Switzerland. Created
in https://BioRender.com'®°,

1.8 Aging

The aging process is a complex biological and social process that is influenced by a variety of
factors. Biologically, aging is characterised by the gradual deterioration of cell function, which
is associated with loss of homeostasis and increased susceptibility to disease'’®. Aging
research has identified several key mechanisms that drive the ageing process, the so-called
Hallmarks of Aging'®. These twelve hallmarks include genomic instability, telomere attrition,
epigenetic changes, loss of proteostasis, impaired macroautophagy, impaired nutrient
recognition, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, altered

170-172 " Telomeres, the

intercellular communication, chronic inflammation and dysbiosis
protective caps at the ends of chromosomes, play a central role: their shortening during cell
division limits the ability of cells to divide, which is known as the Hayflick limit'"®. A normal,
somatic cell can only divide a certain number of times before it stops dividing and enters a
state called senescence. This limit is named after the scientist Leonard Hayflick, who first
described it in 1961'3. The Hayflick limit is the maximum number of divisions a normal somatic
cell can undergo before it stops dividing and enters senescence, largely due to telomere
shortening. This phenomenon plays a role in aging and cancer prevention but also highlights
the potential risks of uncontrolled cell proliferation in diseases like cancer'”®'74,

This process helps prevent the chromosome ends from being recognized as natural breaks,
thereby avoiding the activation of DNA damage checkpoints. Telomeric shelterin proteins play
a key role here, preventing DNA damage response pathways and ensuring chromosome
stability by inhibiting inappropriate DNA fusion.

Oxidative stress is also a decisive factor in the aging process. This is caused by the
accumulation of reactive oxygen species (ROS), which cause cellular damage and impair the
function of mitochondria. However, recent studies emphasize that oxidative damage is not the
sole cause of aging, but must be considered as part of a network of interactions'”®.

SIRT1 (Sirtuin 1) is a NAD-dependent enzyme from the group of deacetylases, which plays a
crucial role in aging by regulating cellular processes that influence longevity, stress resistance,
and metabolic homeostasis. SIRT1 enhances DNA repair mechanisms and helps maintain

genomic stability, which is critical for slowing the aging process'’®'"’

. For example, it
deacetylates proteins involved in DNA repair, such as Ku70 and TP53, reducing DNA damage

accumulation'®'7°_ The SIRT1 expression goes down by age, which could already shown in
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UdRPCs from our lab'®. The expression and activity of SIRT1 can also be influenced by sex-
specific factors, with studies suggesting that there are differences in how males and females
regulate and utilize SIRT1. Sex-specific regulatory effects of SIRT1, show that estrogen in
females'®' and testosterone in male mices'® both play significant roles in modulating SIRT1
expression, thereby influencing aging, metabolic health, and longevity. Estradiol, a potent form
of estrogen, activates SIRT1 through its interaction with estrogen receptors, leading to
increased NAD* levels and enhanced SIRT1 activity, which has beneficial effects on several
tissues involved in aging'®®. Testosterone also plays a role in modulating SIRT1 expression,
though its effects are less well-studied compared to estradiol'®*. These sex differences can be

linked to various hormonal, genetic, and physiological factors.

1.9 Induced pluripotent stem cell

The discovery of induced pluripotent stem cells (iPSC) by Takahashi and Yamanaka was
based on the retroviral introduction of four key transcription factors: OCT4, SOX2, KLF4 and
c-MYC, known as Yamanaka factors'®.

These proteins play a central role in the reprogramming of somatic cells to a pluripotent state.
This process involves profound changes at the molecular level that restructure the epigenetic
and transcriptional network of cells. Epigenetic modifications, such as DNA methylation and
chromatin remodeling, are crucial for the establishment and maintenance of the pluripotent
state. In differentiated cells, the promoter region of genes that mediate pluripotency (e.g. OCT4
and NANOG) is strongly methylated and therefore inactive. During reprogramming, the
Yamanaka factors remove these epigenetic barriers. These include DNA demethylation and
histone modification. Studies have shown that TET1 (ten-eleven translocation enzyme 1) is
regulated by OCT4 and plays a key role in the activation of pluripotency genes'®. During
reprogramming, the chromatin of differentiation-specific genes is compacted by the activity of
histone deacetylases (HDACs) and polycomb repressor complexes (PRCs). At the same time,
pluripotency genes are activated by histone acetyltransferases (HATs) and the activity of
trithorax group proteins that promote H3K4 methylation'®. The Yamanaka factors initiate
reprogramming by activating central regulators of the pluripotency network. OCT4 and SOX2
form a heterodimeric complex that directly activates pluripotency genes. At the same time,
they repress genes associated with cell differentiation'®. OCT4 and SOX2 act synergistically
on the promoter regions of NANOG and LIN28 to establish pluripotent identity. KLF4 supports

reprogramming by activating anti-apoptotic genes, thereby increasing the survival rate of cells
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during the stressful reprogramming process. In addition, KLF4 contributes to the loosening of
chromatin and facilitates access to pluripotency genes'®®. C-MYC, an oncogene, promotes
reprogramming through global chromatin openings and activation of metabolic pathways
required for energy supply during cell remodeling. It increases the efficiency of reprogramming
but carries an increased risk of tumor formation'®®. At the molecular level, iPSCs switch from
an oxidative metabolism (characteristic of differentiated cells) to a glycolytic metabolism, which
is typical of pluripotent stem cells. This is mediated by the upregulation of factors such as
HIF1a and the reprogramming of mitochondrial dynamics'®. This metabolic adaptation is
crucial for supporting the energetic requirements of the reprogramming process. Finally, the
generated cells possess properties typical of pluripotent embryonic stem cells. Characteristic
properties include the unlimited capacity for self-renewal, the capacity to spontaneously
generate into cell types of all three germ layers through the formation of embryoid bodies'",
telomerase activity and the expression of specific surface markers of human embryonic stem
cells (hESCs), including SSEA3/4, TRA-1-60, TRA-1-81 and alkaline phosphatase'"'%2,
Another characteristic feature is the ability to form teratomas after transplantation, a

1 IPS cells are a

phenomenon that has also been demonstrated in human iPSCs
revolutionary tool in modern biology and medicine. Their flexibility, versatility, and ethical
advantages make them a central field of research with the potential to fundamentally transform

healthcare.

1.10Immortalization of cell lines

Human cells have a limited lifespan, which is manifested in cell culture by proliferation arrest'”>.
There are various methods to make cells immortal or immortalized using this natural process,
including through human telomerase or the SV40 polyomavirus. Furthermore, the
reprogramming of iPSCs, as described in the preceding chapter, also constitutes a form of

immortalization'®.

1.10.1 Immortalization with human telomerase

Telomeres are repetitive nucleotide sequences (TTAGGG) n, located at the ends of
chromosomes that protect the chromosome from degradation, prevent fusion with neighboring
chromosomes and help maintain genomic stability’®*. They play a critical role in the cell cycle,
aging, and the development of diseases, particularly cancer. The telomerase plays a crucial

role in maintaining the length of telomeres, the protective caps at the ends of chromosomes,
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which naturally shorten with each cell division of normal somatic cells'®>'%. On cause for
cellular senescence is telomere shortening. Due to the limitations of DNA polymerase in fully
replicating linear DNA ends, telomeres progressively shorten with each replication cycle by
approximately 50 base pairs per year because DNA polymerase cannot fully replicate the ends
of chromosomes (the "end-replication problem")'%”:'% This state as already described in
chapter 1.7, is called the Hayflick limit'">.

To overcome the Hayflick limit, cells can restore telomere length through the telomerase
enzyme complex. Telomerase comprises multiple subunits, including the RNA component hTR
(or TERC), which provides a template for new telomere synthesis, and the catalytic subunit
hTERT, which drives telomere elongation'®2%. The expression of h"TERT mRNA correlates
strongly with telomerase activity. Approximately 20 hTERT transcripts are necessary to
generate between 100 and 500 active telomerase complexes?®”.

Introducing hTERT into human cells has been linked to telomere lengthening, increased cell
proliferation, and reduced rates of telomere shortening and senescence’®.

However, it should be noted that cells overexpressing hTERT have an increased likelihood of
developing genomic instability, which can lead to chromosomal aberrations and
aneuploidies®®2.

Frequent cellular division is associated with an increased risk of DNA damage accumulation,
which can disrupt genomic integrity and promote instability?®®. Furthermore, this can lead to
changes in gene expression, such as cells with high amounts of DNA damage often showing
a change in metabolism, leading to increased glycolysis, known as the Warburg effect®*,
Telomerase reactivation is also found in many cancers and a mechanism for oncogenic

transformation.

1.10.2 Immortalization with SV40

For several decades, it is known that transfecting cells with the simian virus 40 (SV40) lead to
cellular immortalization. Immortalization with SV40 a polyomavirus is a commonly used
method for extending the lifespan of mammalian cells that can cause cells to bypass normal
cellular senescence, allowing continuous proliferation.

SV40-induced immortalization proceeds as a two-step model, as simian virus 40 large T
antigen (SV40 LT) alone is not sufficient for immortalization?*>?°®. The large T antigen is a
crucial component in the virus's ability to replicate and is a well-studied oncoprotein in cancer

research. Therefore, different SV40 sequences were used, such as an intact genome, using
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207

constructs with an origin defect for human cells=" or cloned as individual cDNAs encoding for

the whole genome?®.

In the first phase (lifespan extension), the cells proliferate for a limited number of population
doublings beyond the point at which untreated cells can proliferate.

This is mainly due to the ability of the large SV40-T antigen (LTAg) to bind to and inactivate
the protein products of the TP53 and retinoblastoma genes (RB1)?**?'°. These two proteins
normally restrict the cell cycle, preventing uncontrolled proliferation. Once the large T antigen
binds to pRB-1, the transcription factor E2F-1 is released from pRB-1%'". By inactivating p53
and pRB1, the SV40 large T antigen prevents cells from undergoing cell cycle arrest or
apoptosis, two major barriers to cellular immortalization.

Especially, the inhibition of pRB1 has been linked to causing cells to proceed through the G1/S
checkpoint, enabling DNA synthesis and cell cycle progression®'2.

As already mentioned, the SV40 large T alone is not sufficient. Also, the small t-antigen (t) is
required. Both the SV40 large T-antigen (LT) and small t-antigen (t) are critical for inducing a
transformation phenotype, which refers to the process by which normal cells are converted
into cancerous cells. Together, these two viral proteins work synergistically to drive the
transformation of host cells by disrupting key cellular mechanisms that regulate growth and
prevent malignancy.

The second phase (immortalization) only occurs in a small minority of cells, and cell
hybridization analyses indicate that this is due to gene inactivation?'?,

The genes involved are currently unknown, but chromosomal localization data are
accumulating and should allow their cloning and characterization soon.

Immortalized cell lines are widely used in cancer research, drug development, and basic
studies of cellular mechanisms because the transformed cells largely maintain many of their
original cell characteristics and allow for prolonged experimental study by retaining their
proliferation capacity. As already described in section 1.9.1, this method also has
disadvantages such as genomic instability, loss of differentiation capacity, metabolic changes,
tumourigenicity, loss of cell-cell communication and altered stress response must also be

checked in advance.
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2 Aim of this work

Formerly, disease modeling of the kidney has been extremely difficult due to the challenge of

obtaining cells derived from the kidney.

Urine provides a non-invasive source of a variety of renal cells, which is a promising alternative
to study the biology not only certain kidney diseases such as acute kidney injury, chronic
kidney disease, APOL1-mediated disease, Bartter syndrome, High blood pressure, or sickle
cell disease but also similarities between kidney and brain and emphasizes the need for further

investigation to validate their therapeutic use in the future.

So far, studies using podocytes and tubular cells usually require the isolation of those cells
from the glomeruli?'*#'*. Therefore, obtaining urine-derived progenitor cells, which can either
be used to generate iPSCs or directly differentiated into the aforementioned cell types,
provides a unique source to fuel this research. The loss of podocytes is considered crucial for
the development of glomerulosclerosis. Damaging effects on podocytes lead to loss of
structural integrity of actin filaments in their foot processes, resulting in loss of cytoskeletal
stability and detachment of the foot processes from the glomerular basement membrane. In

this context, the types of podocyte damage are extremely diverse.

Depending on the amount of cell detachment, the foot processes of podocytes lose contact
with the basement membrane and the podocytes are released into the Bowman's capsular
space. Further, they are excreted with the urine?'®?'’. The damage to the glomeruli is
proportional to the degree of podocyte loss, whereby these play a significant role in the genesis

of a large proportion of chronic kidney diseases®®.

Abnormalities in the glomerular filtration barrier can lead to the development of proteinuria,
which is still reversible in the early stages but cannot be cured over time despite therapy?'’.
Proteinuria is a generalized term and can range from albuminuria to massive nephrotic
syndrome. Albuminuria is characteristic of both primary (idiopathic, kidney-limited), e.g.
FSGS?'® and secondary, associated with systemic diseases, e.g. diabetic nephropathy?'® |
proteinuric glomerulopathies and is characteristic of CKD. Consequently, albuminuria in
patients with CKD is a predictor of end-stage renal disease progression and is associated with

an increased risk of cardiovascular disease.
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The RAAS plays a crucial role in blood pressure regulation and renal hemodynamics.
Activation of the RAAS leads to vasoconstriction and sodium retention, which help maintain
blood pressure during states of hypovolemia or hypotension. However, these adaptations can
significantly alter renal blood flow and intraglomerular pressure, imposing osmotic and
mechanical stress on podocytes. Persistent activation of the RAAS is fundamental to the

pathogenesis of podocyte damage®®®’

. Podocytes, specialized epithelial cells forming the
filtration barrier in the glomerulus, are particularly sensitive to such stress. Increased
intraglomerular pressure stretches the glomerular basement membrane and places
mechanical strain on podocytes, potentially disrupting their structure and function. Additionally,
osmotic stress from altered solute concentrations in the glomerular filtrate can impair podocyte
metabolism and cytoskeletal integrity.

Over time, chronic RAAS activation and the associated hemodynamic changes can lead to
podocyte detachment, foot process effacement, and depletion. These injuries weaken the
filtration barrier, resulting in proteinuria and progressive glomerular damage. If unchecked,
these processes may culminate in glomerulosclerosis and chronic kidney disease, illustrating
the deleterious effects of prolonged RAAS-mediated stress on podocyte health.

Worldwide, around 9.4 million deaths per year are attributable to high blood pressure, which
can result in cardiovascular disease and kidney failure. This makes high blood pressure an
important modifiable risk factor for mortality??°.

RAAS blockade by ACE inhibitors or AGTR1 antagonists, including losartan, has a positive
effect that has been clinically confirmed®"**. In the 1990s, the development of orally active,
non-peptide, selective AGTR1 blockers began with the synthesis of losartan, which is used

worldwide for the treatment of several glomerular diseases®.

Not only the RAAS) play a crucial role in podocyte injury and the development of CKD, but
JAK1-mediated signaling has also emerged as a significant contributor to inflammation and
fibrosis, two core mechanisms driving CKD progression'3. Particularly important in this context
is the APOL1 gene, whose risk variants cause a toxic gain-of-function effect, especially in
podocytes, resulting in cellular injury. Numerous studies have demonstrated that APOL1
expression is upregulated by pro-inflammatory cytokines such as IFN-y, a process that is
directly mediated through the JAK-STAT signaling cascade''?"14136.140-144 " Thjs highlights
targeted modulation of this pathway as a promising therapeutic strategy.
Preclinical studies have shown that blocking JAK1 can reduce inflammation and attenuate

renal fibrosis. In this regard, baricitinib—an oral, selective inhibitor of JAK1 and JAK2—has
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emerged as a promising candidate. Baricitinib specifically inhibits JAK1 and JAK2, leading to
downstream suppression of inflammatory gene transcription, reduced tissue damage, and
decreased APOL1 expression in kidney cells. Experimental models have demonstrated that
baricitinib reduces APOL1-induced cytotoxicity and alleviates podocyte injury''2118136.143
Functional studies of APOL1 have mainly relied on overexpression models using mice and
HEK293 cells engineered to express APOL1-GO0, -G1, or -G2 variants''2126.136.137.221-224 ‘\\hjjg
these models offer valuable mechanistic insights, they lack the distinctive characteristics of

human podocytes and the native regulatory context of APOL1.

In this study, various renal diseases are modelled by using urine-derived renal progenitor cells
(UdRPCs). Therefore, UJRPCs have been differentiated into human podocytes and tubular
cells and reprogrammed into patient-derived induced pluripotent stem cells.

The focus of this PhD thesis is on the potential of SIX2-positive UdJRPCs in modelling AKI,
CKD, GS and BS. We have shown that SIX2-positive UdRPCs are able to differentiate into
different cell types along the renal lineage such as podocytes for example. One use of the
differentiated podocytes is to study the effect of the drug losartan on podocyte damage induced
for example by ANGII as it is observed in hypertension. The focus of my PhD thesis lies on the
investigation of cytoskeletal changes by quantitative PCR (qPCR), Western blot, and
immunofluorescence stainings.

Another use of the podocytes is to study the effect of the JAK1/2 inhibitor baricitinib and IFN-
y on kidney fibrosis using podocyte generated from urine of a West African male. The genetic
background of the APOL1 variant in connection with renal fibrosis is being investigated. The
focus of my PhD thesis here was to show the successful generation of a partially
reprogrammed cell line and to present it in parallel as a potential cell model for APOL1-
associated disease in particular kidney inflammation and fibrosis by qPCR, fluorescence-
activated cell sorting (FACS), Western blot, and immunofluorescence stainings.

Furthermore, the generation of iPSC from Bartter syndrome patients enables us to analyze
this disease through an easily accessible, non-invasive resource, the urine. Furthermore, this
avoids ethical concerns, which normally come along side with invasive sample collection
methods. To show that UdRPCs also have therapeutic properties and are useful in
transplantation medicine, UJRPCs derived from a healthy individuum were injected into mice
and their regenerative effect on kidney injury induced by ischemia reperfusion injury (IRI) was

analyzed by blood serum of the transplanted mice.
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3.1 Derivation of the Immortalized Cell Line UM51-PrePodo-hTERT and
Its Responsiveness to Angiotensin Il and Activation of the RAAS

Pathway

Lars Erichsen, Lea Doris Friedel Kloss, Chantelle Thimm, Martina Bohndorf, Kira Schichel,

Wasco Wruck and James Adjaye
Cells 2023, Volume 12, 342, Article ID 12030342
Abstract:

Recent demographic studies predict there will be a considerable increase in the number of
elderly people within the next few decades. Aging has been recognized as one of the main risk
factors for the world’s most prevalent diseases such as neurodegenerative disorders, cancer,
cardiovascular disease, and metabolic diseases. During the process of aging, a gradual loss
of tissue volume and organ function is observed, which is partially caused by replicative
senescence. The capacity of cellular proliferation and replicative senescence is tightly
regulated by their telomere length. When telomere length is critically shortened with
progressive cell division, cells become proliferatively arrested, and DNA damage response
and cellular senescence are triggered, whereupon the Hayflick limit is attained at this stage.
Podocytes are a cell type found in the kidney glomerulus where they have major roles in blood
filtration. Mature podocytes are terminal differentiated cells that are unable to undergo cell
division in vivo. For this reason, the establishment of primary podocyte cell cultures has been
very challenging. In our present study, we present the successful immortalization of a human
podocyte progenitor cell line, of which the primary cells were isolated directly from the urine of
a 51-year-old male. The immortalized cell line was cultured over the course of one year (~100
passages) with high proliferation capacity, endowed with contact inhibition and P53
expression. Furthermore, by immunofluorescence-based expression and quantitative real-
time PCR for the podocyte markers CD2AP, LMX1B, NPHS1, SYNPO and WT1, we confirmed
the differentiation capacity of the immortalized cells. Finally, we evaluated and confirmed the

responsiveness of the immortalized cells on the main mediator angiotensin Il (ANGII) of the



3 Publications 52

renin—angiotensin system (RAAS). In conclusion, we have shown that it is possible to bypass
cellular replicative senescence (Hayflick limit) by TERT-driven immortalization of human urine-

derived pre-podocyte cells from a 51-year-old African male.

Author contribution of C.T. included 25%:

| was responsible for the establishment and maintenance of the cell culture system, including
the cultivation of UJRPCs and immortalized UdRPCs (UM51 hTERT). | carried out the
induction of podocyte differentiation as well as the stimulation experiments using angiotensin
Il and the angiotensin receptor blocker losartan. As part of the experimental workflow, | isolated
RNA and protein for subsequent my following gqPCR (quantitative PCR) and Western blot
analyses. In addition, | performed the immunofluorescence staining procedures. For all
datasets | generated, | conducted the corresponding statistical analyses and prepared the
quantitative evaluation of the results. | designed and executed the experiments and analyzed
them in the relation to our research hypothesis. Furthermore, | contributed to the manuscript
revision process by discussing and jointly addressing the reviewers’ comments together with
J.A.and L.E.

Status: Published in Cells.
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Abstract: Fecent demographic studies predict there will be a considerable increase in the number of
elderly people within the next few decades. Aging has been recognized as one of the main sk factors
for the world's mosk qu'almtdlua.m such ag nuumduwrati.\-e disorders, cancer, cardiovascular
disease, and metabolic diseases, During the process of aging, a gradual loss of tissue volume and
organ function is observed, which is partially caused by replicative senescence. The capacity of
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telomere length is critically shortened with progressive cell division, cells become proliferatively
arrested, and DA damagle responss aned cellular semescenoe an triggmd.. whmup-cm thas ”Ha}'ﬂjl:k
limit” 15 attained at this ke J’uducy'b"_'l are a cell type found in the kid.ney ?umm‘u]us where
they have major roles in blood filtration. Mature podocytes are terminal differentiated cells that are
unahle o l.mderg,u call divigion in vivoe. For this mason, the establishment of primary Pnd.myte cell
cultures has been very c|'|a||.en|5i.n|_q. In our present xl:udy;. we P-mm:n‘tﬂw successful immortalization
of a human podecyte progenitor cell line, of which the primary cells were isolated directly from
the uring of a 51-year-old male. The immortalized cell line was culbured over the course of one
year (—100 passages) with high proliferation capacity, endowed with contact inhibition and F53
expression. Furthermore, by immunoflusrescence-based expression and quantitative real-time PCE
foor the Fudnqrh: markers CDZAP, LMX1E, NPHS1, SYNPO and WT1, we confirmed the differsnt ation
capacity of the immortalized cells, Finally, we evaluated and confirmed the responsiveness of the
immortalized cells on the main mediator angiotensin [L{ANGII) of the renin-angtiotensin system
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{Hayflick limit) by TERT-driven immortalization of human urine-derived pre-podocyte cells from a
Sl-year-old African male.

Keywords: podocyies; renin-angiotensin-system; human telomerase

1. Introduction

Podocytes are a distinet cell type within the kidmey glomerulus. Their major task is the
filtration of blood to generate urine, and thereby retaining plasma proteins [1]. Therefore,
they are part of the glomerular fltration barrier, together with glomerular epithelial cells
{GECs) and the glomerular basement membrane (GBM) [2]. To execute this complex
task, podocytes need o be terminally differentiated and develop an elaborate and highly
specialized actin cytoskeleton. A typical podocyte morphology is compased of three major
segments, the cell body, major processes and foot processes (FPs) [3]. Major processes are
connected to the cell body of podocytes and can split into foot processes. Neighboring foot
processes from different podocytes form an inter-digitating pattern, which is bridged by
slit diaphragms (SDks) [4].
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During development of the human Kidney, the precursor cells of podocytes arise from
SIX2-positive renal progenitor cells. Subsequent developmental processes are then needed
to acquire the terminally differentiated state and maturity [4,5]. Glomerular development
proceeds in four stages: the renal vesicle stage, the S-shaped body stage, the capillary loop
stage, and the maturing-glomeruli stage [&7]. During the S-shaped body stage, podocyte
precursors are simply undifferentiated epithelial cells, with apically located tight junc-
tions [#] and prominent mitotic activity [9]. During this specific time point, expression of
podocalyxin (PODXL) [10] and the tight junction protein Z0-1 [11] are initiated, while ex-
pression of the podocyte ranscription factor WTI is the highest expression level [12]. When
these immature podocytes enter the capillary loop stage, their mitolic activity is abolished
and they begin to establish their complex actin cytoskeleton, including the appearance of
FPs and the reorganization of cell-cell junctions into glomerular slit diaphragms (S0} [4].
The filtration slits are formwed by the spatial formation of the FP's. These are spanned by
the S[¥, which is similar to an adherens junclions structure [13]. For the formation of 50,
the protein nephrin (NFPHS1) is required, which is additionally associated with the actin
cytoskeleton and, thus, contributes to the actin dynamics of podocytes and the formation
of FPs [14].

The phenotypical changes occurring between the S-shaped body stage and the
capillary loop stage are accompanied by synaptopodin (SYNPOY) [15] and vimentin [16]
expression. Therefore, both have been recognized as key markers of differentiated
post-mitotic podoecytes [15,17,18], which cannot be detected in undifferentiated or
dedifferentiated cells [19,20].

MNumerous kidney diseases, such as chronic kidney disease, membranous nephropathy,
congenital rephrotic syndrome and Alport syndrome are associated with proteinuria and
or hematuria, which is mainly caused by defects in the GBM or alterations in the structure
and or function of the podocytes. Modelling of these pathological conditions has been
very challenging. One obvious drawback of studving human podocytopathies is the
limited proliferation capacity of these cells. This was further aggravated by the fact that
the derivation of kidnev-originating cells is very challenging. This is particularly true
for podocytes since their complex architecture is not well preserved from kidney biopsy
tissue [17]. For these reasons, disease modelling of human kidney alterations is often
studied in animal models which only replicate human conditions to a limited extent.
Therefore, other models have been implemented to study human kKidney disease, such as
the temperature-sensitive V40 conditionally immortalized podocyte cell line [17] (UdRPCs,
Rahrman et al; and many iF5C-based differentiation protocols for cells of kidney arigin,
Erichsen et al. [21-25]).

Telomeres are GT-rich repeats (TTAGGG), at chromoseme ends in human and other
vertebrates [26,27]. These structures are established by the enzyme telomerase. Telomerase
is an BN A-dependent DMA polymerase [28] consisting of two essential components. The
first is the functional ENA component (hTE or KTERC), which serves as template for
telomere synthesis, and the second is the catalytic domain with reverse transcriptase
activity (nTERT) [25-32]. While pluripotent stem cells possess high telomerase activity, the
level drops during differentiation into somatic cells, hTERT remains active in some ssues
{e.g., germ cells) and a selection of cell populations [33]. The activity is regulated to meet the
demand of proliferation to facilitate specific cellular functions, while simultanecusly serving
as a barrier against carcinogenesis by inducing senescence [34,35]. Numerous mammalian
and human cell types have been immortalized by using either hTERT transfection [36-39]
or by the introduction of viral oncogenes, such as 5V40 Large-T antigen, adenovirus E1A
and EIB, papilloma virus E6 and E7, CELO virus orf22 and GAM-1. In contrast with
hTERT transfections, the main drawback of these viral oncogenes is that the generated cell
lines often lose cell cycle and apoptosis control due to the inhibition of the pRE and p53
pathways, respectively, which ultimately results in malignant cell transformation [37,40].

Here, we describe the successful immortalization of a human podocyte progenitor cell
line, obtained directly from urine. The cells showed a stable morphelogy and prolifera-
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tion capacity in vitro for more than one year in culture. They expressed typical podocyte
markers, such as SYNPO, NFHS1 and WTI, and upon cur recently reported differentia-
tion protocol [£1], their proliferation capacity was retained, and they expressed several
podocyte markers such as SYNPO, Due bo their high proliferation capacity and their ease
of handling, our immortalized UM51-hTERT-Fre-Fodo cell line offers a unique tool for
studying nephrogenesis and kidney-associated diseases.

2. Material and Methods
2.1, Cell Culture Condifions

The cell line UMS1-Prel'odo was derived from the urine of a 51-year-old male of
African origin. The cells were cultured, and differentiation was induced as described
in [41]. Immortalization of the cells was achieved by cationic polymer transfection of the
PCDMNA-3xHA-hTERT plasmid with Xfect (Takara BIO INC, Kusatsu, Shiga Prefecture,
Japan}. The plasmid pCDONA-2xHA-hTERT was oblained from (Addgene plasmid # 51637,
hitp:/ /n2tnet/addgene:51637; RRID: Addgene_51637; accessed 12 January 2023) [42]. In
brief, 2 pg of the plasmid was incubated at KT for 10 min with 100 pL of transfection buffer
and 1 pl of transfection reagent. After incubation, the mix was added o at least 50%
confluent & well of UMS1-PrePodo, growing as a monolayer. In another transfection, 2 ug
of the commercial pmaxCGFP Vector (Lonza, Basel, Switzerland) was incubated at BT for
10 min with 100yl of teansfection buffer and 1 pl of transfection reagent. After incubation,
the mix was added to at least 50% confluent 6 well of UMS51-PrePodo-hTERT, growing
a5 monalayer.

2.2, Immungfincrescence-Based Detection of Protein Expression

Cells were fixed with 4% paraformaldehyde (PFA) (Polvsciences, Warrington, FL, USA).
Unspecific binding sites were blocked by incubation with blocking buffer, containing 10%
normal goat or donkey serum, 1% BSA, 0.5% Triton, and 0.05% Tween, for 2 h at room
temperature. Incubation of the primary antibody was performed at 4 “C overnight in
staining buffer {(Mocking buffer diluted 1:1 with PBS). After at least 16 h of incubation,
thee cells were washed three times with PBS/0.05% Tween and incubated with a 1:500 di-
lution of secondary antibodies. After three additional washing steps with PBS/0.05%
Tween, the cell and nuclei were stained with Hoechst 15000 (Thermo Fisher Scientific,
Waltham, MA, USA). Images were captured using a fluorescence microscope (LSMIO;
Zeiss, Oberkochen, Germany) with Zenblue software {Zeiss). Individual channel images
were processed and merged with Fiji. Detailed information of the used antibodies is given
in Supplementary Table 51.

2.3. Western Blotting

Protein isolation was performed by lysis of the cells in RIPA buffer [Sigma-Aldrich, St
Lowis, MO, USA), supplemented with complete protease and phosphatase inhibitors (Roche,
Basel, Switzerland). Proteins were resolved on a 7.5% Bis-Tris gel and blotted onto a 0.45 pm
nitrocellulose membrane (GE Healthcare Life Sciences, Chalfont 5t. Giles, TE). After
blocking the membranes with 5% skimmed milk in Tris-buffered Saline Tween (TB5-T), they
were incubated overnight with the respective primary antibodies (Supplementary Table 51).
Membrames were washed 3= for 10 min with TB5-T. Secondary antibody incubation
was performed for 1 h at BT, and membranes were subsequently washed 3= for 10 min
with TBS-T. Amersham ECL Prime Western Blotting Detection Reagent was used for the
chemiluminescent detection (GE Healtheare Life Sciences) and captured with the imaging
device Fusion FX.

2.4, Southern Blotting

Genomic DMNA isolation was performed with the [!Ne\asy't' Blood & Tissue Kit ((lagen,
Hilden, Germany}) according to the manufacturer's instructions. An amount of 10 ug of the
izolated DN A was digested by incubation with EcoRI and HindIIl overnight and separated
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on a 1% agarose gel for 2 ho Prior to blotting of the DNA onto a positively charged nylon
membrane (GE Healtheare Life Sciences), the in-gel DN A was denaturated by incubation
in .25 M HCL solution for 5 min, followed by 2= /15 min in denaturation solution and
2% /15 min in neutralization selution. DNA transfer was carmied oul overnight at room
temperature with 10x saline-sodium citrate (55C) buffer. Subsequently the membrane
was fixed at 120 *C for 20-35 min and washed twice with 55C. Telomere fragments were
detected by a prehybridization step with DIG Easy Hyb Granules for 1 h and by the
actual hybridization of the membrane with a solution containing Telomere Probe dissolved
1:5000 in DIG Easy Hyb granules (Sigma Aldrich) at 42 °C overnight. Two stringent
washing steps were performed after hybridization, blocking was performed in blocking
solution followed by Anti-DIG antibody selution. For detection, the membranes were
washed in detection buffer for 5 min, and 1 mL substrate solution was added. Pictures
were taken with the imaging device Fusion FX after an incubation period of at least 5 min.

2.5, Relative Quantification of Podocyte-Associated Gene Expression by Real-Time PCR

Real-time PCR of podocyte-associated gene expression was performed as follows.

An amount of 1 pg of ENA was used as input for reverse transcription in a vol-
ume of 10 uL. Real-time measurements were carried out on the Step One Plus Real-Time
FPCR Systems using 1:10 diluted template cDMNA in a MicroAmp Fast Optical 384 Well
Reaction Plate and Power Sybr Green PCR Master Mix (Applied Biosystems, Foster Cily,
CA, USA) The amplification conditions were denatured at 95 “C for 13 min followed by
37 cycles of 95 °C for 50 5, 60 *C for 45 5 and 72 °C for 30 5. Primer sequences are listed in
Supplementary Table 52

2.6. Resazurin Assay

Froliferation of UM51-PrePodo cells grown in proliferation medium and advanced
EPMI was measured with a resazurin assay (Sigma-Aldrich) according to the mamufac-
turer”s instructions.

In brief, these were: Per condition (PM/adv. RPMI) 50,00 cells were seeded in 500 pL
of the respective medium in triplicate. An amount of 10 Resazurin solution was mixed
with the two media in a 1:10 dilution, and cells were incubated at 37 °C and 5% COz for
2 h. An amount of 200 uL. medium for each condition was transferred into a 36-well plate
and absorbance at 570 and 600 nm was measured with Plate Reader AF2200 (Eppendori,
Hamburg, Germany).

2.7, Slatistics

Data are presented as arithmetic means and standard error. In total, three independent
experiments were performed and used for the caleulation of mean values. Statistical signifi-
cance was calculated using the two sample Student’s i-test with a significance threshold
'Dfp = 0.05.

3. Resulls
3.1, Swccessfial Immorbalization of UMS1-PrePado Primary Cells

UMSE1-FrePodo cells were isolated directly from human urine as described in [43]. The
cells were transfected with the plasmid pCDMA-3xHA-RTERT [42]. Immortalization was
achieved afver four romths, and the cells referred to as UMSL-FrePodo-hTERT. This cell
line exhibited a much faster proliferation capacity compared with the original primary
cells UMS1-FrePodo, and kept proliferating for more than six months, while showing
a similar morphology (Figure LA). Both cell lines grew as monolayers, showed conlact
inhibition and a cobblestone-like morphology tvpical for epithelial cells. We further ana-
lyzed P53 expression and phosphorylation by immuncfluorescence-based protein detection
{Figure 1B). While most cells expressed I'53, only a small percentage were positively stained
for phosphorylated "33, Since the transfected hTERT protein was MN-terminally tagged
with 3 HA, successful transfection of the cells was evaluated by Western blotting and
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immunocytochemistry with a primary antibody recognizing the HA-tag (Figure 1CE).
Generally, the transformed cells tended to appear a little smaller and more elongated than
UMS1-PrelPodo. Since ectopic expression of hRTERT has been associated with chromosomal
alterations and genomic instabilities [44-47], we analyzed the karvotype of UMS1-PrePodo-
hTERT (Figure 1[¥). In total, 20 metaphases were analyzed and a hypertriploid karvotype
with several chromosomal alterations was observed in all of them. Since alterations of
this magnitude might kave an impact on transcriptional activity, we could not exclude the
probability of cancerous transformation. The immunoflucrescence-based analyses detected
expression of the HA-tag in UMS51-PrePodo-hTERT. Furthermore, Western blot analysis
revealed a band at approximately 80 kDa in the protein lysate of UMS1-FrePodo-hTERT,
which was absent in the non-transfected cell line UMS1-PrePodo. E-Actin was used as
loading control and detected at size of 45 kDa (full size Western blot images are given in Sup-
plementary Figure 51). In addition, hTERT gene expression was determined by quantitative
real-time PCR, revealing a 132-fold increase in mENA expression (Figure 1F). The telomere
length of UMS1-PrePodo-hTERT cells in comparison with the primary UMS1-PrePodo
cells was evaluated by Southern blotting. Terminal restriction fragments (TRF) containing
telomeres and a sub-telomeric region were detected in the control DMNA ariginating from an
immortal cell line as supplied by Sigma Aldrich, the induced pluripotent stemn cell line A4,
as well as the UMS1-FrePodo and UMS1-Prelodo-hTERT (Figure 1G). TRFs of the A4 cell
line were found to be the longest at approximately 13.9 kbp, followed by the control with a
fragment size of 7.4 kbp, UMS51-PrePodo of 6.3 kbp, and UMS1-FPrePodo-hTERT had the
shortest TEFs with a length of 1.2 kb,

LIMS1- PrePodo u 5’1-l¢ppndu»hﬁm‘
IRET -

a
¥ e
i
E

Figure 1. Corf.
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Figure 1. Successtul immortalization of the UMS1-FrePodo cell line. The UMS1-Prefodo cell line
was !ul:l:ﬂ:['uﬂ;.’ immaortalized Ir].- transfection with the PC'JNA-hH.h-hTEm F]a.-u'ni.d. Mnrphuhﬁr
after transfection as ebserved by light microscopy (A). P53 and phesphorylated P53 expression in the
immortalized cells were monitored by immunofluorescent-based detection (B) (scale bars: 100 pm).
Integration of the plasmid was visualized by immunoflucrescence-based and Western blot detection
of the HA-tag (CE). Karyotyping of UM51-PrePodo-hTERT revealed a hypertriplodd karyotype with
several alterations (D). Expression of the RTERT gene was determined by quantitative real-time PCR
{F}. Telomere length was measured by Southern blotting (G).

3.2, Characterization UMSI-PrePode-kTERT

To determine the effect of hTERT-driven immortalization of the primary UMS51-
PrePodo cells on their differentiation capacity, we performed immunofluorescence-based
detection of WT1 and NPHS] protein and real-time PCR based detection of mENA expres-
sion for the genes WT1, NPHS1, CDIAP, CD24 and CDI06 (Figure 2A-E). As indicated by
the immunofluorescence staining, the primary UMS51-PrePodo cells, as well as the immor-
talized Ul51-FrePodo-hTERT cell line, both expressed key podocyte proteins WTI and
NPHSI (Figure 2A-D). The comparison between the primary and the immortalized cell
line by real-time PCR based detection revealed a significant increase in mENA expression
for WT'T, NFHS1 and CD106, by 0.77 (p = 0.001), 2.83 (p = 0.03) and 1.66-fold {p = 0.05),
respectively, and a significant downregulation of CD2AF and CD24, by 057 {p = 0.05) and
0.52 {p = 0.05) in the immortalized cells. To test transfection efficacy of the UMS1-Prel'odo-
hTERT cell ling, we cationic polymer transfected freshly plated cells at approximately
60-70% confluency with the pmaxGFF Vector, and obtained 70% GFF positive cells after
24 h (Supplementary Figure 52).
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Figure 2. Characterization of immortalized UMS1-PrePodo-h TERT. WT1 and NPHST expression in
the parental UMS1-Prelodo as well as the immortalized UMS1-PrePodo-hTERT cells were evaluated
by immunofluorescence-based detecton (A-D) (scale bars: 100 pm). Immunofluorescence-based
detection of the parer.l:a] UM51-Prefado is given in (A C), while UM51-PreFodo-hTEKT is given in
{B.D). C}'tusk.del:m was stained with ]:!haJlm'd.in.. mlthA mcp-:\e:ud-:ln of WT1, NPHS1, CD2AP.CD2M
and CLN06 was determined by quantitative real-time PCK (E).
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3.3. Culturing UMS51-PrePodo-hTERT i ade. RPMI Initintes Podacyte D[',!Teren!iﬂr’an

We recently reported a detailed protocol for the differentiation of SIX2-positive urine
derived renal progenitor cells (UdRPCs) into mature podocytes [41]. We applied this
protocol to differentiate the UMS1-PrePodo-hTERT cell line into podocytes. To determine
the proliferation rate of UMS51-PrePodo-hTERT cultured under the differentiation condi-
tioms, we applied a resazurin assay for 72 h (Figure 3A). The fold-change of normalized
absorbance was found to increase in UM51-PrePodo-hTERT cultured in PM medium by
0.B-fold after 48 h and by additional 0.74-fold after 72 h. In contrast, UMS51-FreFodo-hTERT
cultured in adv. RPMI medium showed only minor changes in absorbance with 0.03-fald
increase after 48 h and 0.13-fold increase after 72 h. The difference in proliferation rate was
also observed using light microscopy (Supplementary Figure 53). While UMS51-PreFPodo-
hTERT «cells cultured in proliferation medium were at 100% confluency after 72 h, cells
cultured in advanced RFMI were approsimately 60% confluent. Relative protein expression
normalized to B-ACTIN for the HA-tag, for the key podocyvte marker SYNPO as well as P53,
were detected by Western blotting (Figure 3B). All proteins were detected at the expected
sizes of B0 kDa for the HA-tag, 50 kDA for LMX1B, 100 kDA for NFHS1, 110 kDa for
SYNICE, 53 kDa for p53, and 45 kDa for 8-ACTIN. While the most significant difference
in protein expression was observed for SYNPO with a 4.8-fold increase (p = 0.04), HA-tag
expression decreased with a fold change of 0.6 (p = 0.05). Interestingly, the protein level
of P53 was unaffected by the culturing medium {full size Western blot images are given
in Supplementary Figure 54). Expression of the differentiated podocyte marker SYNPO
and the proliferation marker KI-67 were assessed by immunofluorescence-based protein
detection (Figure 3C-F). KI-67-protein was detected in the nuclei of UMSL-PrePodo-hTERT
cells cultured in PR (Figure 3C) as well as adv. EPMI medium {Figure 20, As expected,
a lower percentage of cells grown in adv. RPMI expressed the proliferation marker than
cells cultured in PM—3.8% compared with 13.9%, respectively (Figure 3G). While UM51-
PrePodo-hTERT cells grown in PM lacked SYNPO protein expression (Figure 2E), a clear
signal could be detected in cells grown in adv. RPMI (Figure 3F). Additionally, we mea-
sured the expression of CD24, CD106, SYNPO, P53 and K67 by quantitative real-time FCR
{Figure 3H}. In accordance with the Western blot and immunofluorescence-based protein
detection, the mENA level of S¥NPO was found to be significantly increased (3.2-fold;
p =10.01), while P33 and K167 were found to be downregulated {041, p = 0.01 and 0.82-fold,
p =0.01, respectively). Furthermore, mENA expression of the surface marker CD106 was
found o be significantly downregulated (0.74-fold, p = 0.04) and CD24 expression was
found to be unaltered.
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Figure 3. Culturing UMS51-PrePodo-hTERT in adv. RFMI initiates podocyte differentiation. Prolif-
eration of immaortalized UMS51-PrePodo-hTERT cells cultured in PM and adwv. RPMI medium was
assessed by a resazurin assay [(A). Relative protein expression nermalized to 8-ACTIN for the HA-fag,
LAX18, MPHSL, 3YMNPO and P53 was detected by Western blot {B). Ei-67 and .‘SYNI’qu‘prL-.i:ii.-::ﬂ'. in
UM51-FreFodo-h TERT cultured in FM and adv. RPMI wers detected by immunofluorescence-based
staining (C-F). Immunofluorescence-based detection of UMS1-PrePodo-h TERT cells grown in Fh are
given in (C.E), while cells jrrown in adv. BEFMI are given in {D,F) (scale bars: 100 pm). Percentage of
UM51-PrePodo-h TERT cells cultured in proliferation medium and advanced RPMI expressing the

proliferation marker Ki-67 is given in (G). mENA expression of CD3, D08, SYNPO, P53 amd Kla?
was determined by quantitative real-time PCR (H).
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3.4. Compuerative Transcriptome Analysiz of Urine Dertoed Renal Progenitor Cells UMST with the
Immortielized UMS1-PrePodo-hTERT Cell Line

Adter the successful immortalization of UMS1-PrePodo into UMS1-PrePoado-hTERT
and differentiation with adv. RPMI, we performed a comparative transcriptome analysis.
Hierarchical clustering analysis comparing the transcriptomes of UM51-PrePodo and UMS]1
podocytes with their respective immaortalized counterpart revealed a distinet expression
pattern of wild type and immortalized cells (Figure 4A). By comparing the expressed genes
{det-p = (LO5), we found thal 532 were exclusively expressed in the UMS1-FrePodo and
703 in UM51-FrePodo-hTERT grown in FM (Figure 4B). In total, 13,914 genes were found to
be expressed in common between UMS1-PrePodo and UMS1-Prellodo-RTERT grown in FM
{Figure 4B). After differentiation of UM51-PrePodo and UMS1-PreFodo-hTERT by culturing
the cells in adv. RPMI supplemented with 30 uhM retinoic acid, transcriptome data revealed
EBED genes to be exclusively expressed in UMS] podocytes and 460 in UMS1-Prelodo-hTERT
grown in adv. RPMI (Figure 4C). In total, 13,522 genes were found to be expressed in com-
mon between UMS1-PrePodo-hTERT grown in adv. EPMI and UMS1-PrePodo-hTERT
grown in PM (Figure 4D). In total, 13,699 penes were found Lo be expressed in common
between UMB1-Podocytes and UMSL-FrePodo-hTERT grown in adv. EPMI (Figure 4C).
By comparing the expressed genes (det-p < 0.05), 237 were exclusively expressed in the
UM51-PreFodo-hTERT grown in adv. RPMI and 695 in UMS51-PrePodo-hTERT grown in
PM (Figure 403, Wild-type cells and their immortalized counterparts share many of the
most over-represented GO BP-terms, such as regulation of ion transport, regulation of
organic acid transport and developmental processes. The most over-represented GO BP-
terms exclusive to UMS1-Prelodo were associated with planar cell polarity involved in axis
elongation and skin development. In comparison, the most over-represented GO BP-terms
exclusively expressed in the immortalized UMS1-T'rePodo-hTERT cells grown in PM were
aszociated with cell-cycle checkpoints, nuclear division, regulation of mitotic cycle and
DMA replication (Figure 4E}. The most over-represented GO BP-terms exclusive to UMS]1
podocytes were associated with regulation of ion transpoet, heterophilic cell—ell adhesion
via plasma membrane cell adhesion molecules, and regulation of system processes. In
comparison, the most over-represented GO BP-terms exclusively expressed in the immor-
talized UMS51-Frelodo-hTERT cells grown in adv. EPMI were associated with chromosome
segregation, cell-cycle checkpoints, DN A replication, cell cycle and regulation of DNA
replication (Figure <F). The full gene list can be found in Supplementary Table 53. UMS51-
PrePodo-hTERT cells grown in both media shared many of the most over-represented GO
BP-terms, such as cell junction organization, urogenital systemn development, potassium
ion transport and GI'CR ligand binding. The most over-represented GO BP-terms exclu-
sive to UMS51-PrePodo-hTERT grown in adv. RPMI were associated with specification
of animal organ identity and chemolaxis. In comparison, the most over-represented GO
BP-terms exclusively expressed in the immortalized UMS51-PrePodo-hTERT cells grown in
FM were associated with embryonic pattern specification, embryonic organ development
and positive regulation of cell—cell adhesion (Figure 405). The full gene list can be found
in Supplementary Table 54. Additionally, the transcriptomes of UM51-PrePodo and the
immortalized UM51-PreFodo-hTERT grown in PM and adv. RPMI were compared with
expressed genes in iP5 cell-derived podocytes, kidney biopsy isolated human glomeruli,
and mouse podocytes (Figure 4H), as reported by Sharmin et al. [48]. This analysis revealed
that many key genes associated with podocyte function and structure were upregulated
upon differentiation with adv. EMFL such as SYNPO, NFHS1, NFHS2, LAMCI, INFZ,
SPARC, WT1 and PODXL.
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Fig'ln': 4. Cmﬂpuml'i.u transcriptome and.gm:ml:ul.oﬂ anal.:,r:is of urine-derived rﬁ‘ml]:!mgu\ih:r
UMS51 and derived immortalized UMS1-FrePodo-hTERT. A hierarchical cluster dendrogram revealed
distinet clustess of immortalized and wild type cells (A} Expressed genes (det-p < 0.05) in UdRPCs
and podocytes compared in the Venn diagrams (B-D), showed distinet (3582 in UMS1-FrePode; 705 in
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UM51-Prelfodo-RTERT in PM; BRO in ]’-anr}'hz UBAST; 460 i UMS1-PrePodo-h TERT in adv. RPMI;
605 in UMS1-PrePodo-hTERT in P'M; and 237 UMS51-Preledo-hTERT in adv. RFMI} and overlapping
{13,914, 13,699 and 13,922} pene expression patterns. The most uvm-rupmmted. GO BP-terms
exclusive in either UMS1-PrePodos or UMS1-PrePado-hTERT in PM are shown in (E). The maost
over-represented GO BP-terms exclusive in either podocybes UMS1 or UMS1-PrePodo-h TERT are
shown in (F) {full gene list can be found in Supplementary Table 53). The most over-represented GO
BP-terms exclusive in either UMS1-Prefodo or UM51-PrePodo-h TERT in adv. RPMI are shown in
{G) (full gene list can be found in Supplementary Table 541 A heatmap comparing UMS51-Prel'od
and UMS1-PrePodo-h TERT in P with their differentiated counterpart Uki51-PrePodo-hTERT in
adv. RPMI for a gene set commonly expressed in iP5 cell-derived podocytes, kidney biopsy isolated
human glomeruli and mouse podocytes is shown in (H).

3.5, Effects of Angiotensin IT on the Differentiated UIMS51-Fre-Podo-hTERT Podacites

We recently showed that angiotensin IT {ANGII) treatment in UdRPC-differentiated
podocytes triggered disruption of the cytoskeleton, resulting in the inhibition of the
pedocyte spreading and subsequent loss of foot processes as observed by a round and con-
densed morphology [41]. To evaluate the effect of ANGII on the differentiated podocytes
derived from the UMS1-Pre-Fodo-h TEET cell line, we treated the cells with 100 pb ANGIT
for 24 h and with a combination of 100 uM ANGI and 1 M of the selective, competitive
angiotensin Il receptor type | antagonist Losartan for 24 h. After 24 b, dynamic changes in
morphology and a significant downregulation of a—ACTININ expression was observed
in cells treated with 100 uM ANGII by immuncfluorescence-based detection (Figure 5A).
While all untreated podocytes stained positive for a—ACTININ, only a limited number of
cells appeared to express a—ACTININ after 24 h of AMGII treatment. Furthermore, the
control podocytes showed the typical “iried egg” podocyte morphology, whereas in ANG [T
treated podocytes, a more rounded and condensed morphology was observed. To confirm
that the disruptive effect was indeed mediated by ANGIL, the effects on the cvtoskeleton
were evaluated by gene-specific mBN A expression of ANGII receptors, AGTE] and AGTRZ,
as well as SNYPO and NFHS1 (Figure 5B-E). All genes were found to be significantly
upregulated {p < 0.05) upon 100 uM ANGII for 24 h except NPHS], which was found to
be significantly dewnregulated {p = 0.03). These findings indicated that the effect was
mediated via both receptors. ANGII treatment upregulated AGTE] expression by O4-fold
{Figure 5B) and AGTE2 by 0.8-fold (Figure 5C). Interestingly, SNT PO was also found to be
upregulated by 0.5-fold upon ANGII treatment (Figure 5D, while NPH5T was found to be
downregulated by 0.4-fold. When cells were treated with a combination of 100 phb ANGIT
and 1 uM Losartam, the expression of all genes was significantly (p < (L05) upregulated,
while the expression of AGTE2Z, NFH51 and S5¥YNPO was found to be increased by 0.7-,
1.4- and 0.8-fold. Interestingly, mRMNA expression of AGTRI was significantly upregulated
by 24-fold. Furthermore, the Losartan treatment rescued the ANGI-induced disruption
of the eytoskelaton as indicated by immunofluorescence-based detection of a—ACTININ
expression (Figure 5A). Higher magnification pictures of podocyte cytoskeleton and cy-
toskeletal changes can be found in Supplementary Figure 55. Additionally, the significant
upregulation of SYNPO (p = (.03} for both treatments was also confirmed by Western
blotting (Figure SE).
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Figure 5. Effects of angiotensin [ on the differentzated UMS1-Pre-Pode-hTERT cultured in ady. RPMIL
UMS1-Pre-Pode-hTERT cultured in adv. BEPMI supplemented with 30 b retinoic acid was treated
with 100 uhd ANGIH for 24 h or a combination of 48 h 1 pM Losartan and 24 b 100 o8 ANGIL The
top panel shows the control marphology. The next twe panels show morphology changes after 244 h
of 100 ubd ANGI treatment, and the last two Fﬂl‘l.\‘_‘l!- show the murphuluﬁ:,r for the combination
of Losartan and ANGIL The cytoskeleton was visualized by immunofluorescence-based detection
of & —ACTININ in red (A) (seale bars: 50 pem). Expression of ANGIL raceptors AGTRI (B), AGTR2
{C) and expression of podocybe marker SYNPO (D), and NPHS1 {E) were determined by quantitative
real-time PCR normalized with the ribosomal encoding gene-RPLO. Expression of the podocyte
marker synaptopodin was determined by Western blotting (F).

4. Discussion

Podocytes are a cell type found in the kidney glomerulus, where they have major
implications in bloeod Altration. Since mature podocytes are terminal differentiated cells
that are unable to undergo cell division in vive [13], establishing podocyte cell cultures
has been very challenging. In the present manuscript, we have described the successful
immortalization of a human podocyte progenitor cell line UMS1-PrePodo-hTERT, where
the primary cells were isolated directly from the urine of a male of African origin. UM51-
PrePodo-hTERT was cultured over the course of one year (~100 passages) with high
proliferation capacity. Numerous cell lines have been immortalized by overexpression of
hTERT, leading to chromosomal aneuploidies and alterations in gene expression [45950],
Even though UMS1-FreFodo-hTERT has a hypertriploid karvotype, the cells showed
contact inhibition and P53 expression and activation, indicating that the cells had not
lost cell-cycle checkpoints or undergone cancerous transformation—even though they
share a characteristic of malignant cells, which for the most part bear short telomeres, and
telomerase activity is observed in 85-90% of all human cancees [34,51].

Comparison of the transcriptomes pertaining to podocytes differentiated from UMBS1-
FrePodo-hTERT with previously reported datasets of iPSC—derived podocytes, biopsy-
derived human glomeruli, and mouse podocytes [45], revealed distinet clustering of UdR-
PCs and their differentiated counterparts, whereas most of the genes were found to be
upregulated after our podocyte differentiation protocol. These results confirmed the dif-
ferentiation capacity of UMS1-PrePodo-hTERT into mature podocytes—based on both
protein and mENA expression of LMX1B, NPFHS1, SYNPC and WTL. Interestingly, by
employing our recently published podocyte differentiation protocol [41], the prolifera-
tion capacity of UM51-PrePodo-hTERT was diminished and a significant upregulation of
SYNPOY expression was observed. SYNPO has been recognized as a key marker of differ-
entiated post-mitotic podocytes [15,17,15], which cannot be detected in undifferentiated
or dedifferentiated cells [19.20]. Furthermore, cells in the glomerulus expressing CD133,
D24 and CD166 have been recognized as being highly proliferative, while cells expressing
only CI¥33 and CD24 show lower proliferative capacity and a committed phenotype
towards differentiation [52]. Noteworthily, we detected a downregulation of CD24 after
immortalization. A study carried out by Paranjape et al. introducing either hTERT ar
5V40 into human cells, also reported a generation of a cell population with lower levels
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of CD24. Therefore, we concluded that the observed CD24 downregulation was caused
by the introduction of hTERT and subsequently the immortalization process [46]. Taken
together, these two findings, expression of SYNPO and loss of CD24 by cultivation of the
UMS1-PrePodo-hTert line in adv. RPMI and BA, confirm the differentiation potential of
this cell line into podocytes,

We propose that UMS1-PrePodo-hTERT can: (a) be differentiated into mature podocytes,
and {b) exit the hTERT-driven cell-cycle progression and enter the Go phase. Of note, during
nephron development, podocytes lose their mitotic activity [4] and SYNPO expression is
first detectable during the capillary loop stage [15]. This transition is reflected by our KI-67
and SYNPO stainings in the UMS1-hTERT-Fre-Fodo cells cultured in adv. EPML

Finally, we evaluated the responsiveness of UMS1-FreFPodo-hTERT to angiotensin 11
{ANGII) which is a key mediator of the renin-angiotensin system (RAS) [1,41]. Elevated
levels of ANGI have been identified as a main risk factor for the initiation and progression
of chronic kidney disease (CKD). Increased ANGII concentrations are associated with the
downregulation of nephrin and synaptopodin expression in podocytes [53,54], leading
to podocyte injury [35] and subsequent apoptosis [56]. We observed a disruptive effect
of ANGIL on the cytoskeleton of podocytes derived from UMS1-PrePodo-hTERT, which
was accompanied by upregulation of the two angiotensin Il receptors, AGTE] and AGTEZ.
Here, it is interesting to note that most cells completely downregulated o- ACTININ ex-
pression while SYNPO expression was found to be upregulated. This might be explained
by the duration of the differentiation. The cells were cultured in adv. RPMI for seven
days, in which not all cells entered the quiescent stale, as indicated by our KI-67 staining
and proliferation assay. This makes it tempting o speculate that the hTERT-driven im-
mortalization sustains a subpopulation of the immortalized cells in a proliferative state,
which, then triggered by the culture condition, enables the podocyte lineage a specific gene
expression repertoire.

There are currently numerous angiotensin receptor blockers {ARBs) and angiotensin-
converling enzyme inhibitors (ACELs) in clinical use for the treatment of a variety of renal
diseases [57,58]. A universal ARB is Losartan, an anti-hypertensive agent. Losartan is used
for the management of hypertension, as well as for other therapeutic indications. [ts action
is based on reversing the effects of ANG Il on AGTRI by the selective masking of AGTRL.
Our data provide evidence that the addition of Losartan can counteract the downregulation
of the slit diaphragm protein NFHS1 induced by ANG I1, thus, leading to the restoration
of podocyte architecture by the upregulated expression of nephrin. From this, it can be
deduced that Losartan can efficiently reduce ANGII binding to AGTR] The activation of
AGTEZ has been linked to vasodilation, development, cell differentiation, tissue repair
and apoptosis [39,60]. Therefore, the masking of AGTR] and, therefore, the hypothesized
hyperactivation of AGTE2, might restore the expression levels of podocyte-specific genes
back to the differentiated healthy state.

To summarize, we have described the successful immartalization of the very first male
Adrican Pre-Podocyte cell line—UMS51-Pre-Fodo-hTERT—which grew as a monolayer, and
showed contact inhibition and a cobblestone-like morphology typical for epithelial cells.
UM5]1-Fre-Podo-hTERT can be: (a) efficiently transfected as shown by GFP-encoding vector
expression, and (b) differentiated into mature podocytes, thus, is amenable for studying
nephrogenesis and associated diseases, thus, obviating the need of iP5Cs. Furthermore,
the responsiveness of the derived podocytes to ANGIL implies potential applications in
kidney-associated disease modelling, rephrotoxicity studies and drug screening,
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Supplementary Materials: The following supporting information can be downloaded at https//
www.mdpi.com farticle /103390, cells12030342 /51, Figure 51: Complete Western blot images for the
detection of the HA-tag in the cell lines UM51-PrePodo-h TERT and UMS1-FrePodo: (A) HA-tag,
{B) B-Actin; Figure S2: Transfection of UMS1-PrePodo-h TERT with the TurboGEP-vector; Figure 53
Mnrphnluﬁ:( af UMS1-PrePode-h TERT cells cultured m Fu'uﬁfmiiun medium l:ris;h‘t_l- and advanced
EFML {left) during the resazurin assay; Figure 5 Complete Western blot images for the comparisen
of UMS1-FrePodo-hTERT cultured in preliferation medium (FM) and advanced RFMI (Adv. RIFMIE
{A) HA-tagr, {B) SYNPO, {C) P53, (D f-Actin and {E) LMX1b; Figure 55 Higher magnification of
podocyte cytoskeleton remodeling after treatment with ANGI stained with c-Actinin (A); Table 51:
antibodies; Table S2: R’['-ql’CH Primers; Tabls 53: UMS1 PrePode vs UbS1 PrePodo Hbert ."mal:ysis
Repﬂrl; Table 54: UMS1 Podo v UMS] PrePodo Hiert adv RPMI l'l'lEh:ll.“dPE resuli
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3.2 Modelling APOL1-mediated kidney inflammation and fibrosis using a
partially reprogrammed urine derived SIX2-positive renal progenitor

cell line

Chantelle Thimm, Rosanne Mack, Osmond Adjei-Aruna, Wasco Wruck and James Adjaye
BioRxiv, 2025

Abstract:

Background

CKD affects approximately 850 million people worldwide and is a leading cause of mortality.
Podocytes, cells in the kidney are terminally differentiated and incapable of division in vivo
making the establishment of primary cultures particularly challenging. The ability of cells to
proliferate and avoid senescence is closely linked to telomere length. When telomere length

becomes critically reduced, it results in cellular senescence.

Methods

We present the successful rejuvenation of a human SIX2-positive renal progenitor cell line
derived from the urine of a 30-year-old West African male (UM30-OSN). To achieve partial
reprogramming, plasmids expressing the Yamanaka factors OCT4, SOX2, NANOG, c-Myc,
and KLF4 were employed.

Results

UM30-OSN expresses the pluripotency-associated marker SSEA4, renal stem cell markers
such as SIX2, CD133 and CD24, determined by immunofluorescence, FACS and qPCR.
Expression analysis revealed downregulation of senescence markers p21and p53 and
upregulation of proliferation-associated genes PCNA, KI67 and TERT, confirming
rejuvenation.

Upon podocyte differentiation, UM30-OSN cells expressed podocyte-specific markers NPHS1,
NPHS2, SYNPO and CD2AP. Comparative transcriptome analyses revealed a correlation co-
efficiency (R? = 0.88) with the immortal podocyte line AB 8/13.

To demonstrate the usefulness of UM30-OSN to model APOL1-mediated kidney disease, we
investigated the effects of Interferon-y (IFN-y) on UM30-OSN derived podocytes and evaluated
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the potential of the JAK1/JAK2 inhibitor Baricitinib to mitigate IFN-y—induced cellular
responses. IFN-y stimulation resulting in increased phosphorylation of STAT1, activation of
APOL1, upregulation of pro-inflammatory and fibrotic markers such as, IL-6, TGF-3, Vimentin,
Fibronectin, and morphological changes indicative of cell stress. Pre-treatment with Baricitinib
effectively inhibited STAT1 phosphorylation, reduced expression of pro-inflammatory and

fibrosis-associated genes, and preserved podocyte morphology.

Conclusion
Given their robust proliferation capacity, UM30-OSN cells represent a valuable additional
model for investigating kidney-associated diseases such the contribution of APOL1 high-risk

variants to kidney injury and fibrosis.

Author contribution of C.T. included 80%:

| was responsible for establishing and maintaining the cell culture systems, which included the
cultivation of UdRPCs, iPSCs, and the UM30-OSN cell line. | carried out the induction of
podocyte differentiation and the execution of stimulation experiments employing IFN-y and the
JAK/STAT-pathway inhibitor Baricitinib on UM30-OSN podocytes.

For the characterization of the newly generated UM30-OSN cell line, | performed
immunofluorescence staining, DNA isolation for semi-quantitative PCR/exogenous PCR and
APOL1 genotyping, as well as RNA isolation for both NGS (next-generation sequencing) and
gPCR. | also prepared protein lysates and conducted the Western blot analyses. The APOL1
genotyping was performed by D.K, AKK and K.B.. In addition, | carried out all
immunofluorescence stainings, RNA isolations, and qPCRs for further phenotypic
characterization. For the FACS (Fluorescence-activated cell sorting) analyses, | performed the
immunofluorescence staining, and the operation of the machine was carried out under the
supervision of N.G. For the IFN-y and Baricitinib treatment experiments, | isolated RNA and
protein samples, R.M. provided additional support during protein extraction. | collected all RNA
samples designated for NGS, after which W.W. (Bioinformatician) processed and analyzed the
raw sequencing data. | subsequently performed further analyses, including functional
enrichment analysis using Metascape. For all datasets generated in the course of the study, |
carried out the respective statistical analyses and prepared the quantitative evaluation of the

results. | contributed to the conceptualization, designed and executed the experiments and
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interpreted the results to my research hypothesis. | generated and designed all figures and
schematic illustrations, compiled and analyzed the complete dataset, and wrote the original
manuscript. | further revised and finalized the manuscript in response to the reviewers’

comments with J.A..

Status: Published in Stem Cell Research and Therapy.
DOI: 10.1186/s13287-025-04710-x
This article is an open access article distributed under the terms and conditions of the Creative

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.
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Abstract

Background

CKD affects approximately 850 million people worldwide and is a leading cause of mortality.
Podocytes, cells in the kidney are terminally differentiated and incapable of division in vivo
making the establishment of primary cultures particularly challenging. The ability of cells to
proliferate and avoid senescence is closely linked to telomere length. When telomere length

becomes critically reduced, it results in cellular senescence.

Methods

We present the successful rejuvenation of a human SIX2-positive renal progenitor cell line
derived from the urine of a 30-year-old West African male (UM30-OSN). To achieve partial
reprogramming, plasmids expressing the Yamanaka factors OCT4, SOX2, NANOG, c-Myc,
and KLF4 were employed.

Results
UM30-OSN expresses the pluripotency-associated marker SSEA4, renal stem cell markers
such as SIX2, CD133 and CD24, determined by immunofluorescence, FACS and gqPCR.
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Expression analysis revealed downregulation of senescence markers p21and p53 and
upregulation of proliferation-associated genes PCNA, KI67 and TERT, confirming
rejuvenation.

Upon podocyte differentiation, UM30-OSN cells expressed podocyte-specific markers NPHS1,
NPHS2, SYNPO and CD2AP. Comparative transcriptome analyses revealed a correlation co-
efficiency (R? = 0.88) with the immortal podocyte line AB 8/13.

To demonstrate the usefulness of UM30-OSN to model APOL1-mediated kidney disease, we
investigated the effects of Interferon-y (IFN-y) on UM30-OSN derived podocytes and evaluated
the potential of the JAK1/JAK2 inhibitor Baricitinib to mitigate IFM-y—induced cellular
responses. IFN-y stimulation resulting in increased phosphorylation of STAT1, activation of
APOLA1, upregulation of pro-inflammatory and fibrotic markers such as, IL-6, TGF-B, Vimentin,
Fibronectin, and morphological changes indicative of cell stress. Pre-treatment with Baricitinib
effectively inhibited STAT1 phosphorylation, reduced expression of pro-inflammatory and

fibrosis-associated genes, and preserved podocyte morphology.

Conclusion
Given their robust proliferation capacity, UM30-OSN cells represent a valuable additional
model for investigating kidney-associated diseases such the contribution of APOL1 high-risk

variants to kidney injury and fibrosis.

Keywords: Partial reprogramming, rejuvenation, nephrogenesis, Interferon-y, Baricitinib,
JAK/STAT signaling pathway, APOL1-mediated kidney disease, fibrosis, inflammation, SIX2-

positive renal progenitor cell line.

Background

Kidneys comprise approximately one million nephrons, which play vital roles in regulating
systemic pH, maintaining fluid homeostasis, filtration of blood and electrolyte balance. Each
nephron consists of a renal corpuscle, which includes the glomerular filtration barrier and a
complex renal tubular system. The glomerular filtration barrier is formed by podocytes, which
are highly specialized epithelial cells that envelop the glomerular capillaries and extend into
the urinary space of Bowman's capsule. These cells possess a large cell body with numerous
foot processes that interdigitate with those of adjacent podocytes. These lamellipodia-like
extensions form intercellular junctions across the slit diaphragm, ensuring selective
permeability based on molecular size during glomerular filtration. Several podocyte-specific
genes have been identified, whose protein products are critical for the integrity and function of
the filtration barrier. These include NPHS2 (Podocin), NPHS1 (Nephrin), CD2AP (CD2-
associated protein) and SYNPO (Synaptopodin).
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Currently, animal models, including rats and mice, are extensively utilized in the study of
kidney diseases.

However, these models exhibit significant anatomical, histological, and molecular differences
compared to human kidneys. This discrepancy underscores the urgent need for more

physiologically relevant human experimental models.

To date, the use of induced pluripotent stem cells (iPSCs), and the temperature-sensitive SV40
conditionally immortalized cell lines has become widespread in kidney-associated research -
4

The growth-promoting effect of the SV40 DNA sequence was first reported in 1965 5. This
immortalized ability was first described in detail by Chang et al. in 1984 &, for which the tumor
(T) antigen and the small T antigen appear to be responsible. The small T antigen facilitates
the replication of the viral genome and can accelerate the G1 and S phases of the cell cycle.
In parallel, the T antigen interacts with the tumor suppressor retinoblastoma family (pRB) and
p53 7.

In earlier studies have shown that it is possible to rejuvenate adult somatic cells by transient

over expression of the Yamanaka factors without the sole dependence on SV40 T antigen &,

Interferon-gamma (IFN-y) acts as a pivotal pro-inflammatory cytokine implicated in immune-
mediated kidney diseases. It activates JAK/STAT signalling, inducing transcription of
inflammatory and pro-fibrotic genes such as APOL1, which is strongly associated with increase
the risk of kidney damage, including fibrosis, leading to chronic kidney disease (CKD} and
potentially kidney failure in individuals of West African descent carrying the G1 or G2 risk
variants "', Functional investigation of APOL1 has largely relied on over-expression models
in mice and HEK293 cells to over-express APOL1-GO, -G1, or -G2 variants. These studies
revealed mitochondrial dysfunction, altered gene expression profiles, and impaired respiration
in HEK cells over-expressing G1 or G2 variants '™'%. Although these models provide valuable
mechanistic insights, they lack the characteristic features of human podocytes and the native

regulatory context of APOL1.

APOL1 gene variants are associated with an increased risk of kidney disease, particularly in
individuals of African origin. These variants can lead to various forms of kidney disease,
including focal segmental glomerulosclerosis (FSGS), collapsing glomerulopathy,
hypertensive nephropathy, CKD and end-stage kidney failure "%, The development of renal
fibrosis characterizes CKD. Regardless of the primary cause, renal fibrosis is the hallmark of
progressive CKD". Fibrogenesis is initiated in response to chronic kidney damage; following
renal injury, profibrotic factors are produced by injured tubular epithelial cells and infiltrating
inflammatory cells that stimulate signaling events leading to ECM production. APOL1 risk

variants are linked to accelerated fibrosis in the kidneys, contributing to the progression of
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kidney disease®®, which has been shown in human cellular’' and mouse models®. In a
transgenic mouse model expressing the podocyte-specific APOL1-G2 risk variant
(G2APOL1), these variants led to activation of STING and NLRP3 inflammasomes.

Triggered pronounced renal fibrosis, increased albuminuria and impaired renal function®.

In the present study, we used rejuvenated SIX2-positive renal progenitor cells derived from
the urine of a male donor of West African ancestry, differentiated into podocytes
(UM30-OSN). This model combines genetic authenticity with the physiological relevance of
podocytes and enables, for the first time, the investigation of IFN-y—induced APOL1
regulation and the mechanisms of Baricitinib action in a more disease-relevant cellular

context.

These cells exhibit stable morphology and proliferation capacity in vitro for over one year of
culture. The UM30-OSN cell line expresses the homeodomain transcriptional regulator SIX2,
representing a multipotent, self-renewing progenitor population capable of differentiating into
all nephron cell types 2%, We further analyzed gene and protein expression, morphological
cellular changes, and activation of the JAK/STAT signaling pathway, as well as the ability of
Baricitinib to suppress these IFN-y-mediated effects.

Due to their high proliferation capacity and ease of handling, our immortalized male UM30-
OSN cell line of West African origin, which we believe is one of its kind, provides a unique tool

for studying the molecular basis of APOL1-mediated inflammation and fibrosis in the kidney.

Methods

Cell Culture Conditions

Urine-derived renal progenitor cells (UdRPCs) of a 30-year old man (UM30) were isolated and
maintained in proliferation medium (PM) as described in Rahman et al %. Furthermore,
approximately 250,000 SIX2-positive urine-derived cells from UM30 were immortalized by
nucleofection of an episomal not integrative plasmid-based ectopic expression of Yamanaka
reprogramming factors co-expressed SV40 large T antigen, which inactivates the tumor
suppressors pRB and p53 (UM30-OSN)®", For more efficiency, pathway inhibitions: TGFB
/SB431245 (Stemgent #04-0014), MEK/PD0325901 (Stemgent #04-0006) and
GSK3p/CHIR99021 (Stemgent #04-0004) were added. Cells were cultured for 24 h in PM
supplemented with 10 uM Y27632 on Matrigel® at 37 -C and 5 % CO2. After 24 h, the medium
was changed to StemMACS iPS-Brew XF Medium (Miltenyi Biotec, Bergisch
Gladbach,Germany) with daily medium changes. Besides the well-defined iPSC colonies
clusters of partially reprogrammed cells were identified. These rapidly proliferating cells are

still mesenchymal unlike iPSCs and they resemble the primary urine cells. These clusters were

4
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picked and expanded on plastic, cultured at 37 °C, 5% COZ2. The cells were cultured in
proliferation medium (PM) composed of 50% DMEM high Glucose (Gibco®, life technologies,
California) and 50% Keratinocyte growth basal medium (Lonza, Basel, Switzerland)
supplemented with 5 ng/ml bFGF. The DMEM high Glucose medium is supplemented with
10% fetal bovine serum (Gibco®), 0.1% Non-Essential Amino Acid (Gibco®), 0.5% Glutamax
(Gibco®) and 1% Penicillin and Streptomycin (Gibco®). Differentiation into podocytes followed
our previously published protocols 222, |n brief, 25,000 cells per 6-well and 100,000 cells per
12-well were first cultured for 24 h in PM on Coming® Collagen | (Merck, Darmstadt,
Deutschland) coated plates till approximately 70% confluent. On the next day, the medium was
replaced with Advanced RPMI 1640 (Gibco®) supplemented with 10% fetal bovine serum, 1%
Penicillin and Streptomycin, and 30 pM retinoic acid (Sigma-Aldrich Chemistry, Steinheim,

Germany). After seven days the typical podocyte morphology was observed.

We used the already established human immortal cell line (AB 8/13) described by Saleem et.
al. as a reference cell line *. The human immortal cell line are expanded at 33°C, 5% CO2 on
plastic. The cells were cultured in RPMI 1640 (Gibco®, life technologies, California)
supplemented with 10% fetal bovine serum (Gibco®,) and 1% Penicillin and Streptomycin
(Gibco®,). For further differentiation into podocytes, the cells were seeded on Corning®
Collagen | (Merck, Darmstadt, Deutschland) coated plates. Both UM30-OSN and AB 8/13 were
cultured in podocyte differentiation medium- Advanced RPMI 1640 (Gibco®) supplemented
with 10% fetal bovine serum, 1% Penicillin and Streptomycin, and 30 yM retinoic acid (Sigma-
Aldrich Chemistry, Steinheim, Germany) at 37 °C, 5% CO2 for approximately 14 days. The

medium was changed every third day.

To investigate the effect of IFN-y on UM30-OSN podocytes, we pre-treated them for 24 h with
or without 1 pM Baricitinib (Medchemexpress #HY-15315) followed by an additional 24 h
treatment of 100 ng/ml IFN-y (Thermofisher #300-02-100UG).

RNA isofation

For RMNA isolation from the various cell lines, the ZYMO Research Kit Direct-zol™ RNA
Miniprep R20 was utilized following the manufacturer's protocol. Cells were detached by
adding Tryple E and incubated for 5 min. Afterwards, a centrifuging step was added 4 mins
1000 g. Cell pellet was resuspend in 350 pl volume of 95-100% ethanol (EtOH) and thoroughly
mixed by pipetting. The resulting solution was transferred to a Zymo-Spin™ column and
cenfrifuged at 12,000 g for 30 seconds at 4 °C. To degrade genomic DNA, the column was
washed with RNA Wash Buffer and centrifuged again at 12,000 g for 30 seconds at 4 °C.
Subsequently, the column was treated with DNA digestion mix (1:16 dilution of DNase | in DNA

Digestion Buffer) for 15 minutes. Following digestion, the column was rinsed twice with RNA

5
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Prewash Buffer, each followed by centrifugation at 12,000 g for 30 seconds at 4 °C. A final
wash with RNA Wash Buffer was performed, including a 2-minute centrifugation step.

After drying the column by centrifuging for 1 minute, it was transferred to a fresh RNase-free
Eppendorf tube. RNA was eluted by adding 35 pL of DNase/RNase-free water to the column
and centrifuging for 1 minute at 16,000 g. The eluted RNA samples were immediately placed

on ice, and concentrations measured with a Nanodrop device.

Relative Quantification of podocyte-associated gene expression by real-time PCR

This followed our previously published protocols®***, In brief, Quantitative real-time PCR of
podocyte-associated gene expression was performed as follows:

Samples were run in triplicate on a 384-well reaction plate and Power Sybr Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA) using Step One Plus Real-Time PCR systems.

The amplification conditions were denaturation at 95 “C for 13 min followed by 37 cycles of 95
°C for 50 s, 60 °C for 45 s, and 72 °C for 30 s. Primer sequences are listed in supplemental

table S2. Results were analyzed by the 278ACT method and specified in the fold change

expression.

FACS

UM30-0SN cells were washed with PBS and incubated for approximately 5 min at 37 °C, 5%
CO2 in 0.25% Trypsin EDTA. The reaction was stopped with 1:2 DMEM and the cell
suspension was transferred to a 15 ml Falcon. This was followed by centrifugation at 1000x g
for 4 min. The resulting cell pellet was resuspended with 1 — 2 ml 3% BSA and was blocked
for 20 min. at room temperature. Cells were then separated using a 0.4 yM mesh strainer
(Thermo Fisher Scientific, Massachusetts, USA) and placed in FACS tubes (Corning, New
York, USA,). Afterward 3 ml of MACS buffer (0.5 % BSA, 2 mM EDTA, PBS) were added to
each tube followed by an additional centrifugation step. The cells were resuspended at up to
1x107 cells / ml in 4% PFA (Polysciences, Warrington, FL, USA) and incubated for 20 min at
room temperature. Followed by two washing steps with PBS. After each washing step the cells
were cenfrifuged at 1000x g for 10 min. Afterwards the cells were diluted in 98 pl MACS Buffer
and 2 pl of the primary antibody CD133 (Thermo Fisher Scientific, Massachusetts, USA), CD24
(Thermo Fisher Scientific, Massachusetts, USA) and SIX2 (Abnova, Heidelberg, Germany).
The antibody was incubated overnight at 4 °C. Cells were washed by adding 1 - 2 ml MACS
Buffer and centrifuged at 1000x g for 10 min. The supernatant was completely aspirated
followed by 1 h incubation of the secondary antibodies at room temperature in the dark. 0.2 pl

of the secondary antibody Alexa 555 and 647 (Thermo Fisher Scientific, Massachusetts, USA)
6
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was diluted in 100 yl MACS Buffer for each tube. The cells were washed once with 0.05%
Tween-20 diluted in PBS. The cell pellets were then resuspended in a suitable amount of
MACS Buffer Measurement of fluorescence intensity was demonstrated using Beckman
Gallios Flow Cytometer (Beckman Coulter). In each case, 30,000 cells were measured, and
data were analyzed using FlowJo software (BD Biosciences). Detailed information on the

antibodies used can be found in supplementary table 1.

Immunofluorescence-based staining

For the immunocytochemistry, urine-derived cells were fixed with 4% paraformaldehyde (PFA)
(Polysciences, Warrington, FL, USA). Followed by three wash steps with PBS for 5 min each.
To block unspecific binding sites, the fixed cells were incubated with a blocking buffer
containing 10% normal goat or donkey serum, 1% BSA, and 0.5% Triton X-100. (Sigma-Aldrich
Chemistry,) and 0.05% Tween-20 (Sigma-Aldrich Chemistry,) for 2 h at room temperature. The
primary antibodies were diluted in blocking buffer according to supplemental table 1 and
incubated at 4 °C overnight. The following day, the cells were washed once with 0.05% Tween-
20 diluted in PBS and two times with PBS only. After washing them, the fluorochrome-
conjugated secondary antibody and HOECHST (1:5000) (Thermo Fisher Scientific, Waltham,
MA, USA), were added and incubated for 1 h at room temperature protected from light. The
secondary antibodies were diluted in blocking buffer according to supplemental table 1.

Visualization of cells employed a fluorescence microscope (LSM700).

Western Blot Analysis

Podocytes were lysed in RIPA buffer (Sigma-Aldrich Chemistry) containing 5 M NaCl, 1% NP-
40, 0.5% DOC, 0.1% SDS, 1 mM EDTA, 50 mM Tris, pH 8.0, and freshly added 10 pL/mL
protease- and phosphatase inhibitor (Sigma-Aldrich). 20 pg of each obtained protein lysate
was dissolved in a 10% sodium dodecyl sulfate PAGE gel and transferred to an Immobilon-P
membrane (Merck Millipore, Burlington, VT, USA). The membranes were incubated with the
primary antibody overnight at 4 °C. Then washed three times with 0.1% Tween-20 in Tris-
buffered saline followed by 1 h incubation of the secondary antibodies at room temperature.
For visualization of the blotted proteins the Pierce™ ECL Western Blotting Substrate solutions
from Thermo Fisher were used (Thermo Fisher Scientific, Massachusetts, USA).

were used. Both solutions were diluted 1:1. Quantification was carried out with ImageJ.

Detailed information on the antibodies used can be found in the supplementary table 1.

Microarrayrray and bulk NGS analysis
For the microarray and NGS experiments, 1 pg RNA preparations were hybridized on the
Human Clariom S Gene Expression Array (Affymetrix, Thermo Fisher Scientific, Waltham, MA,

7
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USA) and were used for a 3’RNA-Seq assay on an lllumina NextSeq2000 sequencing
system at the core facility Biomedizinisches Forschungszentrum (BMFZ) of Heinrich Heine
University- Disseldorf.

The fastq files containing the RNA-seq raw data were aligned against the GRCh38 genome
via the software HISAT2 * using the parametrization suggested by Barruzzo et al. *":

hisat2 -p ¥ -N 1 -L 20 -i 5,1,0.5 -D 25 -R 5 --mp 1,0 --sp 3,0 -x hisatindex/grch38_r109 -U
input.fastq.gz -S output.sam. The resulting BAM files were sorted using the SAMtools software
*2 and the reads were condensed to counts per gene with the subread (1.6.1) featurecounts
routine ** using the ENSEMBL annotation file Homo_sapiens.GRCh38.109.gtf. The resulting
table of counts per gene were imported into the R/Bioconductor * and normalized with the
voom ** algorithm from the limma package * filtering expressed genes (counts per million > 1
in at least one sample). Affymetrix raw data was normalized via the Robust Multi-array Average
(RMA) method from the R/Bioconductor package oligo *'. Gene expression heatmaps were

generated using the heatmap.2 function from the gplots package *®

employing Pearson
correlation or Euclidean distance as distance measures . Gene expression was dissected in
Venn diagrams drawn with the Venn Diagram package *° . Genes were considered expressed
when their detection-p-value, calculated as described before “°, was less than 0.05 in
microarrays or when there was more than 1 read in NGS data. The subsets of genes obtained
from the Venn diagram analysis were analyzed for over-representation of gene ontologies
(GOs) using the GOstats R package *' and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways “%. The n=60 most significant pathways and GO terms (p < 0.05) were
visualized via the R package ggplot2 ** in dotplots indicating p-value, number and ratio of
involved genes. Gene expression data will be available online in the National Centre of

Biotechnology Information (NCBI) Gene Expression Omnibus.

Ethical Statement

In this study, urine samples were collected with the informed consent of the donors and the
written approval (Ethical approval Number: 2017-2457_3) of the ethical review board of the
medical faculty of Heinrich Heine University, Disseldorf, Germany. All methods were carried
out in accordance with the approved guidelines. The medical faculty of Heinrich Heine

University approved all experimental protocols. All patients provided written informed consent.

Statistics
All samples were analyzed in triplicate. The mean value of these was used for the calculations.
The statistical significance was calculated using the two-sample Student's t-test with a

significance threshold p = 0.05. Data regarding the Baricitinib and IFN-y treatment were
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298  analyzed using one-way ANOVA to assess statistical significance between groups. A p-value
299  of <0.05 was considered statistically significant. All experiments were analyzed n=3.

300

301 Results

302 Successful immortalization of UM30-OSN

303  UMB30-OSN cells were isolated directly from the urine of a 30-year-old West African male as
304 described in Rahman et. al. 2. The cells were transfected with the episomal-based plasmids
305 pEP4EO2SCK2MENZL and pEP4EOZ2SETZK as in our previous iPSC lab resource
306  publications 2% (Supplementary Figure S2).The vectors express SV40 and the
307 reprogramming factors- OCT4, NANOG, ¢-MYC, KLF4 and SOX2. The immortalized cells are
308 referred to as UM30-OSN, characterized by rapid proliferation than the primary UdRPCs, no
309 morphological changes and full retention of the SIX2-positive mesenchymal progenitor cell
310 characteristics. The proliferating cells were maintained for over a year without apparent
311 morphological changes (Figure 1A). Because immortalization is associated with chromosomal
312  alterations and genomic instabilities *°, we comparatively analysed the karyotype of UM30-
313  OSN and the immortal podocyte cell line- AB 8/13 at the Institute of Human Genetics of the
314  University Hospital Dusseldorf (Supplementary Figure S3).

315 The primary cells-UM30 and the immortalized counterpart- UM30-OSN cell line grow as
316  monoclayers with typical rice grain morphologies (Figure 1A).

317 The absence of plasmids used in partial reprogramming was confirmed by
318  immunofluorescence staining, quantitative real-time PCR, heatmap displayed the expression
319 levels of OCT4, SOX2, NMANOG and semi-quantitative PCR (Figure 1B). For comparison, an
320  in-house induced pluripotent stem cell line (iPSC) UM51 iPSC was used as a control cell line
321 to demonstrate that UM30-OSN is not pluripotent (Figure 1B), quantitative real-time PCR
322 results (Figure 1C) and a heatmap of OCT4, SOX2, NANOG, CDH1 and VIM (Figure 1D). For
323  the semi-quantitative PCR, primers were designed, which amplified the exogenous OCT4
324  (Figure 1E).

325 Similar to the stable established cell line UM51 iPSC, the UM30-OSN cell line did not show a
326 comparable band to the positive plasmid controls at 657 bp.

327  The immunocytochemistry-based expression detection was negative for OCT4, SOX2 and
328 NANOG compared to the UM51 iPSC cell line (Figure 1B), therefore confirming the absence
329  of the plasmids and therefore partial and not fully reprogrammed (Figure 1C). After the
330  successful immortalization of UM30-OSN, we performed a comparative transcriptome
331 analysis. Hierarchical clustering analysis comparing the transcriptomes of urine-derived renal
332 progenitor UM30, the immortalized UM30-OSN cell line, and UM51 iPSC (Figure 1F). The
333 UMS0 iPSC cell line ¥ serves as a direct comparison between a fully reprogrammed iPSC
334 and the partially reprogrammed UM30-OSN. The correlation table indicates a positive
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relationship between UM30 and UM30-OSN (R? = 0.90), which confirms the origin of the
UM30-0OSN (Figure 1G). The correlation co-efficient between UM30, UM30-OSN and UM51
iPSC is 0.85 (Figure 1G).

Additionally, a Venn diagram-based transcriptome comparison was carried out between
UM30-0SN, UdRPC UM30 and UM51 iPSC (Figure 1H). A total 12904 genes were expressed
in common expressed in all cell lines. Comparing the expressed genes (det-p < 0.05), 154
genes are exclusively expressed in UdRPC UM30, 153 genes in UM30-OSN and 307 genes
in the UM51 iPSC (Figure 1H). Figure 1 represents a metascape analysis of the 80 genes only
expressed in the UM51 iPSC and the UdRPC UM30, with GO:BP terms and pathways related
to e.g. diencephalon development, regulation of body fluid levels and metal ion transport. The
exclusive GO:BP terms and pathways related to the 123 genes exclusively expressed in the
UM51 iPSC and UM30-OSN are e.g. cell morphogenesis, positive regulation of cell
development and cell junction organization.

The full gene list of GOs and associated genes are in Supplementary table S4A.

UM30-0OSN
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357 Figure 1: Suceessful immaortalized UM30-0SN cell line derived from human urine.
358 {A) The UM30-OSN cell line was partially reprogrammed using episomal plasmids encoding the Yamanaka factors. Light

359 Dy r led morphological ch typical of early reprogramming stages.
360 (B) The absence of full pluripotency was confirmed by immunoflucrescence staining for OCT4, S0X2, and NANOG (scale bars:
361 100 pm).

362 {C) gPCR  analysis further validated the Ilack of expression of these pluripotency  markers.
363 (D) A heat displayed the expression levels of OCT4, SOX2, NANOG, E-CAD, and VIM, comparing UM30-OSN to a
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laboratory-derived induced pluripotent stem cell line {UMS51-iPSC) used as a reference.
{(E) The absence of episomal plasmids was confirmed by semi-quanfitative PCR targeting exogenous sequences.
{F-G) A cluster dendrogram and correlation matrix demonstrated the transcriptional relationship between UM51-4PSC, UdRPC-
UM30, and UM30-0SN. (H) Venn diagram-based transcriptome comparison was carried out between UM30-05N, UdRPC UM30
and UM51 iPSC. (I) Metascape analysis of the 80 genes commeon expressed in the UM51 iPSC and UdRPC-UM30. (J) Metascape
analysis carried out with the 123 genes exclusively expressed in the UM51-iIPSC and UM30-0SN.

Characterization UM30-OSN

To determine the renal origin of UM30-OSN and thus its differentiation capacity, we performed
immunofluorescence-based detection of the proteins, SSEA4 as a pluripotency marker,
Vimentin as a cytoskeletal protein of mesenchymal cells, CD133 (Prominin-1) as a stem cell
self-renewal marker and SIX2 as a multipotent self-renewing renal progenitor marker (Figure
2A).

To further confirm stemness, fluorescence-activated cell analysis (FACS) was also performed
(Figure 2B) and this revealed that approximately 99.45% of the cells express SIX2, CD133
(99.34%) and the renal progenitor cell surface marker CD24 (38.85%).

Immortalized cell lines are characterized by a high proliferation rate, which can be analyzed
not only morphologically but also at the cellular level. Based on this, we comparatively
analyzed the expression of the cell cycle-associated genes- P53, P21, KI67, PCNA, and TERT
in UM30-CGSN and UM30. UM30-OSN showed a significantly higher expression of PCNA (2.9-
fold), KI67 (2.0-fold), hTERT (1.77-fold), whilst the expression of P53 and P21 were
downregulated by 0.44-fold and 0.11-fold respectively (Figure 2C).
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391

392 Figure 2: Characterization of immortalized UM30-OSN cell line.

393 {A) The renal pregenitor origin of the urine-derived UM30-OSN cell line was confirmed by immunocytochemistry for the renal stem
394 cell markers SIX2 and CD133, the mesenchymal marker Vimentin, and the pluripotency marker SSEA4.
395 (B) Flow cytometry (FACS) further validated the expression of S1X2, CD24, and CD133.
396 (C) Quantitative real-time PCR was used to assess the expression of cell cycle-related genes, including p21, p53, hTERT, PCNA,
397 and KI67. Gene expression levels were normalized to the housekeeping gene glycerinaldehyd-3-phosphat-Ddehydrogenase
398 (GAPDH).

399

400  Differentiation potential of UM30-OSN into human podocytes

401  UMB30-OSN were differentiated into podocytes following our previously published protocols 252%
402  (Figure 3A). The human immortal podocyte (AB 8/13) cell line was used for comparison and
403  benchmarking ®. Characterization and assessment of successful differentiation were
404  demonstrated by immunocytochemistry, quantitative real-time PCR, and Western blotting
405  (Figure 3B-D). Expression of podocyte markers NPHS1, NPHS2 and SYNPO were detected
406  only upon podocyte differentiation of UM30-OSN.

407  On the mRNA level, UM30-OSN podocytes show increased expression of the podocyte
408  markers NPHS1 (34.11 fold), NPHS2 (4.19 fold), CD2AP (2.59 fold) and SYNPO (1.17 fold)
409  compared to the undifferentiated UM30-OSN (Figure 3C).

410  Elevated mRMNA expression of the podocyte markers NPHST (3.37 fold), NPHSZ2 (4.44 fold),
411 CD2AF (0.90 fold) and SYNPO (1.10 fold) was also demonstrated in the immortal podocytes
412  (AB 8/13) cultured at 37C compared cells cultured at 33C (Figure 3C). These results
413 corroborate the protein-based analyses (Figure 3D). The housekeeping protein
414  Glyceraldehyde -3-phosphate-dehydrogenase (GAPDH) served as loading control.
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Figure 3: Culturing UM30-0SN Cells in advanced RPMI + RA induces podocyte differentiation.
(A) UM30-05N cells and human immortalized podecytes (ABB8/13) were cultured in advanced RPMI medium supplemented with
30 uM retinoic acid (RA) to promote differentiation into mature podocytes. Light mi Py led the ch teristic "fried egg™
morpholegy. (B) Immunoflucrescence staining confirmed the expression of pedocyte-gpecific markers, including NPHS1, NPHS2
and a-ACTININS (scale bars: 100 pm). (C) Quantitative real-ime PCR and (D) Western blot analysis further validated marker

gena expression. GAPDH served as the internal control for normalization.
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Comparative transcriptome and Gene Ontology analysis of podocytes differentiated
from UM30, UM30-OSN and the immortal AB 8/13 cell line.

Hierarchical cluster analysis was carried out to compare similarities between their
transcriptomes (Figure 4A, 4B). The correlation table shows a higher correlation co-efficient
between UM30 and UM30-OSN podocytes as expected (R* = 0.94). However, this value drops
to 0.88 when comparing UM30 and AB 8/13 podocytes (Figure 4B). Additionally, a Venn
diagram-based transcriptome comparison was carried out between UM30-OSN and AB 8/13
podocytes (Figure 4C). A total of 14947 genes were detected as expressed in common
expressed in both podocyte lines (Figure 4C). Comparing the expressed genes (det-p < 0.05),
1341 genes are exclusively expressed in AB 8/13 podocytes and 2249 genes in UM30-OSN
podocytes (Figure 4C).

The common GO:BP terms and pathways related to the 14947 genes expressed in both
podocyte cell lines are associated with cell division, cell cycle and cellular senescence (Figure
4D-E). The entire GO BP-terms and KEGG pathway is presented in Supplemental Table S3
and S5. Metascape analysis related to the 1341 genes exclusively expressed in the human
immortal pododcyte line (AB 8/13) are e.g. mesenchymal development, calcium signaling and
neuronal system. In parallel the exclusive GO:BP terms and pathways of the UM30-OSN
podocytes related to the 2249 genes are e.g. regulation of membrane potential, synapse
organization, cell-cell-adhesion and synaptic membrane adhesion. The full gene list can be

found in Supplementary Table S4B.

A Cc

Figure 4. continued
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Figure 4: Comparative transcriptome and Gene Ontology lysis of human p
{A) A cluster diagram between the human immortal podocytes (AB 8/13), urine-derived UM30 podocytes and the UM30-0SN-
derived podocytes was perfi d. (B) The comelation table bet 1 the UM30-0SM and the immortal podocytes (AB 8/13)
revealed a correlation coefficient of 0.88. (€) A Venn diagram was performed and shows 14947 common genes expressed in

yte cell lines.

commen between the two cell types. (D-E) The common GO BP-terms and KEGG pathways between the immortal podocytes
(AB 8/13) and UM30-05N podocytes are associated with cell cycle, cell division and cellular senescence. (F) Metascape analysis
of the 1341 genes only expressed in the immortal podocytes (AB 8/13). (G) Shows the exclusively 2248 genes expressed only in
the UM30-OSN pedocytes by metascape analysis.

Modulation of APOL Gene Expression and Kidney Injury Markers by IFN-y and
Baricitinib in Human UM30-OSN Podocytes

Upon IFN-y binding, the canonical signaling cascade is initiated via the JAK/STAT pathway,
predominantly through activation of JAK1 and JAK2, which are linked to the intracellular
domains of the IFN-y receptor (Figure 5A). To investigate the effect of IFN-y on the UM30-
OSN pedocytes, the cells were pre-treated with or without the JAK1/2 inhibitor -Baricitinib upon
IFN-y stimulation (Figure 5B). Baricitinib inhibited IFN-y-induced morphological and molecular
alterations in UM30-OSN podocytes. Treatment of UM30-OSN podocytes with 100 ng/ml IFN-
y for 24 hours led to a pronounced increase in rounded, detached cells compared to the
untreated control, as observed by light microscopy. Co-treatment with Baricitinib significantly
reduced the number of detached cells, resulting in a morphology comparable to that of control
cells (Figure 5C). To assess the molecular response to IFN-y and its modulation by Baricitinib,
we analyzed the expression of IFN-y-responsive genes- APOL1, MAPKS8, STAT3 and kidney
injury markers Cycs, IL-6, NGAL, CLU, Caspase-1, TGF-p and Gasdermin D using quantitative
real-time PCR (Figure 5D). IFN-y treatment significantly upregulated several of these genes
including APOL1, whereas co-treatment with Baricitinib largely attenuated this induction,
restoring expression levels closer to those of the control. Western blot analysis confirmed the
transcriptional findings at the protein level. IFN-y induced phosphorylation of STAT1 (p-
STAT1) thus leading to activated expression of APOL1 and down-regulation of the podocyte
marker- a-ACTININ4. Baricitinib co-treatment reversed these effects, preserving a-ACTININ4
expression and reducing APOL1 and p-STAT1 to near-baseline levels (Figure 5E).
Immunofluorescence staining for fibrosis-associated proteins Fibronectin, a-SMA, and
Vimentin further supported the deleterious effects of IFN-y. All three markers were upregulated
following IFN-y treatment, thus indicating a shift towards a pro-fibrotic phenotype. This effect
was absent in control and Baricitinib-treated cells, suggesting a protective role of Baricitinib

against |IFN-y-induced fibrosis (Figure 5F).
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Figure 5: Effects of IFNy and Baricitinib on UM30-OSN podoeytes APOL gene expression and kidney injury marker.

(A) Schematic representation of the IFN-y signaling pathway. Binding of interferon-gamma (IFN-y) to its heterodimeric receptor,
composed of IFNGR1 and IFNGR2, induces receptor dimerization and subseguent activation of the azsociated Janus kinases
JAKT and JAKZ via transphosphorylation. This leads to the recruitment and phosphorylation of the signal transducers STAT1,
STATZ, and STAT3. Phosphorylated STATs dimerize and franslocate into the nucleus, where they bind specific DNA elements
such as GAS or ISRE sequences and activate the transcripfion of target genes (e.g., IRF-1, STAT1/2, APOL1). Baricitinib inhibits
upstream signaling by selectively blocking JAK1/JAKZ2 activity, thereby suppressing STAT activation and downstream gene
expression. (B) Experimental setup using immortalized urine-derived renal progenitor cells differentiated into pedocytes (UM30-
OSN). After 14 days of podocyte differentiation, cells were pre-treated with or without 1 pM Baricitinib for 24 h, followed by
stimulation with 100 ng/ml IFN-y for an additional 24 h. Subsequent analyses were performed on both RNA and protein levels.
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(C) A 24-hour freatment with 100 ng/ml IFN-y resulted in an increased number of rounded (detached) cells compared to untreated

Is, as visualized by light mi py. The combination of IFN-y with Baricitinib significantly reduced the number of rounded
cells, resembling the control condition. {D) The expression of IFN-y-associated genes such as APOL1, MAPKS, STAT3, and
kidney injury markers such as Cycs, IL-6, NGAL, CLU, Caspase-1, TGF-B. and Gasdermin D was analyzed by quantitative real-
time PCR under all three conditions. (E) Western blot analysis was performed to assess protein levels of the podocyte marker
alpha-ACTINING, APCL1, and phosphorylated STAT1 (p-STAT1). (F) Immunofiuorescence-based detection of Fibronectin, alpha-
SMA, and Vimentin indicated fibrosis-like tendencies upon IFN-y treatment, evidenced by the upregulated expression of all three
proteins. No such upregulation was cbserved in control or Baricitinib co-treated cells (Scale bars: 100 um). Figure 5A-B were

created in hitps://BicRender.com.

Discussion

As mature podocytes are terminally differentiated cells, it is not possible for them to undergo
cell division and therefore have a limited life-span in culture*®. To circumvent this shortfall, we
previously established protocols for isolating highly proliferative SIX2-positive urine derived
progenitor cells ** and others have also isolated urine-derived epithelial cells *’. As these cells
also have are endowed limited life-span in culture, this has been by-passed by immortalizations
for use in further studies related to nephrogenesis and modelling kidney-associated diseases
34749 The available cell lines have so far been derived from individuals of Caucasian
heritage, except the UM51 hTERT 2.

In the present manuscript, we present the successful immortalization of a human SIX2-positive
renal progenitor cell line derived from the urine of a 30-year-old West African male (UM30-
OSN). These cells show stable morphology and proliferation for over one year in culture (~100
passages). To achieve partial reprogramming and immortalization, plasmids encoding SV40
and the reprogramming factors- OCT4, SOX2, NANOG, cMyc, and KLF4 were employed.
The conferral of unlimited cell division is associated with chromosomal alterations and genomic
instabilities °™". In the UM30-OSN these are also present in some cases, whereby P53, P21
as well as PCNA and KI67 expression and their activation and downregulation indicate intact
cell cycle checkpoints.

The comparison of the transcriptomes of UM30, UM30-OSN and the UM51 iPSC showed a
clear separation, in which UM30-OSN clustered closer to the primary UdRPCs UM30 than to
the iPSC.

UM30-OSN retains its renal origin due to partial reprogramming. This is confirmed by the
expression of vimentin and renal progenitor stem cell, SIX2 and cell surface markers CD24,
CD133 [36]. The lack of expression of the pluripotency markers- POU5SF1, NANOG, SOX2 and
CDH?1 further confirms that UM30-OSN is not pluripotent.

Shared KEGG pathways and GO-Biological Process (GO-BP) terms identified in both
immortalized AB8/13 podocytes and UM30-OSN podocytes are associated with cell division,
cell cycle regulation, and cellular senescence. These biological processes are well-established

hallmarks of cellular immortalization, thereby supporting the molecular basis of the
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immortalization observed in these cell lines *2. Differentiation into mature podocytes was shown
based on protein and mRNA expression of Nephrin (NPHS1), Podocin (NPHS2),
Synaptopodin (SYNPO) and CD2-associated protein (CD2AP). According to the present
findings, numerous podocyte-specific genes have been identified whose products play an
important role in maintaining the filtration barrier. Near to the extracellular proteins of the slit
membrane is the hairpin-like transmembrane protein NPHS2 with two cytoplasmic ends, which
is expressed within the glomerulus only in podocytes . An interaction between NPHS2,
NPHS1 and CD2AP has already been demonstrated 5. This highly conserved complex,
through which podocytes are connected to cell-cell contacts, controls podocyte function 5657,

Besides the essential components of the podocyctic slit membrane, the components the
podocytic cytoskeleton and associated molecules are necessary for a mature podocyte.
SYNPO a protein that interacts with several cytoskeletal and membrane-associated molecules
is restricted expressed in differentiated podocytes in the kidney *. It has relevance in the

maintenance of podocyte morphology.

Thus, the expression of podocyte-specific genes, by culturing UM30-OSN in adv. RPMI and
RA, confirm the differentiation potential of this cell line into podocytes.

In summary, we have successfully described the first male African cell line UM30-OSN
immortalized with SV40 and the reprogramming factors OCT4, SOX2, NANOG, cMyc and
KLF4. These grow as monolayers and have a rice grain-like morphology. and can be
differentiated into mature podocytes amenable for studying nephrogenesis and its kidney-
associated diseases.Thus, in addition to iPSC and the human immortal (AB 8/13) podocytes,

they serve as an additional cell culture option with a major advantage of West African origin.

Beyond highlighting UM30-OSN cells as a viable alternative to commonly used cell lines of
Caucasian origin such as HEK and the immortalized podocyte cells, our study also supports
their application as a disease-relevant in vitro model for investigating APOL1-associated
nephropathies.

In this study, we demonstrate that Baricitinib effectively counteracts the harmful effects of IFN-
y on human urine-derived UM30-OSN podocytes, both at the molecular and morphological
levels. Treatment with IFN-y led to marked changes in cell morphology, including detachment
and rounding, along with increased expression of APOL1 and other markers associated with
cellular stress, inflammation, and fibrosis. Our findings are consistent with previous reports
describing IFN-y as a potent inducer of APOL1 expression via activation of the JAK/STAT
signaling pathway '"18:59-62,

Specifically, we demonstrated that IFN-y induces a characteristic rounding and detachment of

podocytes, accompanied by upregulation of fibrosis markers such as Fibronectin, a-SMA, and
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Vimentin, as well as APOL1 and additional stress- and inflammation-associated genes, such
as STAT3, IL-6, MAPKB8, Caspase-1, and Gasdermin D. In particular Caspase-1 and
Gasdermin D are associated with cellular immune response and inflammatory reactions and

are key players in the pyroptosis signaling pathway, a form of programmed cell death 554,

These findings are similar with previously reported mechanisms by which IFN-y promotes a

pro-fibrotic and cytotoxic environment mediated through activation of the JAK/STAT signaling

11,65

pathway.
Baricitinib effectively prevented these IFN-y-induced effects. Podocyte morphological integrity
was preserved, APOL1 expression and STAT1 phosphorylation were reduced, and fibrosis
markers remained at baseline levels. This protective effect is consistent with observations in
human kidney biopsies and podocyte models, where Baricitinib has been shown to reduce
cytotoxicity and APOL1 expression under pro-inflammatory conditions *°. Mechanistically, our
Western blot results showing reduced p-STAT1 expression confirm effective blockade of the
JAK/STAT phosphorylation cascade, which plays a central role in APOL1 transcription and
downstream cellular injury. These findings highlight the therapeutic potential of Baricitinib in
APOL1-associated kidney diseases, as applied in the Phase 2 clinical JUSTICE trial, which

evaluated its efficacy in reducing proteinuria in individuals carrying high-risk APOL1 genotypes
80

Conclusion

In conclusion, our results confirm that IFN-y induces a pro-fibrotic and APOL1-driven stress
response in UM30-OSN derived podocytes via JAK/STAT signaling. Baricitinib acts as an
effective inhibitor of this signaling cascade, highlighting its strong potential as a therapeutic
option for APOL1-associated kidney diseases. Ultimately, this study not only underscores the
utility of the urine-derived immortalized UM30-OSN cell line, but also establishes its relevance
as a valuable in vitro model for investigating APOL1-mediated kidney diseases such as
fibrosis.

Figure 6 is a graphical summary of this study.
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Figure 6: Generation of Immortalized S5IX2* Renal progenitor Cells from urine of a West African male.
SIX2-positive urine-derived renal progenitor cells {UdRPGCs) from a 30 years old male of west African origin were isolated from
his urine samples and subjected to episomal-based cellular reprogramming. Although full pluripotency was not induced, the cells
acquired a significantly enhanced proliferative capacity compared to primary UdRPCs. Notably, this immortalized cell population

retains the ability to differentiate into functi | human p ytes, ing a rebust and scalable model for renal research. For

further application, the human podocytes were treated with and without 1uM Baricitinib, followed by a 24h stimulation with
100ng/ml IFNy. UM30-0OSN represents and a di levant model for studying APOL1-mediated kidney fibrosis. The figure
was created using BioRender ( https://BioRender.com.}
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Abstract:

High blood pressure is one of the major public health problems that causes severe disorders
in several tissues including the human kidney. One of the most important signaling pathways
associated with the regulation of blood pressure is the renin—angiotensin system (RAS), with
its main mediator angiotensin Il (ANGII). Elevated levels of circulating and intracellular ANGII
and aldosterone lead to pro-fibrotic, -inflammatory, and -hypertrophic milieu that causes
remodeling and dysfunction in cardiovascular and renal tissues. Furthermore, ANGII has been
recognized as a major risk factor for the induction of apoptosis in podocytes, ultimately leading
to chronic kidney disease (CKD). In the past, disease modeling of kidney-associated diseases
was extremely difficult, as the derivation of kidney originated cells is very challenging. Here we
describe a differentia- tion protocol for reproducible differentiation of sine oculis homeobox
homolog 2 (SIX2)-positive urine-derived renal progenitor cells (UdJRPCs) into podocytes
bearing typical cellular processes. The UdJRPCs-derived podocytes show the activation of the
renin—angiotensin system by being responsive to ANGII stimulation. Our data reveal the
ANGII-dependent downregulation of nephrin (NPHS1) and synaptopodin (SYNPO), resulting
in the disruption of the podocyte cytoskeletal architecture, as shown by immunofluorescence-
based detection of a-Actinin. Furthermore, we show that the cytoskeletal disruption is mainly
mediated through angiotensin Il receptor type 1 (AGTR1) signaling and can be rescued by
AGTR1 inhibition with the selective, competitive angiotensin Il receptor type 1 antagonist,
losartan. In the present manuscript we confirm and propose UdRPCs differentiated to
podocytes as a unique cell type useful for studying nephrogenesis and associated diseases.
Furthermore, the responsiveness of UdRPCs-derived podocytes to ANGII implies potential

applications in nephrotoxicity studies and drug screening.
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Abstract: High bloed pressure i one of the major public health problems that causes severe disorders
in several tisswes including the human kidnev. One of the most important signaling pathways
associated with the r\egulari.,uu'. af blood pressure is thie remin-angiotensin system (RAS), with it
main mediator angiotensin L {ANGIL). Elevated levels of circulating and intracellular ANGIL and
aldesterone lead to pro-fibrotic, -inflammatory, and -hy pertrophic milien that causes rermodeling
and d.:(.d"unl:ﬁlm in cardiovascular and renal tisswes. Furthermaore, ANGI has been recnﬁm:oed TR
major risk factor for the induction of apoptosis in pedocytes, ultimately leading to chronic kidney
disease (CKD). In the past, disease modeling of kidney-associated diseases was extremely difficult,
as the derivation of kidn:}r unﬁi.na.h:d. cells is very lEI'IﬂJ!EIlKi.I‘I.E. Here we describe a differentia-
tien protecel for reproducble differentiation of sine oculis hemeobox homoleg 2 (SIX2)-positive
urine-derived renal progenitor cells (UdBEPCs) into podocytes bearing typical cellular processes. The
UdRPCs-derived podocytes show the activation of the renin—angiotensin system by being responsive
to ANGI stimulation. Our data reveal the ANGI-dependent downregulation of nephrin (NFHET)
and s}ma]:!tupﬁd:in {SYNPO), :n:ﬂull:'n.g in thae disn.lpl:iun of tha ]:||.1|:|.<3-:_y'be -:.yksukel.eta] architectuns,
as shown b}- immunofluorescence-based detecton of a-Adtinin. Furthermore, we show that the
cytaskeletal disruption is mainly mediated through angictensin [l receptor type 1 (AGTRL) signaling
and can be rescued by AGTR] inhibition with the saledive, competitive angistensin I receptor type 1
anlzs;r.m.int, losadtan. In the Pum:rl.t ma.nuﬂn'i]:!t woe comfirm and propeose UdRPCs differentiated to
podocyies as a unique cell type useful for studying nephrogenesis and associated diseases. Further-
muore, the TESpOnsiveness of UdRPCs-derived Em-a.luu:(bex o ANGIL i:l'l'l.F':iEﬂ Pubenli,al appli.cati.ims in
nephrotoxicity studies and drug screening.

Keywords: renal differentiation; podocytes; disease modeling; rendn-angiotensin svstem

1. Introduction

The kidrey glomerulus or renal corpuscle consists of a glomerular tuft and the Bow-
man’'s capsule. Its major task is the filtration of blood to generate urine. The glomerulus
consisks of distinet cell types: endothelial cells, mesangial cells, parietal epithelial cells of
Bowman's capsule, and podocytes, which are attached to the outer part of the glomerular
basement membrane (GBM). Podocytes are pericyte-like cells with a complex cellular orga-
nization. Key characteristics are the cell body with major and minor foot processes (FPs) [1].
The FPs contain a highly organized actin-based cytoskeleton, essential for maintaining the
complex architecture typical of podocytes. Alpha-actinin-g (ACTMN4) and synaptopodin
{SYINPOY) are both highly expressed in podocyle foot processes. ACTN4 funclions as
cross-linkers of F-actin filaments in order to bundle them and thereby enhance podocyte
signaling and mobility [2,2]. Filtration slits are formed by the spatial arrangement of FP's of

Ceills 2022, 11, 1095, hittps: / fdaoi.org,/ 103590/ celks1 10710485
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neighboring podocytes, and each of these slits is bridged by the so called glomerular slit
diaphragm (5D, which is a comparable structure to the adherens junctions [1]. The most
abundant proteins that contribute to SD formation are nephrin (WPHS1) [4] and podocin
{NFPHS2) |5]. Furthermore, nephrin is also associated with the actin cytoskeleton, thereby
contributing to podocyte actin dynamics and FPs formation [6]. Together the FPa and 5D
help to establish the filtration barrier of the kidney with its selective permeability.

High bood pressure is one of the major public health problems, causing severe disor-
ders in several tissues including heart, brain, and kidney [7]. One of the most important
signaling pathways in blood pressure regulation is the renin-angiotensin system {RAS),
with its main mediator angiotensin II (ANGII) Al the molecular level, ANGI signaling
is mediated by two classes of receptors angiotensin II receptor type 1/2 (AGTR1 and
AGTEZ). Both receptors are expressed in a wide variety of tissues {including the heart,
kidney, blood vessels, adrenal glands, and cardiovascular control centers in the brain) and
upon stimulation control vasoconstriction [3,%]. Human podocytes express both types of
AMGII receptors and are indeed effector cells for this peptide [10]. Furthermore, elevated
levels of ANGI have been identified as a main risk factor for the initiation and progression
of chronic kidney disease (CKD. Increased ANGII concentrations are associated with
the downregulation of nephrin and synaptopodin expression in podocytes [11,12]. The
depletion of NFHS1 and SNYPO is causative for podocyte injury [13], which is typically
associated with marked albuminuria |1] and increased podocyte apoptosis [14]. This is es-
pecially crucial since podocytes are terminal differentiated cells that are unable to undergo
cell division im vivo |1]. As a result of this, the replenishment capabilities of podocytes are
lirnited and expose the glomerulus vulnerable to exogenous noxae. Long lasting hazardous
cues, such as high blood pressure, can manifest in the significant loss of podocytes, which
is a hallmark in the development of CKD [15] and glomerulasclerosis [16]. Furthermore,
it has been recognized that AGTR] is associated with mechanisms and processes leading
to injury of podocytes, preceding glomerular crescent formation [17], and that poedocyte
injury is causative for crescentic glomerulonephritis [18,19].

In the past, disease modeling for kidney-associated diseases was extremely diffi-
cult, as the derivation of kidney-originated cells is very challenging. This is particu-
larly true for podocytes since their complex architecture is not well preserved from kid-
ney biopsy tissue [20]. To model podocyte-related diseases, researchers either used an
immortalized podocyte cell line [20-22] or induced pluripotent stem cell (iPSC)-based
models [23-27]. Meanwhile, the first approach shows the typical drawback of immortalized
cells (namely, chromosomal aneuploidies), thus making these cells prone to cancerows trans-
formation. The iPSC-based differentiation approach is very expensive and time-consuming
o differentiate.

We recently reported human urine as a non-invasive sowrce of renal stem cells with
regenerative potential [28]. The urine-derived renal progenitor cells (FdRPCs) express renal
stem cell markers such as sine oculis homeobox homolog 2 (SIX2), Chp /P300-interacting
transactivator, with Glu/Asp rich carboxy-terminal domain 1 (CITED1), Wilms tumor
1{WT1), CD133, CD24, and CO06. Stimulation of UdRPCs with the glycogen synthase
kinase-3 beta (GSR3E}-inhibitor (CHIRS9021) induced differentiation into renal epithelial
proximal tubular cells. In the present study, we provide a detailed protocol for the direct
differentiation of SIX2-positive UdRPCs into podocytes with typical cellular processes
without the need of immortalized cells or pluripotent stem cells. We provide the full
characterization of the generated podocytes at the transcriptome, secretome, and cellular
level. Furthermore, with ANGII treatment, we demonstrate the responsiveness of the
podocytes to the renin—angiotensin system [RAS) with a downregulated expression of
NFHS] and SYNPO.

Our data demonstrate and establish human urine-derived podocytes as a valuable
in vitro model for studying podocyte injury, loss, and ultimately CKD. In addition, we
hypothesize that the cells can also be used for further drug testing and eventually for
kidney-associated regenerative therapies.
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2. Material and Methods
2.1, Cell Culture Conditions

UdRPCs were cultured in proliferation medium (PM) composed of 50% DMEM high
glucose and 50% keratinocyte medium supplemented with 5% FCS, 0.5% NEAA, 0.25% Gix,
and 0.5% penicillin and streptomyein at 37 “C (Gibeo, Carlshad, CA, USA) under hypoxic
conditions. For differentiation, the cells were seeded at low (50,000 cells) and high density
{350,000 cells) in & or 12-well plates coated with 0.2% type 1 collagen (Giboo) and grown in
PM for 24 h. After this, the medium was changed to advanced RPMI (Gibeo) supplemented
with 0.5% FCS, 1% penicillin and streptomycin, and 30 uM retinoic acid. Typical podocyte
morphology was observed after 7 days. ANG Il and losartan [Sigma-Aldrich, 5t. Louis,
MO, USA) were diluted in the culture medium to a final concentration of 100 pb (ANGIT)
or (.01 pM (losartan). Cells were incubated for 6 h and 24 h with ANGI and 48h with
losartan, and the conditioned medium was kepl for secretome analyses.

2.2, Relative Quantification of Podacyte Associated Gene Expression by Real-Time PCR
Real-time PCR of podocyte associated gene expression was performed as follows:
Real-time measurements were carried out on the Step One Plus Real-Time PCR Sys-

tems using MicroAmp Fast optical 384 well reaction plate and Power Sybr Green PCR

Master Mix [Applied Biosystemns, Foster City, CA, USA). The amplification conditions were

denaturation at 95 “C for 13 min followed by 37 cycles of 95 °C for 50 5, 60 °C for 45 5,

and 72 °C for 30 5. Primer sequences are listed in Supplementary Table 51. Results were

analyzed by the 2-48CT mathod [29).

2.3, Bisulfite Genomic Sequencing

Bisulfite sequencing was performed following bisulfite conversion with the EpiTec
Kit (Ciagen, Hilden, Germany) as described [30]. Primers were designed after excluding
peeudogenes or other closely related genomic sequences that could interfere with specific
amplification by amplicon and primer sequences comparison in the BLAT sequence data
base (hitps:/ / genome. ucsc.edu / FAQ /FAQbDlat hitmil last accessed 27 January 2021). PCR
primers are listed in Supplementary Table 52,

Briefly, the amplification conditions were denaturation at 95 *C for 13 min followed
by 37 cycles of 95 C for 50 5, 54 °C for 45 s, and 72 °C for 30 s. The amplification product
is 270 bp in size. Amplification products were cloned into pCR2.1 vector using the TA
Cloning Kit {Invitrogen, Carlsbad, CA, USA] according to the manuwfacturer's instructions.
On average, 30 clones were sequenced using the BigDve Terminator Cycle Sequencing Kit
{Applied Biosystems) on a DNA analyzer 3700 (Applied Biosystems) with M13 primer
o olbtain a representative methylation profile of each sample. The 5'-regulatory gene
sequences referred to the +1 transcription start of the following sequence:

Homo sapiens WT1 ranscription factor (WT1), RefSeqlzene (LRG_525) on chromosome 11;

NCBI Reference Sequence: NG_009272.1;

Homo sapiens NFHS2, podocin (NPHS2), RefSeqGene (LRG_B87) on chromosome 1

MBI Reference Sequence: NG_07535.1;

2.4, Imnenaflwcrescence Staining

Cells were fixed with 4% paraformaldehyde {FFA) (Folysciences, Warrington, FL,
USA). To block unspecific binding sites, the fixed cells were incubated with blocking buffer
containing 10% normal goat or donkey serum, 1% BSA, 0.5% Triton, and 0.05% Tween
for 2 b at room temperature. Incubation of the primary antibody was performed at 4 *C
overnight in staining buffer (blocking buffer diluted 1:1 with PBES). After at least 16 h of
incubation, the cells were washed three times with PBS/0.05% Tween and incubated with a
1:500 dilution of secondary antibodies dilution. Afterwards, the cells were washed again
three times with PBES/0.05% Tween, nuclei were stained with Hoechst 1:5000 (Thermo
Fisher Scientific, Waltham, MA, USA), and podocyie cytoskeleton was stained with Alexa
Flour 488 phalloidin (Thermao Fisher Scientific) (1:400). Images were captured using a fluo-
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rescence microscope (LSMTN; Zeiss, Oberkochen, Germany) with Zenblue software (Zeiss).
Individual channel images were processed and merged with Fiji. Detailed information on
the used antibodies are given in Supplementary Table 53.

2.5, Microrrray Data Analyses

Total ENA (1 ug) preparations were hybridized on the PrimeView Human Gene
Expression Array (Affymetrix, Thermo Fisher Scientific, USA) at the core facility Biomedi-
zinisches Forschungszentrurm (BMFZ) of the Heinrich Heine University Disseldorf. The
raw data were imported into the B/ Bioconductor environment and further processed with
the package affy using background correction, logarithmic (base 2) transformation, and
normalization with the robust multi-array average (RMA) method. The heatmap.2 function
from the gplots package was applied for cluster analysis and to generate heatmaps using
Pearsom correlation as similarity measure. Gene expression was detected using a detection
p-value threshold of 0.05. Differential gene expression was determined via the p-value
from the limma package, which was adjusted for false discovery rate using the g value
package. Thresholds of 1.33 and 0.75 were used for up-/downregulation of ratios and 005
for p-values. Venn diagrams were generated with the Venn diagram package. Subsets from
the Venn diagrams were used for follow-up GO and pathway analyses as described by
Zhou et al. [21]. Gene expression data will be available online at the National Centre of
Biotechnology Information (NCBI) Gene Expression Omnibus. For the principal component
analysis (PCA), expression data were filtered for a coefficient of variation greater than (.3.
The PCA was carried out with the R Built-in function preomp, and the first two principal
components were plotted.

2.6. Secretome Analyses

Conditioned media from control podocytes as well as ANG [-reated cells were an-
alyzed using the Protecme Profiler Human Kidney Biomarker Array Kit distributed by
Research And Diagnostic Systerns, Inc. (Minneapolis, MN, USA) as described by the
manufacturer. Obtained images were analyzed by using the Image] software [32] with the
microarray profile plugin by Bob Dougherty and Wayne Rasband (hitps:/ fwwwoptinav,
info/MicroArray_FProfile himl last accessed 20 October 2021). The integrated density gen-
erated by the microarray profile plugin function Measure BT was used for follow-up
processing, which was performed in the B/Bioconductor environment [23]. Arrays were
normalized emploving the robust spline normalization from the Bioconductor lumi pack-
age [34]. A threshold for background intensities was defined at 5% of the range between
maximum and minimum intensity and a detection p-value was calculated according to the
method described in Graffmann et al. [35].

2.7, Cluster Analysiz of the Renin—Angiotensin Pathoay

Pathways and associated genes were downloaded from the KEGG database [356] in July
2020 and annotated with official gene symbols. Genes from the KEGG pathway hsal4614
renin-angiotensin system were extracted from the microarray data normalized with the
REMA method from the package oligo [37] in B/Biocondeutor [33] as described above and
subjected to the R heatmap function using Pearson correlation as similarity measure and
color scaling per row.

2.8, Western Blot Analysis

Fodocytes were lysed in lysis buffer containing 5 M NaCl, 1% NP-40, 0.5% DOC,
0.1% 505, 1 mM EDTA, 50mM Tris, pH 8.0, and freshly added 10 pL/mL protease- and
phosphatase inhibitor (Sigma Aldrich). An amount of 20 pg of the obtained protein lysate
was resolved in a 10% sodiurm dodecy] sulfate-PAGE gel and tramsferred onto Immobilon-P
membrane (Merck Millipore, Burlington, VT, U5A). Membranes were probed with primary
antibody at 4 "C overnight, washed three times with 0L.1% Tween-20 in Tris-buffered saline,
and mcubated with secondary antibody for 1 h at room temperature. The signals were
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visualized with enhanced luminescence Western Bright Quantum (Advansta, Bering D,
San Jose, CA, USA) and quantified using Image] [28]. Detailed Information of the used
antibodies are given in Supplementary Table 53.

2.9, Slatistics

Data are presented as arithmetic means + standard error. In total, three independent
experiments were performed and used for the calculation of mean values. Statistical
significance was calculated wsing the two-sample Student’s Htest or the one-way ANOVA
test [39] with a significance threshold p = 0.05.

2.10. Albsenin Endecylosis Assay

The functionality of podocyte differentiated from urine-derived renal progenitor cells
was analyzed emploving the albumin endocytosis assay. In brief, podocytes were plated
at low density of 10% in a 12-well plate coated with 0.2% type 1 collagen. Forty-eight
howes later, the cells were washed with 1x PBS and replaced with podocyte culture medium
supplemented with 20 pg/mL of BSA-Alexa Fluor™ 483 and incubated at 37 *C for &0 min.
After incubation, the cells were washed 3x with cold PBS and fixed with 4% FFA for 15 min.
Finally, the images were taken at the excitation wavelength of 4588 nm and an emission
wavelength of 540 nm using a LSM7) florescence microscope.

3. Results
3.1. Generation of Humean Podocytes from Urine-Derived Renal Progenitor Cells Is Enfanced by
ERetinoic Acid

We recently reported a “rice grain” fibroblast-like morphology resembling MS5Cs iso-
lated directly from urine samples of four male (UM} and six female (UF) donors. These cells
express the renal stem cell markers SIX2, CITEDL WTI1, CD133, CD24, and CD106, and we
referred to these cells as urine-derived renal progenitor cells (UdRPCs) [28]. UdRI"Cs main-
tain their stem cell features for almost 12 passages (Figure la). So far, we have established
a differentiation protocol leading to renal epithelial proximal tubular lineage by supple-
mentation with the GSK3E-inhibitor (CHIES#021) or to podocytes as described in Figure la.
UdRPCs acquire the typical podocyte “fried egg” shape morphology after 7 days when
cultured at 70% confluency in adv. RFMI medium supplemented with retinoic acid (RAJ.
This protocol was applied to cells isolated from human urine of several individuals (age
ranged between 27 and 76 vears), resulting in the robust generation of podocytes, which
was enhanced by the addition of 30 uM rentineic acid to the culture medium (Figure la).
For further analysis we evaluated mENA expression of the two most abundant proteins
within the FPs and S0 of human podocytes, nephrin (NPHS1) and synaptopodin (SYNPO),
respectively, by quantitative real-time PCR. We analyzed mEMNA expression of podocytes
derived from five individuals with and without the addition of 30 uM retinoic acid—three
males (UMZ7, UM4E, and UMS51) and two females (UF31 and UF45)—and compared them
to their undifferentiated counterparts. Since the undifferentiated contral was sel to one
for all cell lines, we decided in terms of illustrative purposes to only show one column
representative of all the controls. The comparison between both culture conditions (with
and without the addition of EA) by the one-way ANOVA test revealed no significant
changes between the podocytes and their differentiated counterparts, with p-values of
NPHS51 =0.17438]1 and 5YNFO = 0173116, Addilionally, the transcriptional changes for
NPFHSI and S¥YNPO were found o be mot significantly upregulated, while cells were grown
under adv. EFMI conditions without the addition of BA in comparison with their undiffer-
entiated counterparts {p = 1.1%) by a two-sample Student’s t-test. In contrast, the expression
of NFHE1 (p = 0.05) and SYNFPO (p = (.04} was found to be significantly upregulated,
ranging from 1.4-fold to 11.6-fold for NPHESL and 1.1-fold to 3.9-fold for SYNPO in the
FA-differentiated podocytes compared with the respective UdRPCs (Figure 1bg) by a
rwo-sample Student’s t-test. These findings highlight the importance of the addition of
retinoic acid during the differentiation of UdRPCs into podocytes. These findings were
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confirmed by immunofluorescence blot-based detection of expression of nephrin {(NFHS1),
podocin (NFH5Z), and synaptopodin (SYNPO), as well as Western blot-based detection
for nephrin and synaptopodin (Figure 2a,b and supplementary Figures 58 and 59) in all
five analvzed cell lines, except for nephrin expression in the UF45-derived podocytes.
While podocytes cultured in adv. EPMI already showed expression of all three proteins,
which were necessary for podocyte functionality, the addition of relinoic acid significantly
increased the protein expression levels of nephrin (p = 0,04}, with fold changes ranging from
1.4 to 14.95, and a strong trend towards significance for synaptopodin (p = 0.12) with fold
changes ranging from 1.5 to 7.8 was observed (Figure Za b and Supplementary Figure 51j).
Of note, different expression levels for nephrin and synaptopodin were detected between
the used cell lines, which might reflect individual variabilities based on age, ethnicity, and
sex. Additionally, we measured the expression of LIM homeobox transcription factor 1,
beta (LAMXTh) and WTI1 within the UMS5]1 podocytes with and without the addition of
retinoic acid by quantitative real-time PCR and nephrin, podocin, and CD2-associated pro-
tein (CD2ZAF) expression by immunoflucrescence-based detection [Supplementary Figure
Sea—=h}. ¥While the addition of retincic acid had only minor impact on the expression of
LMXTh and WTT {both with a fold change of 0.2), the expression levels of CD2ZAF were
found to be highly increased. To show methylation changes within the 5'-regulatory region
of the key pedocyte transcription factor WT1, we applied bisulfite genomic sequencing. In
total, a 270 bp long WT1 promoter fragment spanning 19 cytosine-phosphatidyl-guanine-
{CpG)-dinucleotides was analyzed. We found, that the undifferentiated UdRFCs LIM5]
had & dense methylation pattern at CpG position 12 and 13 of the 5'-regulatory region
{Figure Zc). Upon applying our differentiation protocol, methvlated DN A at the respective
positions for UMS51-derived podocytes was found o be almost completely lost. As a mark
of renal cell functionality, albumin endocytosis was observed after exogenous BSA was
supplemented to the culture medium {(Supplementary Figure 510).

3.2, Comparative Transcriptome Analysis of Urine-Derived Renal Pragenitor Cells with Their
Podecyle Counterparis

Adter the successiul and reproducible differentiation of UdRPCs into podocytes, we
performed a comparalive franscriptome analysis of UF45, UM48, and UMS1. Hierarchical
clustering analysis comparing the transcriptomes of UdRPCs with podocytes revealed
a distinet expression pattern of both cell types (Figure 3a). By comparing the expressed
genes (det-p < 0L05), 230 were exclusively expressed in the UdRPCs and 800 in podocytes
{Figure 2b). The most over-represented gene ontology and biological processes (GO BP)-
terms exclusive to UdRPCs were associated with cell division and activation of the pre-
replicalive complex. In comparison, the most over-represented GO-BT terms exclusive to
podocytes were associated with cell fate commitment, cell morphogenesis, and regulation
of ion transport (Figure 3c). In total, 13,762 genes were found to be expressed in common be-
tween UdRPCs and podocytes; of these, 671 were upregulated and 904 were downregulated
in podocytes (Figure 3b). The downregulated genes were again associated with cell cvele
processes and methylation (Figure 3e). In contrast, upregulated genes were associated with
cell adhesion, positive regulation of cell migration, cell substrate adhesion, morphogenesis
of an epithelium, and regulation of cytokine production {Figure 3d). Furthermore, genes
annotated under the GO-BE term morphogenesis of an epithelium are known to be critical
effectors either for epithelial-mesenchymal transition (EMT) or mesenchymal-epithelial
transition (MET). The generated podocytes expressed numerous genes that were annotated
with neuronal GO-BE terms, such as axonogenesis, axon guidance, chemotaxis, and regula-
tion of axonogenesis (Supplementary Table 54). Furthermore, we analyzed the expression
of several solute carrier (SLC) family members {Supplementary Figure 52). Both analyses
revealed distinet expression patterns of UdRTCs and their differentiated counterparts. In
particular, the SLC genes were found to be exclusively upregulated in podocytes. Key genes
associated with the podocyte morphology, such as podocalyxin (PODXL), NPHS1, NFHSZ,
and SYNPO, were found to be upregulated in the differentiated podocytes of all three
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individuals. Interestingly undifferentiated UdRPCs expressed CDZAF (an impaortant stabi-
lizer of the slit diaphragm], which was highly upregulated by our differentiation protocol
{Supplementary Figure Sle—f). In addition, our results provide detailed information about
genes exclusively expressed in human UdRPCs that are mesenchymal and differentiated
podocytes that are epithelial (Supplementary Tables 54-56 and S10).

Proliferation Medium Addv. RPMI + Retinoic acid + low density
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Figure 1. Derivation of mature and functienal podocytes from human urine-derived renal progenites
cells. The self-renewal capacity of UdRPCs is maintained by proliferation medium, Differentiation
of UdRPCs into podocytes is induced by low density cultivation in adv. EFMI supplemented with
30 pM retinoic acid (A). Expression of the podecyte associated genes NPHS1 (B) and SYNPO (C) was
determined b}' quantitative real-time PCR.

3.3, Effect of Angiotensin II (ANGI) on Podocyte Morphology and Expression of
Podocyte-Specific Genes

Elevated levels of ANGII have been identified as a main risk factor for the initiation
and progression of chronic kidney disease (CKD); furthermore, increased AMNGII concen-
trations are associated with the downregulation of nephrin and synaptopodin expression
in podocytes [11,12]. To evaluate the capacity of our generated podocytes modelling of
acute and chronic Kidney injury, we prepared a final concentration of 100 uM ANGIT
in adv. RPMI medium supplemented with 30 pM retinoic acid and treated podocytes
derived from three individuals—two-males African (UM48 and UM5S1) and one female
Caucasian (UF45)}—cultured under low density conditions for 6 h and 24 h, respectively.
This analvsis was performed for podocytes cultured under low (Figure 4) as well as high
cell density (Supplementary Figure 51). After 6 h, dynamic changes in morphology could
be observed by immunofluorescence-based detection of x-actinin expression (Figure 4a
and Supplementary Figure 53a). While untreated podocytes showed the typical “fried
ege” morphology, ANG Il-treated podocytes derived from all three individuals underwent
massive disruption of the cytoskeleton, resulting in the inhibition of podocyte spreading
and subsequent loss of cellular processes, as observed by the round and condensed mor-
phology (Figure 4a and Supplementary Figure 53a). To confirm that the disruptive effect is
indeed mediated by AMNGIL, the effects on the cytoskeleton were evaluated by gene-specific
mBENA expression of both ANGIL receptors (AGTRI and AGTE2), as well as podocyte key
structural proteins NPHS1 and SNYPO (Figure 4b—e). Both receptors were found not to be
significantly regulated (AGTRI p = 048 and AGTREZ p = 0.44) upon ANGII treatment. While
AGTRI expression showed a trend of downregulation with fold changes ranging between
0.6 and 0.9, AGTREZ2 was found to be upregulated with fold changes ranging between 1.2
and 2.2 in podocytes derived under low density cultivation from all three individuals after
& b {Figure 4b,c]. Interestingly when the cells were cultured under high density conditions,
both receptors seemed to be upregulated due to the ANGIT treatment after & b, with the
only exception for AGTR2Z in UF45 podocytes (Supplementary Figure 53b,c). When the
AMNGII treatment was prolonged to 24 h, the mENA expression level of AGTREI was still
downregulated in UM43 podocytes cultured under low density conditions (fold change
0.6], at a similar level as in 6 h, while UMZ] podocytes showed a modest 2.6-fold increase,
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and in podocytes, UF45 AGTRE] expression was highly increased by 8.6-fold. Furthermaore,
AGTEZ mBEMNA expression was found to be elevated after 24 hin all three derived podocytes,
with fold change increases ranging from 1.2 to 21.1. The mENA expression of NFHST and

S¥YNPO was significantly downregulated, as revealed by the one-way ANOVA test (p = 0.03
and 0.04 respectively) upon ANGII treatment in all individuals and culture conditions,
except for the SYNPOY expression in podocytes UF45 under high density cultivation, which
was upregulated (Figure 4d.e and Supplementary Figure 53d,e), with fold changes ranging
between 0.1 and (L8 for NPHET and 0.2 and 0U8 for SYNPO. Podocytes cultured under low
density conditions showed only minor changes in NPHS] and 5YNPO expression after
6 hoof ANGII treatrment, while mENA expression in UMS51 and UM48 podocytes cultured
under high density was found to be downregulated by 2.6- and 1.7-fold (NPHST) and 2.6-
and 1-fold (SYNFPO), respectively (Supplementary Figure 53b.c). When ANGII treatment
was prolonged to 24 h under low density conditions, UM48 and UMS51 podocytes both
showed downregulated expression of NPHST expression, 0.9-fold and 3-fold, respectively.
In contrast, expression of SYNPO remained at similar levels seen in 6 h of ANGII treatment.
To evaluate whether the transcriptional changes of cytoskeleton-associated genes could
be in part mediated by epigenectic modifications, we applied bisulfite genomic sequencing
to analyze the methylation status of a CpG-rich region of the NPHSZ promoter. In total, a
415 bp long NPHS2Z fragment 11 bp upstream of the TS5, spanning 23 Cpl-dinuckeotides,
was analyzed, and this revealed a lack of methylation changes occurring during & h of
ANGII reatment in UMS1 podocyte ( Supplementary Figure 54). Activation of the an-
giotensin recepiors has been linked to the regulation of many biological processes. While

AGTRI mediates cellular functions such as vasoconstriction, cell proliferation, nephroscle-
rosis, vascular media hypertrophy, endothelial dysfunction, inflammation, and immune

responses and promoles aging, signaling trough AGTE2 has been linked to vasodilation,
development, cell differentiation, tissue repair, and apoplosis [40,41]. To evaluate whether

the disruptive effect of ANGII is mediated by AGTRI signaling, we treated the UMS5]1

podocytes with a 001 pM solution of the selective, competitive angiotensin I1 receplor

type 1 antagonist losartan in combination with 100 pM ANGIL Strikingly, we found a

significant upregulation of podocyte key structural proteins NPHS] {p = 0.03, fold change

24) and SNYPO (p = 0.M; fold change 6.7) within the pedocytes UMS] treated with 0.01 uM

losartan compared with cells only treated with ANGIL and control podocytes (Figure 4g.h}
by a two-sample Student’s i-test. While synaptopodin also showed a significant increase

in protein expression, as detected by Western blot analysis (p = (.01}, nephrin protein

expression was found to be still downregulated by ANGIL bul to a much lower extend

compared to ANCGI treatment alone {Figure 4§ and Supplementary Figure 55). To conclude,
our data indicate that the cyloskeletal disruption was mainly mediated through AGTR]

signaling and that it could be rescued by the addition of the competitive angiotensin I1

receplor lype | antagonist losartan.
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Figure 2. Retinoic acid enhances the maturation of UdRPC-derived podocytes. UdRPCs differenti-
ated ko p-:.-d.l.\i.".-'lcuﬁ b'r' low density cultivation in advanced BPM] medium .'Luppll:muntl.'d. and with

30 puM retinodc acid. Immunofluoresence-based detection of nr."ph:riru. 'pm.‘l-:x'in, and .\u-1_.-:|1:|__:l|:|1p-.|d.i|:|.

expression. Podocyte cytoskeleton was stained with phalloidin (A). Expression of podocyte markers

nephrin and synaptopodin was determined by Western blot-based detection (B). Bisulfite genomic

sequencing of a 270 bp long WT1 prometer fragment, spanning 19 CpG-dinudeotides, provides

detailed information about the dynamic DMNA methylation changes sccurring during the differenti-

ation process into podocytes (C). Black, white, and grey cireles refer to methylated, unmethylated,

and undefined CpG dinucleotides, respectively. UdRPCs show dense methylation patterns at CpG

position 12 and 13, whilst differentiated podocytes show a lack of methylation.
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Figure 3. Comparative transcriptome and Gene Ontology analysis of urine-derived renal progeniters
UF45, UM 48, UKS1, and derived P-u.u:lnq-l:l-_'s. A hierarchical cluster dmd.rngram revealed distinet
clusters of UdRPCs and their derived podocytes. (A). Expressed genes (det-p < 0005} in UdRPCs and
podocytes compared in the Venn dizgram (B) show distinet (600 in podocytes; 200 in UdRPCs) and
overlapping (13,762) gene expression patterns, OF the overlapping genes, 671 are upregulated and 00
are downregulated in podocytes. The mostover-represented GO-BE berms exclusive in either UdRPCs
or puducy'ba are shown in (C) and include cell division and activation of the Pm—:repli.al:ivz 'Dﬂﬂ'l'l.P]E:l:
fior the UdRPCs and cell fate commitment, cell mm]:huﬂenﬂm,and mgulal'bml of ion hm'l.ip-mrt for
the podecytes. The upregulated 671 genes in podocytes, ane associated with cell adhesion, positive
rugu.'latim'l of cell migration, poll substrate adhesion, mnrpl'ms:ﬂ'msi.u of an E]:!ilhu'li.u.m, amd mtp.ll.ulim
of eytokine production (D), while dewnregulated 900 genes are associated with cell eyele processes
and methylation (E).

3.4. Effects of Angiotensin IT on the Tranacriptome and Secretome of Urine-Derived Podooyles

To further investigate the effect of AMCGIL we performed a comparative transcrip-
tome anabysis of UM48 and UMS1 podocytes grown under high density conditions after
& hand 24 h of ANGII treatment (n = 2 biological replicates per genotype). Hierarchical
clustering and principal component analysis (FCA) comparing the transcriptomes of non-
treated and treated podocytes revealed distinet transcriptomes. for the three conditions—
without treatment and 6 h and 24 h of ANGII treatment, respectively (Figure 5a and
Supplementary Figure 511). Interestingly, while podocytes treated for & h seem to cluster
rather by their genetic background, the cells treated for 24 h formed a distinct cluster.
Further analyses identified 478 genes (det-p < 0.05) exclusively expressed under the con-
trel conditions and 63 genes under the 6 h angiotensin conditions (Figure 5b). The most
over-represented GO-BFP terms derived from the 478 genes are associated with growth
and locomotion (Figure 5d). In contrast, the most over-represented GO-BF terms linked to
the 63 genes are associated with immune system process, response to stimulus, and cell
proliferation (Figure 5d). In total, 13,783 non-regulated genes were found Lo be expressed
in common between both conditions. By comparing the expressed genes (det-p < 0.05)
after 24 h of ANGII treatment, 339 genes were found to be exclusively expressed in the
control podocytes and 335 genes in the treated cells (Figure 5¢). The most over-represented
GO-BF terms of the 339 genes are associated with multi-onganism process, multicellular
organismal process, and locomotion (Figure 5e). In contrast the most over-represented
GO-BP terms linked to the 335 genes are associated with cell proliferation and immune
system process (Figure Se). The full gene list can be found in Supplementary Table 57ab.
In total 13,922 genes were found to be expressed in common between both conditions,
from which 1237 were upregulated and 1100 downregulated after 24 b of ANCII treatment
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{Supplementary Tables 58 and 59). The upregulated genes are associated with cell cycle,
DMA repair, cell cycle phase transition, methylation, and regulation of cellular response to
stress {Figure 5i). Interestingly genes annotated for the GO-BF terms cell eycle and methy-
lation were also found in the undifferentiated UdRPCs. The downregulated genes after
24 h ANGII treatment are associated with regulation of cell adhesion, cell junction orgamni-
zalion, axonogenesis, actin cytoskeleton organization, and tissee and gland morphogenesis
{Figure 5g). Finally, expression of numerous genes annotated under the GO-BP term actin
cytoskeleton organization were downregulated upon 24 h ANGII treatment and revealed a
distinct clustering of UdRPCs, podocytes and podocytes treated with ANGII for 24 h. The
full gene list is given in Supplementary Tables 54, 59 and 511. It is interesting to note that
most of these genes also showed basal levels of expression in undifferentiated UdRFCs.
These findings further emphasize the disruptive effect of ANGII on the cvtoskeleton of
podocytes, as it has been observed by immunoflucrescence-based detection of protein
expression and g-RT PCE. An overview of the KEGG annotated renin—angiotensin system
is given in Supplementary Figure 56,

LIF 45

Figure 4. Conf,
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Figure 4. Dynamic changes in the morphology of human urine-desived pedocytes post treatment
with angiotensin [ {ANGII} after 6 h and 24 h and is rescued by ksartan, UdRPPC-differentiated
podocytes from UF4S, UM4E, and UMS1. The top panel {phase contrast) shows the typical “fried
epe” shaped podocyte morphology. The lower two panels show morphology changes atter & hoof
10 uh ANGI treatment. Podoorte cytoskeleton was visualized by immunofluorescence-based
detection of a-actinin in ned (A). ANG [l interferes with the cytoskeleton of the podocytes, inhibiting
pedocyte spreading and leading to the observed roundish phenotype. Expression of ANGIL receptors
AGTRI (B), and AGTR2 [C) and expression podocyte markers NFHET (D,G) and SYNPO (EH) were
determined by quantitative real-time PCR normalized with the ribosomal encoding gene-RPLDL An
overview of the KEGG-annotated renin—angiotensin system is given in Supplementary Figure 55,
Expression of podecyte markers nephein and synaptepodin was determined by Western blot-based
detection (F).

By analyzing the secretomes of podocytes with and without 6 h and 24 h of ANGII
treatment, a plethora of significantly regulated secreted factors, specific for human kidney
and associated with renal diseases, were identified {Supplementary Figure 57). In accord
with the ranscriptome data, only minor changes after & h of ANGII treatment could be ob-
served, with only ANFEF being significantly altered. Major changes within the secretome
were manifested after 24 h, resulting in a significant upregulation of EGE, EGFR, and RBP4
in podocytes UF45; adiponectin (ADIPOOY), membrane alanyl aminopeptidase (ANFEF),
anmexin A5 (ANXAS), cellular communication network factor 1 (CCN1), epidermal growth
factor (EGF), epidermal growth factor receptor (EGFR), fatty acid-binding protein 1 (FABF1),
alpha 2-HS glvcoprotein (AHSG), lipocalin 2 (LCNZ), advanced glycosylation end-product
specific receptor (AGER), retinel-binding protein 4 (RBP4}, serpin family A member 2 (SER-
FPINAZ), tumor necrosis factor alpha (TWFEA), vascular cell adhesion maolecule 1 {(WCAMI),
and vascular endothelial growth factor (VEGF) in podocytes UM4S and ANTEF, C-X-C
motif chemokine ligand 16 (CXCL16), CCN1, dipeptidy] peptidase 4 (DDP4), alpha 2-HS
glycoprotein (AHSG), LENZ and VEGF in podocytes UMS1. Additionally, AGER and
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WVEGF in podocytes UF4S, renin (REN) in podocytes UM48, and kallikrein-related peptidase
e e

3 (KLE3) in podocytes UMS1 were found to be significantly downregulated.
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Figure 5. Comparative transcriptome and Gene Oniology analysis of untreated pedocytes UMAE and
UM51 and treated with angiotensin Il for 6 h and 24 b Podocytes were treated with ARG {00 pd)
for & b and 24 b, The hierarchical cluster dendrogram revealed 2 distinet chusters—24 b treated and
& h treated and untreated cells as a cluster. {A). Expressed genes (detp < 0.05) in podocytes and after
ANGII treatment are compared by Venn diagrams after 6 b (B) and 24 h {C), revealing unique and
overlapping expresion patberns. The mest ever-represented GO-BF terms (13922 penes) commeon
in wither condition are shown in (D) after 6 h of teatment and (E) after 24 b, The terms include
locometion, growth, immune system process, responss to stimulus biclogical adhesion, metabolic
process, and oall Fru].i.l:eralim for the traated Fodnqn'lﬂ. ﬂﬂelﬂmt&vm*rq:ruuvbd GO-BF terme
in the uwpregulated (1287} and downregulated {1100) genes in podocytes treated for 24 b with ANGIL
in comparison with untrested cells are shown in (Fl. The upregulated genes are associated with
cell eyele, DMA repair, cell cyele phase transifion, methylation, and regulation of cellular response
to stress, while downregulated genes are assocated with regulation of cell adhesion, cell junction
organization, axonogenesis, actin cytoskeleton organization, and tissee and gland morphogpenesis (G).

4. Diiscussion

Thekﬁmygjmmﬂusmmﬂmrpmdemuhmu&aglmmﬂarmﬁmdﬂwﬂmv-
man's capsule. Its major task is the filtration of blood to generate urine, and it consists
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of four distinct cell types of endothelial cells, mesangial cells, parietal epithelial cells of
Bowman's capsule, and podocytes. In the present manuscript, we present a differentiation
protocol for the successful and reproducible differentiation of UdRFPCs into podocytes.
These podocytes have the typical architecture and express podocyte-specific proteins synap-
topodin, nephrin, and podocin, which are necessary for the establishment of either the
slit diaphragm or the fool processes. The comparison of the transcriptomes pertaining
to UdRPC-differentiated podocytes with previously reported datasets of iPSC-derived
podocytes, biopsy-derived human glomeruli, and mouse podocytes |25] revealed distinct
clustering of UdRPCs and their differentiated counterparts, whereas most of the genes
were found to be upregulated after our differentiation protocol. As it has been reported by
Ronconi et al,, the addition of retinoic acikd greatly enhanced the differentiation of UdRPCs
into podocytes [42]. Furthermore, genes that are exclusively expressed or upregulated
{det-p < (.05} after our differentiation protocol, but that are not on the reported list [25],
have been shown to be critical for podocyte morphology and/or function. Unique genes
from our data that are associated with the filtration barrier or cytoskeleton of podocytes
include the gemes C-X3-C motif chemokine ligand 1 (CX3CLT) [43], dynamind [DNM3) [44],
dipeptidyl peptidase 4 {(DPP4) [45], and newrexin 1 (NEXN1) [46]. Unigue genes from our
data that are associated with podocyte function or survival include brain-derived meu-
rotrophic factor (BDNF) [47], C-X-C maotif chemokine ligand 16 (CXCLI&) [48], glutamate
ionotropic receptor AMPA type subunit 3 {GRIAJ) [49], platelet-derived growth factor C
{PDGF-Cy |50], RABIA, member RAS oncogene family (EAB3AN [51], and vascular endothe-
lial growth factor C (VEGF-C) [52]. Members of the semaphorin gene family SEMA3A and
SEMAZC were also significantly upregulated. Both are guidance proteins that are expressed
during kidney development and that regulate kidney vascular patterning, endothelial
cell migration, survival, uteric bud branching, and podocyte—endothelial crosstalk [53].
In a mouse model of semaphorinda gain- and loss-of-function experiments revealed a
dose-dependent role of semaphorinla in podocyte differentiation and establishment of the
glomerular filtration barrier [54].

During renal development, the glomerulus is established in four stages: the renal
vesicle stage, the S-shaped body stage, the capillary loop stage, and the maturing-glomeruli
stage [55]. This developmental process is initiated by the metanephric mesenchyme. It
induces the ureteric bud epithelium to grow and finally to branch and form the collecting
duct system of the kidney. Hereby, the mesenchymal cells of the metanephric mesenchyme
have to form the polarized epithelial cells of the renal vesicle and therefore undergo a pro-
cess that is referred to as mesenchymal-to-epithelial transition (MET) [56]. The podocytes
in the glomerulus are generated by a population of cells within the parietal epithelium.
These cells are thought to migrate into the glomerular tuft and then to differentiate into
the mesenchyme-like podocyles |57,58]. Therefore, the maturation of podocytes is associ-
ated with a physiological epithelial-to-mesenchymal transition [1]. These developmental
processes were also reflected in our transcriptome data. Ceenes that were upregulated
in the derived podocytes were annotated with the GO-BP terms such as axon guidance
and chemotaxis, thus enabling speculation that this might reflect the migration process
during podocyte maturation. In addition, as differentiation into podocyles also involves
both MET and EMT, it is not surprising that the upregulated dataset consists of numerous
critical effectors for both processes; for instance, wni-1 has been reported to be a major
driver of MET [59]. Interestingly, the genes caveolin 1 {Carl) and discs large MAGUK
scaffold protein 1 (Digl) have been linked to kidney development and renal pathological
conditions in mice [36,60]. Further signs of EMT /MET are the differential expression of
cell-cell contact-asseciated markers and functional changes associated with the conversion
between mobile and stationary cells [£1]. Confirmation that these changes are induced by
our differentiation protocoel is reflected in the podocyte upregulated dataset by the anno-
tated GO-BP terms cell adhesion and cell subsirate adhesion, as well as by the poedocyte
exclusive expression of the collagens COLI2ZAT and COLI4AL
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Developmental processes are regulated by epigenetic mechanisms, and these are of
fundamental importance for cellular differentiation [62]. Epigenetic remodeling is associ-
ated with the establishment and removal of histone modifications and DN A-methylation
to generate the cell type-specific epigenome. The epigenetic remodeling needed for the
differentiation of UdREPCs into podocytes is also reflected by our ranscriptome data. We
observed downregulation of the de novo DNA-methyliransferase 3a {DNMT3a) as well
as Tet methyleytosine dioxygenase 2 (TET2) in podocytes. Whilst DNMT3a is required
for the establishment of CpG methylation during embryogenesis [63], the members of
the Tet family are needed for the initiation of demethylation [64,65]. This targeted epige-
netic remodeling during the differentiation process is manifested at the WTI promaoter, as
observed by bisulfite sequencing, therefore lending support to the speculation that this
process is mediated by TETZ. Furthermore, genes associated with the polycomb repressive
complex, enhancer of zeste 1 palycomb repressive complex 2 subunit (EZHT) and SUZ12
pelycomb repressive complex 2 subunit (SLIZ12) [54], were also found to be downregulated.
Specifically, EZH] has been reported to be important for the maintenance of stem cell
identity and execution of pluripotency [67]. Podocytes are terminally differentiated cells,
which are unable to undergo cell division in vivo [1]-

Of note, the derived podocytes were found to have upregulated the mEMA expression
of several solute carrier family members (SLC) (Supplementary Figure 53). To our knowl-
edge, this is the first report describing the expression of 5LCs in human urine-derived
podocytes. We propose that the abundance of solute carrier family members is due to
the increase in transmembrane transport, as indicated by our podocyte exclusive GO-BP
terms, regulation of ion transmembrane ransport, neurotransmitter iransport, organic acid
transport, and chemical synaptic transmission. Furthermore, SLCs have been shown to be
involved in human diseases and drug targets, thus establishing our human urine-derived
podocytes as a valuable cellular tool for studying SLCs in renal developrment and under
pathological conditions [58].

The major implications of the renin-angiotensin system (RAS) in humans are the
maintenance of plasma sodium concentration, arterial blood pressure, and extracellular
volume. Activation of the RAS leads to hypertension, cell proliferation, inflammmation, and
fibrosis and therefore has implications for all tissues of the body [69]. Angiotensin receptors
and especially AGTEL in the kidney have been reported to be primarily causative for hyper-
tension in marnmals [70] and are associated with renal sodium handling. AGTRs therefore
have been recognized to be commonly expressed in several segments of the nephron, includ-
ing the thick ascending limb, distal tubule, collecting duct, and renal vasculature [71-75].
The stimulation of these receptors has been linked to renal vasoconstriction and reduced
medullary blood low, diminishing the renal capacity of sodium handling [77-79] and
leading to podocyte injury and loss [15]. As has been found in rats, ANG I-induced
hypertension is associated with reduced glomerular filtration rate [30], leading to reduc-
tions in filtered load and therefore contributing to an enhanced sodium reabsorption and
a reduced sodium excretion [81). The main mediator of RAS is ANGIL and it has been
shown that ANG receptors within the kidney are the main mediators of hypertension [70].
Elevated levels of circulating and intracellular ANGIL and aldostercne lead to pro-fibrotic,
-inflamvmatory, and -hypertrophic milieu that causes remodeling and dysfunction in cardio-
vascular and renal tissues [82]. Employing immunofluorescence-based protein expression
detection, we observed cytoskeletal changes in the normal morphology of podocytes, lead-
ing to the inhibition of podocyte spreading and downregulated expression of NFHSI and
SYNPO. The downregulated expression of nephrin and synaptopodin has been reported
a5 a hallmark of podocyte injury [13] and is causative for the disruption of fool processes
{FPs) and the slit diaphragm (5D). This effect is also probably due to the downregulated
expression of numerous genes associated with the GO-BP-actin cytoskeleton organization
{Figure 5g and Supplementary Table 59). As an example instance, alpha-actinin-4 (ACTN4)
iz highly expressed in podocyte FPs, and NPHS1 is connected to the actin cytoskeleton, thus
contributing to podocyte actin dynamics, signaling, and mobility [2,3,6]. More evidence
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that AMNGIL affects the cytoskeleton of podocytes is represented by the downregulated
GO-BI* associated with calcium-independent cell—ell adhesion via plasma membrane cell-
adhesion molecules (Figure 5g and Supplementary Table 59). The interaction of calcium
signaling and actin dymamics is needed for the plasticity of the actin-based FF and 5D of
podocytes and is nicely reviewed in [83]. Furthermore, our transcriptome data unveiled
the downregulated expression of Coronin 2B (COROZE), DPP4, E74-like ETS transcription
factor 3 (ELF3), low-density lipoprotein receptor (LDLE), Kruppel-like factor 4 (KLF4),
Roundabout guidance receptor 1 (ROBOT), and Wit family member 7A {WNT7A). These
genes have been linked to podocyte injury and filtration barrier impairments [22,45 54-8E].
Of note, KLF4 has been shown to directly regulate NFHS1 expression [45], thus suggesting
that the disruptive effect of ANGI might be amongst others alse mediated by KLF4. In the
upregulated gene set numerous genes associated with cell cycle initiation and DNA double
strand repair, such as FA complementation group D2 (FANCDZ), Mut5 homaolog 2 {(MS5H2),
WD repeat domain 7 {WDE?T), and X-ray repair cross-complementing 4 (XROC4) (Figure 5§
and Supplementary Table 58). In a mouse model of Brand et al., it was shown that ANGIT
is indeed able to induce DNA damage via a dose-dependent increase in oxidative stress,
which results in DNA damage [59]. Furthermore, elevated levels of activating transcrip-
tion factor 4 (ATF#), endothelin | (EDN-1), transforming growth factor beta 2 {TGFB) 2,
and Polo-like Kinase 2 (PLE2) have all been linked to podocyte injury and loss of key
proteins necessary for the maintenance of the podocyte architecture [#0-53]. Most of the
cytoskeleton-related genes that were downregulated upon ANGII treatment in podocvies
had lower levels of expression in the undifferentiated UdRPCs. Although the expression of
Ankyrins, Collagens, keratins, and Semaphorins has been linked to kidrey development
and functionality [44,53,54,%4], to our knowledge only Semaphorins have been reported to
be involved in kidney injury [53,95,96]. OF note, numerous members of the sodium and
chloride symporter family SLO6 |65] are highly upregulated in the differentiated podocytes
{Supplementary Figure 52), while upon ANGII stimulation, upregulated expression of
AGTR] and 2 was observed. Furthermore, signaling through both receptors has been
linked to the mediation of many biological functions, such as AGTR] mediating vaso-
constriction, cell proliferation, nephrosclerosis, vascular media hypertrophy, endothelial
dysfunction, inflammation, and immune responses and promoting aging: and signaling
trough AGTE2 has been linked to vasodilation, development, cell differentiation, tissue
repair, and apoptosis [40,41]. OFf note, it is important to highlight that the observations
after 6 and 24 h exposure of podocytes o ANGII, as presented in this manuscript, reflect
a physiological adaption of the cells to the exogenous stressor. However, it is probable
that a pathological phenotype might arise if the cells are continuously challenged. This
question will be addressed in future studies. Cur data shows that the addition of losartan
was sufficient to rescue (SYNPOY) or mitigate (WPHS1) the cytoskeletal disruption induced
by ANGIL This indicates that the disruption of podocyte cytoskeleton is mediated through
AGTRI signaling, while the activation of the AGTREZ receptor induces developmental pro-
cesses and cell differentiation. In the clinic, angiotensin receptor blockers [ARBs) as well as
angiotensin-converting enzyme inthibitor {ACEL) have proven to lower the mortality rates of
patients suffering from acute kidney disease (AKI) [97] as well as CKD [98]. However, some
patients whao received this medication alse developed a higher risk to be hospitalized for
renal causes [97], which makes monitoring of renal-specific complications caused by these
medications a necessity. A proposed method for monitoring disease progression and the
effect of different medications is the number of urinary podocytes [%9] and proteinuria [100].
In clinical use, ACEls have been proven to reduce the number of urinary podocytes [99] and
the application of ARBs, such as losartan, reduced proteinuria [101,102]. Mechanistically,
losartan has been reported to exert its positive effects by interacting with distinet cellular
mechanisms and processes, such as decreasing mTOR and AKT phosphorylation [103],
downregulating the cell membrane-associated calcium channels [104], or the stabilizing the
solute carrier family member GLUTI [105]. Cur data presented in this manuscript propose
another possible renal protective mechanism—namely, the preservation of the complex
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pedocyte architecture by upregulation of SYNPO and NPHST expression. This might retain
podocyte function and prevent apoptosis, thereby slowing down the progression of CKD.
Taken together, UdRPCs can be obtained from any patient by a non-invasive method and
rapidly differentiated into podocytes, offering a unique tool for personalized medicine,
such as drug-based screening for toxicological aspects. Furthermore, we conclude that
our findings offer the possibility of establishing biomarkers indicative of differentiation
of UARPCs into podocytes, as well as being indicative of the initiation and progression
of CKD.

To summarize, we have described a differentiation protocol for the successiul and
reproducible differentiation of SIX2-positive urine-derived renal progenitor cells (UdRPCs)
from two African (48 and 51 years) and one Caucasian (27 yvears) male and one African
{31 vears) and Caucasian (45 years) female into podocytes. We have shown the potential of
UdRPCs for studying nephrogenesis and associated diseases, thus obviating the need for
iP5Cs. Furthermore, the responsiveness of UdRPC-derived podocytes to ANGILimplies
potential applications in nephrotoxicity studies and drug sceeening. Figure & presents a
graphical summary of this study.

SIK2 positive Urine derbvd
Renal Progenitor cells (UdRPCs)

Nephrin and Synaptopodin positive

AMNGIH Stimulation + Activation of
Renin-angiotensin system [RAS)
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expression of
Nephrin and
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!

subsequent podocyte damage leading to chronic kidney disease

-

AGTHL inhibition by the selective, competitive angiotensin Il receptor type 1 antagonist

Losartan prevents cytoskeletal disruption

Figure 6. Graphical summary of this study. SIX2-positive renal progenitor cells were isolabed directly
from human urine and cultured in proliferation medium. UdBEPCs differentizted into podocytes,
by Lo dl:'nsh}- culbivation in advanced BEPMI medium mFPh.'mmtud writh 30 pM retinose acid.
Stirnulation with 100 uh ANGIL results in cytoskeletal remodeling. Fusthermaore, the transcriptome
reveabed albered expression of genes asociated with epigenetic remodeling, DMNA damage response,
EMT, and MET. ANGI activated the renin-angiotensin systemn, sesilting in podecyte damage and
lisss and ulbimately leading to chronic kidney disease.

Supplementary Materials: The following supporting information can be downloaded at: hitps,

wwwemdpiocom f article, 103380 f callk1 1 /51, Figure 51: Retinodc acid enhances the maturation
of UdRPC-derived podocytes; Figure 52: iFS coll-derived podocytes, kidney biopsy isolated human
glomeruli, and moss pedocytes and Solute Carrier (SLC) Family members, reveals distinc ERpIES-
sion patterns of UdRPCs and their differentiated counterparts; Figure 53 Dynamic changes in the
morphology of human urine derived podocytes after treatment with Angiotensin [ {ANGIL) after
& h; Figure 54: DMA Methylation changes at the NPHS1 promoter upon 6 b of ANGI treatment;
Figure 55: Dynamic changes in the morphoelogy of human urine derived podiocytes post treatment
with Angiotensin [1 {ANGI) after & h and 24 b and is rescued by Losartan; Figure 56: Kegg-pathway
Renin-Angiotensin systemn; Figune 57: Secretome membranes and analysis of podocytes with and
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Chantelle Thimm, Lars Erichsen, Wasco Wruck and James Adjaye

International Journal of Molecular Sciences 2023, Volume 24, 10551,
Article ID: 241310551

Abstract:

Podocytes are highly specialized cells that play a pivotal role in the blood filtration process in
the glomeruli of the kidney, and their dysfunction leads to renal diseases. For this reason, the
study and application of this cell type is of great importance in the field of regenerative
medicine. Hypertension is mainly regulated by the renin—angiotensin—aldosterone system
(RAAS), with its main mediator being angiotensin Il (ANG II). Elevated ANG Il levels lead to a
pro-fibrotic, inflammatory, and hypertrophic milieu that induces apoptosis in podocytes. The
activation of RAAS is critical for the pathogenesis of podocyte injury; as such, to prevent
podocyte damage, patients with hypertension are administered drugs that modulate RAAS
signaling. A prime example is the orally active, non-peptide, selective angiotensin-Il-type |
receptor (AGTR1) blocker losartan. Here, we demonstrate that SIX2-positive urine-derived
renal progenitor cells (UJRPCs) and their immortalized counterpart (UM51-hTERT) can be
directly differentiated into mature podocytes. These podocytes show activation of RAAS after
stimulation with ANG I, resulting in ANG ll-dependent upregulation of the expression of the
angiotensin-ll-type | receptor, AGTR1, and the downregulated expression of the angiotensin-
lI-type Il receptor 2 (AGTR2). The stimulation of podocytes with losartan counteracts ANG II-
dependent changes, resulting in a dependent favoring of the specific receptor from AGTR1 to
AGTR2. Transcriptome analysis revealed 94 losartan-induced genes associated with diverse
biological processes and pathways such as vascular smooth muscle contraction, the oxytocin
signaling pathway, renin secretion, and ECM-receptor interaction. Co-stimulation with losartan
and ANG Il induced the exclusive expression of 106 genes associated with DNA methylation
or demethylation, cell differentiation, the developmental process, response to muscle stretch,

and calcium ion transmembrane transport. These findings highlight the usefulness of UdRPC-
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derived podocytes in studying the RAAS pathway and nephrotoxicity in various kidney

diseases.
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Abstract: l‘ndnl:}'bes are h:iﬁhl}- x]:eciaﬁmd cells that F]a}- a F\ivubal rale in the blood filiration process
in the glemeruli of the kidney, and their dysfunction leads to renal diseases, For this season, the
study and application of this cell type is of great importance in the field of regenerative medicine.
Hypertension is mainly regulated by the renin—angiotensin—aldosterone system (RAAS), with it
main mediaber being angiotensin 11{ANG 1} Elevated ANG Il levels lead to a pro-fibrotic, inflam-
matory, and hy]:lle:rtmpl'l.il: milieu that induwces apophosis n Fludm.':.rtrﬂ. The activation of FLAAS i
eritical for the Fﬂthnﬁmiﬂ af ]:\udm:}'tl: :in|ur)r_: as such, fo prevent Pmlu:}'be damaﬁ\e, ]:!a.'h'mh with
hypertension are administered drugs that modulate RAAS signaling. A prime example is the arally
actve, nun—peptk!u, soloctive angiotensin-ll-type | receptor [AGTE1) blocker losartan. Here, we
demonstrate that SIXZ-positive urine-derived renal progenitor cells (UdRIPCs) and their immortalized
counterpart {UM51-hTERT) can be directly differentiated into mature podecytes. These podocytes
show activation of BAAS after shimulstion with ANG 11, n:ﬁull:ins in ANG ]]-d.epﬂnd.ent uprugulalilm
of the expression of the angiotensin-ll-type [ receptor, AGTRL, and the downregulated expression of
the angriotensin-ll-type [ receptor 2 (AGTE2). The stimulation of podocytes with losartan counteracts
ANG JJ-d.erdenl :hmﬂu:_. l.'EJ-l.IJl‘i:I'IS:iI.‘I. a drpend.enl: favnr.inﬁ af the HFbL'.iﬁC recephor from AGTRI ko
AGTRL Transcripbeme analysis revealed $ losartan-ind uced genes associated with diverse biological
Processes and palhwa}'x sch as vasoular smooth muscle contraction, the onybocin Hi.jpuljng pﬂH‘lwa:.-:.
renin secretion, and ECL'I—rrcEPMr interacton. Co-stimmulation with lesartan and ANG I induced the
exchusive expression of 106 genes associated with DNA methylation or demethylation, cell differ-
entiation, the d.tvu-!upm.enhl [Process, response to muscle streteh, and calcium ion transmembrane
transpuort. These ﬁnd:i:nﬁs ]ﬁiﬂ]‘.[‘i#ﬂ: the usefulness of UdRPC-derived Pﬂdu:}-l‘u mn xh.u!}-i.nﬁ the
REAAS pathway and nephrotoxicity in various kidney diseases.

Keywords: urine; Pudnq-tu; disease rnud.l:-!i.nﬁ; ren.in-anlqiatenni.n—a.'rdmhmm Hysbem.: k.id.m:'}r_:
losartan; hypertension

1. Introduction

Kidneys perform numerous essential tasks in the human body; these are fltration of
the urine to dispose of urinary components such as urea, uric acid, and creatine into the
urine [1]. They regulate the homeostasis of electrolytes such as sodium, potassium, calcium,
magnesium, and phosphate. Additionally, kidneys adjust the acid-base balance and contral
blood pressure by regulating the synthesis of calcitriol, erythropoietin, and renin [1].

Fodocytes are highly differentiated and specialized cells located on the outside of
the glomerular capillaries that project into the urinary cavity of Bowman's capsule. They
have a large cell body from which numerous foot processes taper around the glomerular
capillaries. Adjacent podocytes thus form lamellipodia-like foot processes, between which

g, J. Mol. Sci. 2023, I, 10851, hatps:/ /dod.oog, 1035390/ mas241.51085]

https/ Swwwmdpl.com fjoumal fijms



3 Publications

139

i, [ Mol Sci. 2003, 14, 10551

2417

an interdigitating cell—cell contact is formed to ensure the size selectivity of glomerular
filtration via the slit membrane, Numerous podocyte-specific genes have been identified
whose products play important roles in maintaining the filtration barrier. There is a highly
conserved complex consisting of Podocin (WPHS2), Mephrin (NFHS1), KIRREEL] (NEPHT),
and CD2-asseciated protein (CD2ZAF) through which podocytes are connected to cell—cell
contacts and control podocyte function [2—£]. The morphology of podecytes, which form
the filtration slits with their primary and secondary foot processes, can only be maintained
by a mature internal support network.

The renin-angictensin—aldosterone system (RAAS) is a cascade that contributes to
various systematic and localized processes. Among the systemaltic processes is the regula-
tion of blood pressure. The octapeptide angiotensin I {ANG II) is the biological effector
of the renin-angiotensin system and regulates blood pressure and extracellular volume.
Angiotensin IT acts on the two subtypes of angiotensin [I receplors AT1 (AGTR1) and AT2
{AGTR2). Based on this, AGTEs were shown to be expressed in various segments of the
nephron in the distal tubule, collecting duct, and renal vasculature [5-10]. The binding of
AMNG I o the AGTRI activates four classical signaling cascades, including phospholipase
A2, phospholipase C, phospholipase I, and L-type calcium channels, and normally blocks
the adenylate cycle [11,12]. Stimulation of these signaling pathways via renal AGTR] imiti-
ates vasoconstriction, sodium re-absorption, protein synthesis, and cellular growth [13,14].
AGTR2 receptors are comparable to AGTR] receptors in their structure, lissue expression,
signaling pathways, and functions. The activation of AGTRZ mediates K+ channel activity
via the G protein Gl and activates protein tyrosine phosphatase (FTF), which leads to a
reduction im MAPK- activity or ERE1 [15,16]. It should be noted that in the human kidney,
the expression of AGTR] is &-10-fold higher at the mENA level compared to AGTR2. More-
over, the activation of AGTR2 leads to increased bradykinin production, which induces
vasadilation via the MO/ cGMP pathway [13].

Persistent activation of the RAAS is critical for the pathogenesis of podocyte mjury and
causes proteinuria. ANG I stimulation triggered the downregulation of ACTNS and decreased
expression of focal adhesion in podocytes [17]. In summary, with sustained RAAS activation,
the phenotype induced by ANG I1 shifts from dynarmic stability to adaptive migeation, which
can eveniaally lead to podocyte depletion with high actin cytoskeletal turnever and conse-
quent podocyte depletion and focal segrnental glomernlnsclerosis [15,19). The beneficial effects
of EAAS modulation on proteinuria reduction, whether occurring via ACE inhibitors (e.g.,
Ramipril, Benazapril, and Captopril) or AGTR] antagonists (e.g., losartan, Candesartan, and
Irbesartan), are confirmed by clinical evidence [20,21]. ACE inhibitors and AGTRI antagonisis
are these days indispensable in the management of hypertension and blood pressure. In the
15%0s, the development of orally active, non-peptide, selective AGTRI blockers began with the
synthesis of losartan [22]. In contrast to the application of ACE inhibitors, AGTRI blockers do
not prevent the formation of ANG IIL but rather the binding of the peptide to AGTRL. With
respect to AGTRI binding inhibition, the increase in ANG I leads to an increase in ANG 11 levels,
which can bind freely to AGTR2 or other receptor subbypes [14,23].

We previously reported human urine as a non-invasive source of renal stem cells with
regenerative potential. These urine-derived renal progenitor cells (UdRPCs) express, among
others, the renal stem cell markers sine oculis homeobox homolog 2 {SIX2), Chp/P300-
interacting transactivator with Glu/ Asp rich carboxy-terminal domain 1 (CITED), Wilms
tumar 1 {WT1), CD133, CO24, and CD106 [24]. Recently, we established a protocol that
leads to the differentiation of human UdRPCs into mature podocytes with typical cellular
processes. We reported the full characterization of the generated podocytes at the tramscrip-
tome, secrebormne, and cellular levels [19]. Furthermore, we showed that ANG I-stimulation
of the podocytes activated the renin-angiotensin aldosterone system, resulting in a down-
regulated expression of NFHS1 [19]. This subsequently leads to cytoskeletal changes and
increased AGTRI expression and downregulation of AGTR2 expression.

In the current study, we demonstrate that losartan counteracts ANG II-dependent
maolecular changes by elevating the expression of podocyte-specific markers such as NPHSI1.
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Additionally, cells treated simultanesusly with ANG II and losartan undergo receptor-
usage switching from AGTR] to AGTRZ. We carried out a transcriptome analysis of human
urine-derived podocytes stimulated with 100 ud ANG I with and without 1 pM losartan.
To date, transcriptome data derived from podocytes treated with losartan are restricted
to rodents [25-27]. Our current data re-affirms that human urine-derived podocytes are a
valuable in vitro model for dissecting RAAS, studying podocyte-associated diseases, and
drug screening, thus complementing the use of pluripotent stem cells.

2, Results
2.1. Lozartan Rescues ANG I Induced Doun-Regulation af NFHSI Expression

In a previouws manuscript, we reported the existence of urine-derived renal progenitor
cells (UdRPCs) inherently capable of differentiating mto podocytes [19,24.28]. UdRPCs
adopt the typical "iried egg” morphology typical of podocytes after seven days of contin-
uous culturing in adv. RPMI medium supplemented with 30 uM relinoic acid (RA). We
previously showed the expression of fool processes and slit-diaphragm-associated proteins-
NPHSI [19]. Furthermore, because these cells have been shown to be pesponsive to an-
giotensin [ [ANG II) [20], we applied the angiotensin II receptor tvpe [ blocker losartan to
investigate its protective effect on UdRPC-derived podocytes treated with AMNG IL

For the investigation, the optimal concentration of losartan was tested with and
without AMG II. Based on these findings, a losartan concentration of 1 uM and a cell
density of 60-70% were used in all further experiments. Therefore, the urine-derived
podocytes were pre-treated with 1 uM losartan for 24 h, thereafter 100 ubd ANG II was
added for anaother 24 b

We differentiated primary SIX2-positive UdRPC UMS1 and the transformed counter-
part UMS1-hTERT into podocytes [25]. The expression of NFHS1 was analvzed to confirm
the differentiation of both cell types into mature podocytes, and phalloidin staining was
emploved to reveal cytoskeletal morphologies (Figure 1A B). The addition of ANG II for
24 h induced rounded-up morphological changes in some cells, but all cells expressed
MNFHS1 (Figure 1A, B).

A UM%1 BTERT podocyie

Comitrod

1 pM
lasartan+
G W

NG N

Figure 1. Corf.
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Figure 1. Losartan enhances NEPHS1 u:lcp:rum-'iun i UdBPC-derived F-c:du-s.'vb;s. LIME]1 and immaortal-
ized UMS1-hTERT were differentiated inte podocytes by culturing at 80-700%: density in advanced
EFPMI medium supplemented with 30 pM RA. Podocytes were pre-treated with T pM losartan for
24 h and subsequently treated with 100 W8 ANG I for a further 24 h. NPHS1 was expresied at both
losartan concentrations and some cells uduptf_'d a rounded m-:lrph.v::-lug}' in =23 (A) r.\.lrm‘punds by
the UMS51 hTERT cell line and (B) the primary UM51 P-ced.l.v-c.'vh.'e:.
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2.2. The Effect af Angislensin Il and Losartan on the Expression of Angiclensin Receptor
Type 1 and 2

High ANG II concentrations impart a strong vasoconsiniction effect that is associated
with an increase in blood pressure. To assess the effect of ANG II and the ability of the
generated podocytes to model RAAS with the involvement of AGTR1 and ACGTEZ, a final
concentration of 100 uh ANG II in adv. EFMI supplemented with 30 ubd EA for 24 h was
used to treat the cells, The gene-specific mENA expression of AGTRI, AGTR2 receptors,
and NPHS1 were analyzed via qRT-PCR (Figure ZA—). The expression of AGTE] tended
to be upregulated by 24 h of ANG 1T treatment in the UMZ] podocytes and UMS] hTERT
podocytes. In the UMS] podocytes, we observed a significant increase in the AGTRI
expression after ANG I treatment {p = 0.002). In contrast, the addition of 1 uM losartan
induced a slight significant downregulation of AGTR] {p < (105} compared to ANG 11
treatmnent (Figure 2A). The expression of AGTR2 was significantly downregulated after
24 b of ANG II treatment in UMS] {p = 0.007) while in UMS51, hTERT podocyte mENA
expression was slightly increased (Figure 2B).

Furthermore, the expression of the podocyte structural protein NPHS1 was analyzed
using RT-PCR and Western blotting. We show that NPHSI expression is significantly down-
regulated in the UMS1 hTERT podocytes by ANG I treatment for 24 h {p = 0.02} {Figure 2C).
As hypothesized, this transcriptional downregulation was counteracted by losartan, lead-
ing to a significant increase in NPHS1 (p < 0.05) expression in both cell lines (Figure 2C).
To further confirm the effect of losartan, the protein expression of AGTRL, AGTR2, and
INPHS1 were determined using Western blot analysis. ANG I treatment increased AGTR]
expression and induced a concomitant downregulation of AGTRZ (Figure 200). This effect
is counteracted by the addition of losartan, resulting in a significant decrease in AGTRI
{p=0.004 and p = .01} expression compared with ANG II treatment (Figure 2D). In parallel,
AGTRZ expression significantly increased compared to ANG II treatment (p = 0.003 and
p =10.004) (Figure 2D). We propose that losartan modulates the expression of both receplors,
with a bias, however, towards the AGTRE2 downstream signaling pathway.
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Figure 2 Stimulation of pedocytes with losardan and Ang linduced changes in the expression of
angiotensin receptors [and 1 Unne-derived renal progenitor cells UMS1 and immaortalized UMS1-
KTERT were differentated imto P-u-clnc_yh-_'s. The RAAS-acwociabed mpbum AGTR1 (A, AGTR2
{B.D), and NPHS1{C.D) were analyzed via gPCR {A-C) and Western blotting (D). Expression of
Glyceraldehyde-3-phosphate dehydrogenase (GAFDH) was used for normalzzation. Full uncropped
Wastern blot images are Prum.tud in Eup]:lu'nu'lla.q- Fi.ﬂ'ur\e S14.8. To normalize the quantitative
real-time PCE, the ribosemal encoding gene RPLD was used. Primary UMS1 podocytes are depicted
in orange and the immortalized UMS1-hTERT podocytes are represented in blue {(n = 3). The statistical
.':iH'ni.ﬁuan was caleulabed using the I:wn-uml:le Student’s i-best with a !i.s]'ldﬁ-mru:\e threshold g =015
is marked by an asterisk (*).
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2.3. Comparative Transcriptome Analysis of Urine-Derived Podocytes Treated with end
withont Losartian

The podocytes were treated with 100 uh ANG Il or 1 ubd losartan or the combination of 100
phd ANG I and 1pM kosartan, and we performed a comparative transcriptomse analysis. Hierar-
chical clustering analysis comparing the transcriptormes revealed a distinet expression pattern for
all treatments compared to the untreated control podocytes (Supplementary Figure 524 Bj. A
total of 13,413 genes were detected as expressed in both the untreated and 1 pM losartan treated
pedocytes. Comparing the expressed genes (det-p < 0L05), 1219 are exclusively expressed in the
unitreated contral podocytes and 94 in the podocytes treated with losartan alone (Figure 3A). The
maost over-represented GO BP-terms exclusive o unireated podocyles are associated with the
regulation of system processes, epithelial cell differentiation, negative regulation of cell popula-
tion proliferation, and cytokine—cytokine receptor mteraction (Supplementary Table 53, sheet 1)
In comparison, podocyles treated with 1 pM losartan showed the most over-represented
GO BP-termis associated with regulation of moncatomic ion transmembrane transporter ac-
tivity, cell morphogenesis involved in neuron differentiation, and cell—cell communication
{Figure 2B,[}). The significant genes and associated KEGG pathways revealed vascular smooth
muscle contraction, the oxyviocn signaling pathway, renin secretion, and ECM-receplor inter-
action (Figure 3C). The entire KEGG pathway is presented in Supplementary Table 55 and
Supplementary Figure 534, B. Figure 30 represents an overview of the exclusive GO BP-terms
for losartan alone used im this study. The full gene lists can be found in Supplementary Table 54.
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Figure 3. Transcriptome analysis of urine-derived podocytes treated with and without losartan,
Comparative transeriptome and Gene Ontology analysis of urine-derived UMS1 podocytes treated
with and without 1 uM losartan. Expressed genes (det- p < 0L05) in UMS1 derived podocytes treated
with and without 1 uM losartan compared in the Venn diagram (A) show distinet (1219 in untreated
podecytes and %4 in podocytes treated with 1 pM losartan) gene expression patterns. In total,
13413 s were fournd to be ::t]:!rmed in common betwesn untreated F-u-duc}-l'm and Pudnry'b"_'l
treated with 1 uM losartan, Podocytes treated with 1 M losartan showed the most over-represented
GO BP-terms associated with regulation of monoatomic ion transmembrane transporter activity,
cell morphogenesis involved in newron differentiation, and cell—cell communication (B, . The 94
significant genes associated with KEGG pathways revealed vascular smooth muscle contraction,
oxyiocin signaling pathway, renin secretion, and ECM-receptor interaction (C).

2.4, Comparrative Transcripfome Analysis of Urine-Derived Podocyles Treated with Angiotensin I
and the Combnation of Angiotensin Il and Losarlan

We detected 13,131 genes as co-expressed between podocytes treated with 100 phd
AMNG I and the combination of 100 pbd ANG I and 1 pM losartan (Figure 4A). In total,
1243 genes were exclusively expressed in podocytes treated with ANG II alone. In the
combination of ANG IT and losartan, 106 unique genes were expressed (Figure 24). The
most over-represented GO BP-terms exclusive to podocytes treated with 100 uM ANG I
are associated with cell division, regulation of cell cycle process, renal system development,
metal ion transport, and regulation of hormone levels (Supplementary Table 53, sheet 4). In
comparison, podocytes treated with the combination of 100 uM ANG 1T and 1 pM losartan
showed the most over-represented GO BP-terms associated with extracellular matrix
organization, metal ion transport, DNA methylation or demethylation, cell differentiation,
developmental process, response o muscle stretch, calcium ion transmembrane ransport,
and regulation of cytokine production invelved in inflammatory response (Figure 4B,
The significant genes and associated KEGG pathways revealed including protein digestion
and absorption, pancreatic secretion, and primary immunodeficiency, amongst others.
{Figure 4C). The entire KEGG pathway is presented in Supplementary Table 55.

To summarize, our results provide detailed information on ANG II and losartan-
induced gene expression and associated signaling pathways. The full gene lists can be
found in Supplementary Table 54
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Figure 4. Transcriptome analysis of urine-derived podocybes stimulated with ANG [ and losartan,
'Cum]:ural:i.\-e transcriptome and Gene Clni'uluﬁr ana|}-si5-u|: urine-derived UMS1 Puduc:,rl:a stimulated
with 10 bl ANG Il with and without 1 pM losartan. Expressed genes (det-p < (L05) in UMS1 derived
Pndcr}-lzu treatbed with 100 pbd AMNG 1L and with and without 1 uM losartan :nmpamd in the Venn
diagram (A) show distinct (1243 in podocytes only treated with 100 pM ANG 11; 106 in podocytes
treated with the combination of 100 pb ANG 1T and 1pM losartan) gene expresion patterns. We
found 13,131 pETRs b b eapu-:ﬂud in common hehwmpudtq"tuﬂ treated with 100 pM ANG Hand
podecytes treated with the combination of 100 M ANG I and 1 uM lesartan. Podecytes treated
with the combination of 100 b ANG [Land 1 pM lesartan shewed the most over-represented GO
BP-terms associated with extracellular matrix arganization, meetal ion transport, Y mrﬂwlal:im
or dem:ﬂ'l}rlal:km, and r:a'ula!iun of :y‘h.b]-um Pmdu.cﬁnn mvolved in hlﬂammabmj- response and
response to cAMP (B}, KEGG pathway analyses revealed, for example, protein digestion and
absorption, pancreatic secretion, and primary immunodeficiency (C).
3. Discussion

The epithelial cells of the glomerulus called podocytes are highly differentiated and
specialized cells that are located on the oulside of the glomeralar capillaries and project
into the urinary cavity of Bowman's capsule. They have a large cell bady from which
numersus foot processes taper around the glomerular capillaries. Worldwide, 1.28 billion
adults aged 30-79 years are afflicted with elevated blood pressure [29]. Uncontrolled high
blocd pressure causes serious damage to the heart and kidneys that eventually leads to
death. RAAS represents a key mechanism in the regulation of blood pressure and the
electrolyte and fluid balance of the organism. Activation of the RAAS is mediated by two
receplors, angiotensin I1 receptor type [and [1 Studies suggest that AGTRL in the kidney is
reaponsible for hypertension in mammals [30]. Based on this, AGTEs were shown to be
expressed in various segments of the nephreon in the distal tubule, collecting dwct, and renal
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vasculature |5-10]. The stimulation of AGTRL, which is expressed §-10 fold higher at the
mBENA level than AGTR2 in the human kidney, is accompanied by renal vasoconstriction,
which consequently impairs the capacity of the kKidney to process sodium by decreasing
medullary blood flow [31]. Additionally, other groups have reported that ANG I can
induce damage to and the subsequent Inss of podocytes [32]. AGTR] can be activated by
the main mediator of the RAAS, namely ANG IL Anincreased amount of circulating and
intracellular ANG Il and aldosterone causes a pro-fibrotic, -inflammatory, and -hyvpertrophic
milieu that triggers the remodeling and dysfunction of the podocyte cytoskeleton.

To date, human induced pluripotent stem cells (IPSCs) derived from somatic cells
are available and serve to study nephrogenesis and various kidney associated diseases
such as hypertension [33-37]. In the present study, we investigated gene-regulatory net-
waorks induced by ANGIT and losartan employing our previously established podocyte
differentiation protocol based on urine-derived nephron progenitor cells (UdRPCs) [19,28].
We specifically modeled the RAAS pathway using our established primary SIXZ-positive
UKS1 and the transformed counterpart UMS1-hTERT cell line. In our previous work,
immunoflusrescence-based protein detection, Western blotting, and RT-'CRE were used to
observe a change in the podocyte cytoskeleton after 24 b of ANG 11 treatment [ 19]. ANG 1T
treatment led to the alteration of the podocyte-specific fried-egg morphology to a rounded-
cell morphology. Itis known that downregulation in the expression of podocyte-specific
genes, such as MPHS1, is associated with podocyte injury [38]. Consequently, there is
a disturbance of the foot processes and the slit diaphragm [3%,40]. An upregulation in
angiotensin 11 receptor type 1 expression was shown after 24 h treatment with ANG 1 The
bioklogical function of this receptor is associated with the mediation of vasoconstriction,
cell proliferation, nephrosclerosis, hypertrophy of vascular media, endothelial dysfunction,
inflammation and immune responses, and promaotion of aging [11,41]. It is questionable
whether podocytes can adapt their phenotype and whether the observed changes even
remain chronic when stimulated with ANG I over a longer period. Currently, numerous
angiotensin receptor blockers (ARB] and angiotensin converting enzvrme inhibitors (ACEI}
are used in the clinic to manage a variety of renal disorders; one of these ARBs is losartan.
It is an anti-hypertensive agent from the group of sartans used to treat hypertension, heart
failure, and diabetic nephropathy. Its action is based on reversing the effects of ANG 1T at
AGTRI by blocking AGTRL [42]. ANG I signaling through AGTR2 has been associated
with vasodilatation, developrnent, cell differentiation, tissue repair, and apoptosis [11].

The use of losartan allowed us to determine whether the cytoskeletal change was
mediated by ANGII induced signaling through AGTR1. The present data indicate that
the addition of losartan is sufficient to counteract the cytoskeletal restructuring induced
by ANG 1L by rescuing NPHS] expression. It is interesting to note that losartan causes a
redistribution of the expression of AGTR] and AGTE2. From this, it can be concluded that
losartam can efficiently block binding to AGTRI, causing ANG II to bind with a higher
preference, presumably to AGTR2. Furthermore, this indicates that activated angiotensin
receplors trigger a signaling cascade into the nucleus to augment their own transcriptional
and translational expression. AGTRI appears to reintroduce cells into differentiation, again
upregulating the expression of podocyte-specific genes.

The 1243 genes that were upregulated in the podocytes treated with ANG II are
annotated with GO-BP terms such as renal system development, cell division, metal ion
transport, calcium signaling pathway, and regulation of the cell cycle process, suggesting
that these cells might dedifferentiate and lose their cell type-specific properties by signaling
through AGTEL. Podocytes are terminally differentiated cells that do not undergo cell
division in vivo, Therefore, a process of dedifferentiation is needed when kidney damage
occurs. This process has been described for many renal pathologies, such as diabetes
and lupus nephritis, and is even discussed as a potential biomarker [43]. In our model,
we hypothesize that this dedifferentiation might reflect the need for highly differentiated
pedocytes to re-enter the cell cycle to regenerate tlissue because of ANGI-induced damage.
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In cornparison, GO-BP lerms for losartan treatment included cell-cell communication,
vascular sooth muscle contraction, oxviocin signaling pathways, and renin secretion. These
include the calmodulin-like 4 (CALML4), natriuretic peptide A (NFFA), and protein phosphatase
1 regulatory subumit 128 (PFPIR12B) genes. The blockade of AGTR] and the resulting signaling
through AGTE2 seem to lead to vasodilation and reduction in vascular tone [£4-46]. In addition,
metal ion transport seems ko play an essential role in the distinet signaling cascades of the

and the comformation of AMNGIT itsalf [10,47]. Maore precisely, the interaction of metal
ions with the imidazaole modety of His-6 of ANGI has been shown o influence the conformation
of human AMG I [47]. ANG H-stimulated podocytes show upregulated expression of genes
including adrenoceptor alpha 1A (ADEATA) and shroom family member 2 (SHEOOM?2). Like
ALTRL the alpha-adrenergic receptor ADRALA mediates its action through association with
G-profeins that activate a phosphatidylinositel calchum second messenger systern. These in furmn
activate mitogenic responses and regulate the growth and proliferation mediated by KIF15 in
the kidney [45]. Additionally, the loss of foot processes may be explained by SHEOOM2, which
iz invalved in endothelial cell morpholoegy changes during cell spreading [49].

Some of the losartan-induced %4 genes are associated with the GO-BF term metal ion
transport, which includes LCK, NPPA, CCL3, SLC10AL, SLC12A3, CACNAIH, CATSPERI,
LERC38, HEFHLI, CFTR, TMCE, C5EF3, DMD, and MMFPF3. These genes have been reported
to contribute to reduction in inflanmation and oxidative stress [50]. ARBs prevent abnormal
iron deposition in the interstitium, correct chronic hypoxia, reduce the expression of heme
oxygenase and p4Fphox, and inhibit pentosidine formation [51]. NFPA, for example, is
responsible for extracellular fluid volume and electrolyte homeostasis. This signaling
cascade can apparently be activated by the addition of losartan and seems o play a major
role in hypertension [45.52,53]. The inhibition of tyrosine kinase activity by LCK resulis in
a reduction in exidative stress as described by Algarni [54). Interestingly, the inhibition
of metal ions catalyzes oxidation of ascorbic acid, and abnormal depositing of metal ions
in the interstitium is unique to ARBs, but not to calcium channel blockers (CCBs) and 8
blockers (BBs). This might imply superior renal protective effects of ARBS related to the
prevention of oxidative stress.

The 106 genes associated with the co-stimulation of losartan and ANG 1 are annotated
with GO-BI” terms such as extracellular malrix organization, metal ion transport, DNA
methylation or demethylation, cell differentiation, developmental process, response o
muscle stretch, regulation of cytokine production invalved in inflammatory response, and
calcium jon transmembrane transport. It has already been reported that pedocytes expresse
the transient receptor proteins TRPC3, TRPC4, TRPCS, and TRPCE [55,56]. Under normal
conditions, these receptors mediate calcium influx into podocytes, by which they can adapt
their cytoskeleton to environmental cues. This actin remaodeling is Calt dependent. As
early as 1578, Kerjaschik was the first to propose that the Ca®* increase in podocytes is
one of the first events leading to podocyte injury [57]. AGTRI serves as an upstream
receplor for both TRPCS and TRPCE in podocytes |55]. It was previously suggested that the
activation of Calcineurin appears to be downsiream of the AGTRI signaling pathway via
AMG 11 [59,60]. Upstream of AGTR], G protein-coupled receptors activate phosphaolipase
C, which grants Ca®" influx via TRPCS,/TRPCS. This cascade enables the downstream
transcription of Caleineurin. AGTRL, TRPC, Calcineurin, and the actin cytoskelaton form
a linear signaling cascade in which ANG I activates Calcineurin in a TRPCS-dependent
manner [58]. Changed calcium influx leads to the loss of podocyte foot processes and the
downregulation of SYNPO as well as TRPCA [61]. This downregulation of the podocyte-
specific marker SYMPO was already demonstrated in one of our previous manuscripls |28].
The effect of ANG IT on human urine-derived podocytes is also reflected in our data, in
which calcium signaling is associated with ANG 1T treatment. ANCI] induced activation of
AGTRL signaling is reflected by the biological effects of AGTRI, which initiates proliferation
a5 well as calcium-dependent changes in cellular morphology. Another possible mode
of action was revealed by a study carried out by Schenk et al. [A2]. Here, the authors
showed the protein expression and phosphorylation of LOPL in ANGII treated podocytes
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through AGTR] activation [62]. It is known that LCP1 is involved in actin-bundling and
that this function is impaired by increased calcium concentrations [63]. A well-documented
biological effect of ANG I signaling via AGTR2 is vasodilation, which is highlighted by
our ranscriptome data [13,46].

Transcriptorne analysis revealed 94 losartan-induced genes associated with diverse
biological processes and pathways such as vascular smooth muscle conteaction, the oxy-
tocin signaling pathway, renin secretion, and ECM-receptor interaction. Co-stimulation
with losartan and AMNG II induced exclusive expression of 106 genes associated with
extracellular matrix organization, metal ion transport, DNA methylation or demethyla-
tiom, cell differentiation, the developmental process, response o muscle stretch, calcium
ion transmembrane transport, and the regulation of cytokine production invelved in the
inflammatory response.

These findings highlight the usefulness of human urine-derived podocytes in study-
ing nephrogenesis, kidney-associated diseases such as hypertension, the RAAS pathway,
nephrotoxicity, and drug screening. Figure 5 presents a graphical summary of this study.
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Figure 5. Biological consequences of ANG I binding on angiotensin 1l type | and [l recepiors. The
renin-angictensin-aldosterone systern (RAAS) 15 a bio-enzymatic cascade that contributes to varous
systematic and localized processes. The uct.apepﬁd.e angiotensan [ [AMNG II) is the 'I:liulug'i.c.ui effect
of the RAAS and l\eﬁu]abex blood pressure and extracellular volume. ANG 11 can bind two by pes af
receptors that are involved in the regulation of renal hemodynamics and tubular function. These
effects are dependent on binding to the twe subtypes of receptors angiotensin receptors type |
{AGTR) and angiotensin receptors brpe 1L {AGTR2Z). ANGIL binding and signaling through AGTR1
ix associated with cell division, cytoskeleton disruption, vasoconstriction, metal ion transpost, and
rq;uhtiun of hormone levels, e, estrogen or chuluc:.rxh:kinin. The I:l!E\'E'HPEI‘IEl‘I.t of ml]}' active,
nun-FEPI:ide, selechve AGTH] blockers I:es;ln with the H_ynlh.en's of lisartan. ["mw:nli.nlq the 'bi.mli:nﬁ
of ANGI to AGTR leads to binding and signaling through AGTR2, which is asociated with
vaspdilation, renin sacretion, call differentiation, extracellular matrix organdzation, and activation of

the exytocin signaling pathway [54].

4. Materials and Methods
4.1. Cell Culture Conditions

Urine-derived renal progenitor cells (UdRPCs) of a 51-vear-old male {UM51) were
isclated as described in Rahman et al. [24]. Further, the UMS1 cell line was immortalized
with an hTERT-expressing plasmid {(UMS1 KTERT) [28]. The cell lines were cultured an
0.2% type 1 collagen {Thermo Fisher Scientific, Waltham, MA, USA) coated 6- or 12-well
plates at 37 “C under hyposxic conditions. The cells were cultured in Proliferation Medium
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{FM) composed of 50% DMEM high-glucose (Gibeo) and 50% keratinocyte growth basal
medium (Lonza, Basel, Swilzeland) supplemented with 5% fetal bovine serum {Gibeo),
0.5% Non-Essential Amino Acid (Gibeo), 0.25% Glutamax (Gibeo}, and 0.5% penicllin and
strepromycin (Giboo). For further differentiation into podocytes, the cells were seeded at
a low density (50,000 cells per &-well) and cultured for 24 h in PM. On the next day, the
medium was exchanged to Advanced EPMI 1640 (Gibeo) supplemented with (0.5% fetal
bovine serum, 1% penicillin and streptomycin, and 30 pM retineic acid (Sigma-Aldrich
Chemistry, Steinheim, Germany). After ¥ days, the typical podocyte morphology was
observed. Losartan {Sigma-Aldrich Chemistry) and ANG II (Sigma-Aldrich Chemistry)
were diluted using Advanced EPMI 1640 to a final concentration of 100 uh ANG II or
1 pM losartam. First, the cells were incubated for 24 h with 1 pM losartan and then for 24 b
with AMGIL

4.2, Immunofiwcrescence Staining

For the immunocytochemistry, the podocytes were fixed with 4% paraformaldehyde
{FFA) (Palysciences, Warrington, FL, USA] followed by three wash steps with PBS for 5 min
each. To block unspecific binding sites, the fixed cells were incubated with blocking buffer
containing 10% normal goat or donkey serum, 1% BSA, 0.5% Triton X-100 (Sigma-Aldrich
Chemistry) and 0.05% Tween-20 (Sigma-Aldrich Chemistry) for 2 h at room temperature.
The primary antibodies were diluted in blocking buffer according to Supplementary Table
51 and incubated at 4 “C overnight. On the following day, the cells were washed once with
0.05% Tween-20 diluted in PBS and two times with PBS only. After washing them, a fluo-
rochrome conjugated secondary antibody together with HOECHST (1:5000) {Thermo Fisher
Scientific, Waltham, MA, USA) were added and incubated for 1 h at room temperature
protected from light. The secondary antibodies were diluted in blocking buffer according
to Supplementary Table 51, After three consecutive washing steps, the visualization was
performed by using a fluorescence microscope {LSNF00).

4.3. Relative Quantification of Podacyle-Associated Gene Expression via Real-Time PCE

Quantitative PCR was performed using podocyte-specific genes and angiotensin I1
recephors of type [ and II. The samples were run in triplicate on a 384-well reaction plate
and Power Sybr Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) using
Step One Plus Real-Time PCR systems. The amplification conditions were denaturation at
95 =C for 13 min followed by 37 cycles of 95 °C for 50 5, 60 °C for 45 5, and 72 °C for 30 5,
To normalize the quantitative real-time PCR, the nbosomal encoding gene-RPLD was used.
The primer sequences are listed in Supplementary Table 51 The results were analyzed
using the 2 1 method and specified by fold change expression. The samples were run
in independent experiments three times. The mean value of these experiments was used
for the calculations. The statistical significance was caloulated using the Two-Sample test
assuming unequal variances |65] with a significance threshold p = (L05.

4.4. Western Blot Analysis

The podocvtes were lyvsed in RIPA buffer {Sigma-Aldrich Chemistry) containing
5 M NaCl, 1% NP-40, 0.5% DOC, 0.1% 508, 1 mM EDTA, 50 mM Tris, pH B.0, and freshly
added 10 uL/mL protease and phosphatase inhibitor {Sigma-Aldrich). We dissolved
20 pg of each obtained protein lysate in a 10% sodium dedecyl sulfate PAGE gel and then
transferred it to an Immobilon-F membrane (Merck Millipore, Burlington, VT, USA). The
membranes were incubated with the primary antibody overnight at 4 *C, then washed
three times with 0.1% Tween-20 in Tris-buffered saline followed by 1 h of incubation of
the secondary antibodies at room temperature. For visualization of the blotted proteins,
Pierce'™ ECL Western Blotting Substrate solutions from Thermofisher (Thermo Fisher
Scientific, Waltham, MA, USA) were used. The quantification was carried out with Image].
Dretailed information on the antibodies used can be found in Supplementary Table 51



3 Publications

151

i, I Ml Sci. 2003, T4, 10551

140i17

4.5 Microarray Data Analyses

For the microarray experiments, 1 ug RNA preparations were hybridized on the Hu-
man Clariom 5 Gene Expression Ammay (Affymetrix, Thermo Fisher Scientific, Waltham,
MA, USA) at the core facility Biomedizinisches Forschungszentrum (BMFZ) of the Hein-
rich Heine University Dusseldorf. The raw data were imported into the R/ Bioconductor
environment [66] and further processed with the package oligo [67] using background
correction, logarithmic (base 2} transformation, and normalization with the robust multi-
array average {RMA) method. Venn diagrams were generated with the Venn diagram
package. Subsets from the Venn diagrams were used for follow-up GO and pathway analy-
ses [68]. Heatmaps were drawn with the B package gplots [69] using Pearson correlation as
similarity measure and color scaling per gene.

Geme expression data will be available online in the Mational Centre of Biotechnology
Information {(MCBI) Gene Expression Omnibus.

4.6. Ethics Statenent

In this study, urine samples were collected with the informed consent of the donors
and the written approval (Ethical approval Number: 5704) of the ethical review board of
the medical faculty of Heinrich Heine University, Disseldorf, Germany. All methods were
carried out in accordance with the approved guidelines. The medical faculty of Heinrich
Heine University approved all experimental protocols.

4.7. Slatistics

Data are presented as arithmetic means + standard error. In total, three independent
experiments were performed and used for the calculation of mean values. The statisti-
cal significance was calculated using the two-sample Student’s -test with a significance
threshold p = 0L05.

Supplementary Materials: The foellowing supporting information can be dewnloaded at: hitps
A fwwwmdpi.comSarticle/ 10339/ ijms 241310551 / 51.
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Abstract:

Acute kidney injury (AKI) is a major kidney disease with a poor clinical outcome. It is a common
complication, with an incidence of 10-15% of patients admitted to hospital. This rate even
increases for patients who are admitted to the intensive care unit, with an incidence of >50%.
AKl is characterized by a rapid increase in serum creatinine, decrease in urine output, or both.
The associated symptoms include feeling sick or being sick, diarrhoea, dehydration,
decreased urine output (although occasionally the urine output remains normal), fluid retention
causing swelling in the legs or ankles, shortness of breath, fatigue and nausea. However,
sometimes acute kidney injury causes no signs or symptoms and is detected by lab tests.
Therefore, the identification of cytokines for the early detection and diagnosis of AKI is highly
desirable, as their application might enable the prevention of the progression from AKI to
chronic kidney disease (CKD). In this study, we analysed the secretome of the urine of an AKI
patient cohort by employing a kidney-biomarker cytokine assay. Based on these results, we
suggest ADIPOQ, EGF and SERPIN3A as potential cytokines that might be able to detect AKI
as early as 24 h post-surgery. For the later stages, as common cytokines for the detection of
AKI in both male and female patients, we suggest VEGF, SERPIN3A, TNFSF12, ANPEP,
CXCL1, REN, CLU and PLAU. These cytokines in combination might present a robust strategy
for identifying the development of AKI as early as 24 h or 72 h post-surgery. Furthermore, we
evaluated the effect of patient and healthy urine on human podocyte cells. We conclude that
cytokines abundant in the urine of AKI patients trigger processes that are needed to repair the
damaged nephron and activate TP53 and SIRT1 to maintain the balance between proliferation,

angiogenesis, and cell cycle arrest.



3 Publications 156

Author contribution of C.T. included 30%:

Patients urine included in the AKI cohort were clinically recruited by D.K., M.S., L.H., T.D.,
D.KM. and T.B.. Together with L.E., | collected, sorted, and pooled the patient urine samples,
which | subsequently analyzed using the Proteome Profiler Human Kidney Biomarker Kit. |
was responsible for establishing and maintaining the cell culture system, which included the
cultivation of immortalized UdRPCs (UM51 hTERT) as well as the differentiation into
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Abstract: Acute kidney injury (AKI) is a major kidney disease with a poor clindcal outeome. 1t is
A commeon mmpl:iral:im'.. writh an incidence of 10-15% of patients ackmithed o hl'.IHF:iIHL This rate
even increases for patients whe are admitted to the intensive care unit, with an incidence of 250,
AK is characterized by a rapid increase in serum creatinine, decrease in urine output, or both. The
associated x}-mpkmu includs fneli:nﬁ sck or I:H:i:ng wck, diarchoea, deh}-drati.um. decreased urine
output falthough cecasionally the urine output remains normal), fluid retention causing swelling in
the Jrgec or ankles, shortness of braeath, Fal:i.lz;ur- and nausea. However, sometimes acube k:id.ne;.' injury
CALSES O B:iE'I.'I! or n}'ml:rkmu and s debected b}- laks tests, Therefore, the identfication ercy'bﬁ:lunﬂ
for the early detection and diagnosis of AR is highly desirable, as their application might enable the
prevention of e progresion from AKI o chromic kid.nu}' disease (CKD). In this ulml}'. we ana]}'eu:d.
the secretome of the urine of an AKI patient cohort b}' Emp]n}'i:nga I'.idn.l.-y-ﬁh:-marl'.l.-r r_g.-l:ukine assay.
Based om these results, we suggest ADIPOC), EGF and SERFIN3A as potential cytokines that might
be able to detect AK] as um']}' as M b post-surgery. For the later stapes, as common r_g.'l'rl-kinu for
the detection of AK in both male and fermale ]:!a.l:i:nL's, we sugrpest VEGE, SERPINZA, TNFSF12,
ANFPEF, CxCL1, REN, CLU and PLALL These cytokines in combination might present a robust
strategy for identifying the development of AKLas early as 24 h or 72 h post-surgery. Furthermare, we
evaluated the effect of patient and healthy urine on human podocyte cells. We conclude that eytokines
abundant in the urine of AKI patients trigger processes that are needed to repair the damaged nephron
and activate TP53 and SIKT1 to maintain the balance behwean Pn.'nli.ﬁerah'un.. angiogenesis, and cell
1.':|ItIE Arrest

Keywords acute l:i.dnz}r injury; :}'tukine:; TF53; 51K

1. Introduction

The understanding of the ethology underlving AKI has fundamentally changed in
recent years [12]. In the past, research focused on the most severe impairment of the kidney.
More recent studies have provided evidence that even minor injuries or impairments of
kidney function can lead to severe consequences, such as changes in serum creatinine
{sCr) and /or urine secretion (U0O) [3]. Today, the term acute kidney injury (AKI) is used
for a major kidney disease with a poor clinical outcome. It is characterised as an abrupt
{within hours or days) decline in renal function, which includes structural damage to the
nephron as well as loss of functionality. It is a commoen complication in patients admitted
to the hospital, with an incidence of 10-15% [4]. This rate even increases for patients
who are admitted to the intensive care unit, with the incidence rising to =50% [5]. The
classification of AKIincludes pre-renal AKIL acute post-renal obstructive nephropathy, and
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intrinsic acute kidney disease. Of these, only the latter represents a true renal disease,
whereas pre- and post-renal AKI are the result of extra-renal disease leading to a decreased
glomerular fltration rate (GFR). If these pre- and /or post-renal conditions persist, they
eventually develop into cellular damage to the kidnev and thus intrinsic renal disease [3].
The current diagnostic approach for AKl is based on an acute decrease in the GFR reflected
in an acute increase in the sCr level and/or a decrease in the UO value over a given
time interval [3]. According to the current Kidney Disease: Improving Global Cutcomes
{EDIGO) guidelines, the definition of AKI is classified into three distinct stages: stage
1: creatinine =1.5 times baseline or an increase of =0.3 mg/dL within any 43 h period,
or a uring volume <05 mL/kg for 6-12 h; stage 2= creatinine =2.0 times baseline or
a urine volume <0.5 mL/kg for =12 h; and stage 3: creatinine =3.0 times baseline or
increased to =40 mg/dL or acute dialysis, or a urine volume <03 mL/kg for =24 h [£].
If these conditions persist for up to seven days, the pathological conditions are referred
to as AKL Between 7 and %0 days, the conditions are referred to as acute kidney disease
{AKD]), and if they exceed 90 days, chronic kidney disease (CKD) has manifested [7]. In
terms of their clinical presentation, kidney diseases are very difficult to identify because,
except for urinary tract obstructions, they do not cause any specific signs or symptoms | 7).
Furthermore, diagnosis of AKI is hindered by the fact that specific syndromes often co-
exist (as reviewed in [7]) or AKI arises as part of other syndromes, such as heart or liver
failure or sepsis. In addition, 40% of all AKI cases in the hospital are related to surgical
procedures [3], with AKI being associated with cardiac surgery with an incidence ranging
from 7 to 40% [9-12].

Therefore, non-invasive biomarkers for the early detection of AKI are urgently needed.
This might improve patient outcomes in the intensive care unit and reduce the risk of
progression from AKI to CED and, ultimately, end-stage kidney disease (ESKDY).

Under healthy physiological conditions, kidney cells divide at very low rates [13,14].
In contrast, several studies have reported a dramatic increase in proliferating cells after AKI,
which can also be accompanied by transient dedifferentiation | 14,15] to repair the injured
nephron. This repair process has been identified to be possibly maladaptive, depending on
the severity of the injury, involving increased DMNA damage and cellular senescence [16].
Therefore, it is not surprising that TP53 and its downstream target, TP2Z1, were found to be
upregulated in the kidney after AKI and that inhibition or gene deletion reduces kidney
lesions [17-21]. Interestingly, using P33 inhibitors after unilateral ischemia reperfusion
injury resulted in reduced fibrosis [20]. Despite this progress in understanding the role of
TF53 in the pathology of kidney injury, the underlying mechanism in the progress remains
largely unknown. The NAD+-dependent class II1 histone deacetylase SIET] is invalved
in many binlogical processes, including DM A damage repair and TP53 activation [22,23].
Furthermore, SIRT1 has been reported to play a protective role in many diseases, including
AKT [24-25]).

In the present study, we screened urine from intensive care patients who developed
AKI 24 h and 72 h post-surgery for established Kidney biomarkers by employing a kidney-
injury cytokine assay. We identified ADIPOC), EGF and SERPIN3A to be upregulated in
urine derived from AKI patients as early as 24 h post-surgery. At 72 h post-surgery, the
common cytokines upregulated in the urine samples of both male female patients include
WEGF, SERFIN3IA, TNF5F12, ANFEF, CXCL1, REN, CLU and PLALU. Furthermore, we
applied the urine to our recently published hTERT immaortalized podocyte cell line [27]
and evaluated the effects of the urine on TP53 and SIET1 expression.

2. Results
2.1, Identification of Cylokines Upregulated in Urine Dm'um'ﬁmn AKI Patients
24 h Post-Operation

Urine samples from six stage 2/3 AKI patients and six patients without AKI were
collected 24 b post-surgery at the clinic for anaesthesiology at Heinrich-Heine University
Drksseldorf. The patients withoul AKI were aged between 55 and 75 years—three males
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and three females. The AKI patients were aged between 34 and 84 years, with the same sex
distribution {see Table 1). The urine samples were incubated individually on the human
kidney biomarker array, and scanned images are shown in Supplementary Figure 51. The
results are shown in Figure 1. As shown in the dendrogram (Figure 1A}, except for
P100_M34_AKI3, the samples segregated into two distinct clusters of AKI (red) and healthy
controls (blue). The clustering of the AKI group could even further be sub-divided into
male and female. Interestingly, the cytokines in the healthy urine seem to be more equally
distributed between the genders according to the dendrogram. The heatmap (Figure 1B}
and the barplots (Figure 1C,D) show the cytokines found to be significantly regulated as

detected by the array.

Table L. Patient cohaort.

Parameter Mo AKI {n = 6) AKI 2 and 3 (r = &) p-Value
Age [vears] B8+ B B9 + 18 037
C-EI.'II:'EI.'

Fernale [%] 3450} 3 (50 10
Male [%] 3450 3 (541) 10
Comorbidities

Oibesity [%] 2433) 3 (541) 14
Hypertension [%] 5493 4 (67 14
Drisbites Mellitus [%) 2{33} 2(33) 10
CRID %] 0 [ 2(33) {A55
Preapetative coeatinine 118 = 044 1.5 + 090 0,126
[mg/dL]

Operation time [minues] 2H2 + Bk 8T +Bh 649
CFB time [minutes] 1491 &+ 65 17D £ 51 LI
l-c|ar.rrp [minutes) 109+ 33 103 £ 32 14
Creatinine postop. [mg/dL] 1.2+ 0.34 143 + 042 0,268
Creatinine rurl.-da:( 3 [rng,-rdL] 108 = .50 203 +129 L7
Lackate postop. [l S L] 25+09 To==32 LN
Lactabe on da:f' 3 [mmal /L] 224085 1.7 +05 02496
APACHE-II postop. Mtz A3 LI
Ventilation [howrs] Fiil= 186 + 253 2o
LCHCUS [days) 2£2 13+11 0014
LOVHS [days] 18 + 12 42+ 20 0.030
Last creatinine [mﬁ,-'ll:lL] 103 = 633 207 072 00l&
Martality in hespital 0 () 1(17) 10

Matched no AKI ws. AKI stage ¥ and 3 data are expressed as the mean £ standard deviation or number
{percentage). A statistical aralysis was perfermed with the Mano—Whitney U best do compare the variables between
the bwo groups; the assodation between the categaorical variables and the two groups {no AKD vs. AKL patients)
s hesdesd with the Chi-squared tist, For all the tests, p-value < 005 were considered signifieant, LOHCOUS = length
af intensive care unit stay after surgery; LOHS < length of hospatal skay; X-clamp = aorbic cross-clampang.
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Figure 1. AK] cytokines identified in patients 24 h pest-surgery. (A) Experiments clustered into CKD
{n = &) and healthy control (r = 6) based on the global kidney cytokine expression. (B} Heatmap and
{C) barplot of markers in females and barplot of markers in males (D). The histograms represent
means and the error bars standard errors of the mean (1 = 3. The cytokines depicted here were
differentially upregulated with a p-value (test of the B package limma (Smyth 2004 [25])) p < 005 and
a ratio = 1.2, or downregulated with a g < 0005, FOR < 0225 and ratio < (L8333,

Ini the female patients, adiponectin (ADIPOOY, cellular cormmunication network factor
1 {CCN1), epidermal growth factor receplor (EGFR), interleukin & (IL6), CC-chemokine
ligand 2 ({CCL2), thrombospondin 1 {THBS1) and vascular endothelial growth factor (VEGF)
were found to be upregulated, while alany]l aminopeptidase (ANPEF), p2-mikroglobulin
{BZM), cystatin C (CST3), dipeptidylpeptidase-4 (DDP4), epidermal growth factor (EGF),
interleukin 1 receptor antagonist (ILIEN), kallikrein-related peptidase 3 (KLK3), serpin
family A member 3 (SERFINIA), tumour necrosis factor receptor superfamily member 1A
[TWNFESF1A), trefoil factor 3 (TFF2) and tumour necrosis factor ligand superfamily member
12 [THF5F12) were found te be downregulated.



3 Publications

161

i, [ Mol, Scf 2003, 14, 8138

5017

In the male patients, adiponectin (ADIPOQ) and tumour necrosis factor ligand super-
family member 12 (TMNFSF12} were found to be upregulated, while epidermal growth factor
{EGF), interleukin 10 (IL10), CC-chemokine ligand 2 (CCL2), serpin family A member 3
{SEEFIN3A) and tumour necrosis factor alpha (TNFA) were found to be downregulated.

2.2, ldentification of Cylokines Upregulated in Urine Deriped AKT Patients
71h Pﬂsr-lﬁj;.wﬂr}fnf ! pres L

Urine samples from the same six AKL and non-AKI patients were collected 72 h post-
surgery. The patient characteristics were similar between the AKI and non-AKI patients
{e.g.. age, gender, comorbidities; Table 1) The intra-operative data {operation time, cross-
clamp time and time on cardiopulmonary bypass) were also comparable. The creatinine
levels, as expected, were higher in the AKI group, and so were the lengths of the intensive
care and hospital stays. The urine samples were pooled (based on gender and disease state)
and incubated on the human kidney biomarker array. The results are shown in Figure 2,
while scanned images are shown in Supplementary Figure 52. As shown in the dendrogram
{Figure ZA), the samples segregated into two distinct clusters, with the male AKI samples
{black) being closer but distinct from the healthy controls (red) when compared to the
female AKI samples (Blue). The heatmap (Figure 2B} and the barplots (Figure 2C,0) show
the cytokines significantly regulated {p < 0.05) as detected by the array. In the female
patients, alanyl aminopeptidase (ANFEF), chemokine (C-X-C motif) ligand 1 (CXCL1),
interleukin 1 receptor antagonist (ILIEN), renin (REN] and vascular endothelial growth
factor (VEGF) were found to be upregulated, while f2-mikroglobulin (B2M), clusterin
{CLU), epidermal growth factor (EGF), CC-chemokine ligand 2 (CCL2), matrix metallopep-
tidase ¥ (MMP-9), membrane metalloendopeptidase (MME), kallikrein-related peptidase
3 {KLK3), advanced glycosylation end-product specific receptor (AGER), serpin family A
member 3 (SERPIN3A], tumour necrosis factor ligand superfamily member 12 (TNFSF12)
and plasminogen activator urokinase (PLAU) were found to be downregulated. In the male
patients, alanyl aminopeptidase (ANPEF), epidermal growth factor receptor (EGFR), alpha
2-HS5 glycoprotein (AHSG), chemokine (C-X-C motif) ligand 1 (CXCL1), CC-chemokine
ligand 2 {(OCL2), renin (REN) and vascular endothelial growth factor (VEGF) were found
to be upregulated, while annexin A5 (ANXAS), clusterin (CLU), cellular communication
network factor 1 (CCN1), interleukin 1 receptor antagonist {ILIEN), interleukin 6 (IL&),
interleukin 10 {IL10), SKIP'1-CULL-F-box protein (SKP1), serpin family A member 3 (SER-
FPINZA), tumour necrosis factor ligand superfamily member 12 (TNFSF12) and plasminogen
activator urokinase (PLAL) were found o be downregulated.

2.3, Effect of AKI Stage 2/3 Urine on Podocytes

A number of the chemokines, such as VEGF and EGFE, that were found to be up-
regulated are capable of either activating or being activated by either TT53 [29-32] or
SIET1 [33,34]. To test the hypothesis that the chemokines found to be upregulated in the
ARI stage 2/3 wrine have a direct influence on the expression levels of TP53 and SIRT1, we
incubated our recently published immortalized podocyte cell line UMS1 Htert [27] with a
medium composed of 10% of the patient urine 72 h post-surgery for 120'h. The relative
protein expression normalized to GAPDH for TP33 and SIET] and the phosphorylation
levels af histone 24 (pH2A X), which is an established biomarker of DNA damage [35],
were detected by Western blotting (Figure 2A), and full images of the Western blots are
shown in Supplementary Figure 53. All the proteins were detected at the expected sizes
of 110 kDwa for SIRT1, 15 kDa for pHZAX, 53 kDa for p53 and 38 kDa for GAPDH. While
the SIET] expression was not detectable in the podocytes under control conditions, it
significantly increased in the podocytes incubated with healthy urine to 6800% (p < 0.01) and
was even found to be further elevated when the podocytes were incubated with AK] stage
273 urine to 1051% {p < 0.01). In contrast, the TF'53 levels were found to be significantly
downregulated by E5% when the cells were incubated with healthy urine (p = 0.05). When
the cells were incubated with the AKI stage 2/ 3 urine, the TP53 expression was found to be
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significantly upregulated to 150% (p = 0.05). Accordingly, the phosphorylation levels of
HZA X were found to be upregulated under both conditions, with healthy urine increasing
the phosphorylation levels by 280% and the AKI 2/3 urine by 700%. Both changes were
found to be significant [ < 0.05). The qRT-PCR analysis of TP53 and SIRT1 {Figure 3B}
revealed that the mEMA expression of both was wpregulated in the podocytes treated with
human urine. Healthy urine induced a 2.5-fold increase in the TP33 mRNA expression
and a 1.7-fold increase in the TP51 expression, while AKI stage 2/3 urine induced an
upregulation of the TP53 mRNA by 3.5-fold and the SIET]1 mENA by 4 2-fold. Finally, we
applied immunofluorescence-based detection of TP53 to the cells exposed to AKI2/3 urine
{Figure 2}, revealing an increase in positively stained cells.

A ' -

Figure 2. Corf.
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Figure 2. AK] cytokines identified in patients 72 h pest-surgery. (A) Experiments clustersed into CKD
{it = &) and healthy control (1 = 6] based on the global kidney cytokine expression. (B} Heatmap and
{C) barplot of markers in females and barplot of markers in males (). The histograms represent
means and the error bars standard errors of the mean of technical duplicates {n = 2). The cytokines
depicted here were differentially upregulated with a p-value (test of the R package limma) p < 005
and a ratic > 1.2, or downregulated with a p < 0.05, FOR < (.25 and ratio < 08333,
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Figure 3. Conf.
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Figure 3. Upregulation of TP53 and SIRT] induced by AKL stage 2/3 urine in podocytes. The
podoecytes were incubated with 72 h post-surgery healthy (i = 8) and AKI stage 2/3 urine (7 = 6)
for 5 days. The relative protein expression normmalized to GAPDH for SIRT1, TP53 and H2A X
phosphorylation was detected by Western blot (A). The mEN A expression of TP33 and SIRT] was
dieterminad |:|*_5.I quantitative real-time PCR (B). The TP53 EXpREsIn in the podocytes exposed o AKL
2/3 urine was detected by immunofluorescence-based staining (C). Scale bars indicate 100 pm.

3. Discussion

In this study. by comparing the urine-secreted cytokines of non-AKI and AKI 2/3-
patients after cardiac surgery, we identified a panel of cytokine specifically upregulated in
the urine derived from AKI patients. Since kidney diseases can be difficult to identify in
the clinic because they do not cause any specific signs or symptoms [7], and as AKI can
arise as part of other syndromes such as heart or liver fallure and sepsis, the variability
between individuals and genders has to be accounted for. Since we only had access to a
limnited sample pool for this study, we aimed at excluding individual variability by pooling
the samples. Gender-specific analyses were carried out to avoid variations due to the
influence of sex hormones, such as testosterone and oestradiol, in the modulation of SIET1
expression [36-34]. While the male urine samples 24 h post-surgery revealed only seven
cylokines as significantly altered, the female urine samples contained a plethora of signifi-
cantly altered cytokines. The common cytokines in both the female and male urine samples
provided 24 h post-surgery were the upregulation of adiponectin (ADIPOCY) and the down-
regulation of epidermal growth factor (EGF) and serpin family A member 3 (SERFINZA). In
contrast, the analysis of the urine from the stage 2/3 AKI patients 72 h post-surgery showed
a dramalic increase in the regulated cytokines. Here, the male and female samples showed
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the upregulation of vascular endothelial growth factor (VEGF), alanyl aminopeptidase
{ANTEP), chemokine (C-X-C motif), ligand 1 {CXCL1) and renin (REN], while clusterin
{CLLU), SEREFIN3A, plasminogen activator urokinase (PLAU) and tumour necrosis factor
ligand superfamily member 12 (TNFaF12} were found to be downregulated. Of note, the
upregulation of ADIPOCQ detected in the 24 post-surgery urine was reduced after 72 h.
The same trend was observed for EGF in the female urine, while the downregulation was
persistent in the male AKI urine samples 72 h post-surgery. Interestingly, the downregu-
lation of secreted interleukin 10 was only observed in the male AKI urine samples 24 h
and 72 b post-surgery. Based om these resulls, we suggest ADIPOO, EGF and SERTINGA
as potential cytokines that might be able to detect AKI as early as 24 h post-surgery. For
the later stages, as common cytokines for the detection of AKI in both male and female
patients, we propose YVEGFE, SERPIN3A, TNFSFL2, ANFEF, CXCLI, REN, CLU and PLAU.
These markers in combination might present a robust strategy for diagnosing AKI as early
a5 24 hoor 72 h post-surgery. Many of these cytokines have already been described in the
context of AKI [35—41). The full list of significantly regulated cytokines is given in Table 2.

At the molecular level, ADIPOC might be of special interest, since it has been described
to directly regulate the expression of three of the identified cvtokines that were upregulated
72 h post-surgery, namely CXCL1, VEGF and RENIN.

In camcer cells, adiponectin has been shown to induce CXCLL secretion and thereby
promete umour angiogenesis [29]. In addition, CXCL] has been reported to stimulate
angiogenesis via the VEGF pathway [42,43], and it has even been suggested as a biomarker
for patients suffering from colon cancer [44]. Furthermore, it has been shown that inhibition
of the renin-angiotensin system results in significantly increased adiponectin levels [45].
Therefore, we propose that the observed upregulation of secreted RENIN in the AKI
urine samples 72 h post-surgery might be causative for the downregulation of secreted
ADIPOQ, while the early upregulation of secreted ADIPOQ) results in the activation of the
angiogenesis-related genes CXCL] and VEGFE, thus reflecting the initiation of the repair
processes in the damaged nephron. For instance, VEGF has been shown to be an important
mediator of the early and late phase of renal protective action after AKLin the context of
stem cell treatment [40].

EGF and EGFR both have been associated with AKI, and low levels of EGF have been
reported to be predictive of AKI in newborns [£6,47]. Of note, EGF has been reparted o
induce several matrix metalloproteinases [45] and, therefore, the identified downregulation
of EGF might be causative for the also observed downregulation of MME and MMP? in
the female AKI urine 72 h post-surgery. EGFR has been reported to play an important role
in renal recovery from AKI through FI3K-AKT-dependent YAP activation [49]. Indeed,
the EGFR promaoter bears several pii-responsive elements [50], and it has been reported
that remal fibrosis is associated with EGFR and p53 activation |51]. Interestingly, the
FDA approved test *NephroCheck™, which is in clinical use and predicts the risk of
developing moderate to severe AKI within 24 h [52], uses the following two biomarkers:
tissue inthibitor of metalloproteinase 2 (TIMP-2) and insulin-like growth factor binding
protein 7 (IGFEP7). Both are secreted by renal tubular cells in response to cellular siress
and are involved in Gl-phase cell-cycle arrest [53]. This is achieved by the transcriptional
activation of p27 via TIMP-2 and p53 and p21 via IGFBP7 [54,55], further highlighting
the involvement of TP33 activation in the clinical manifestation of AKL Another study
carried out by Montero et al. also documented that VEGF and p53 expression levels are
significantly correlated and can be used as independent prognostic factors [30]. Our results
sugpgest that secreted EGFR and VEGF are sufficient for the upregulation of p53 mENA
and protein levels in our immortalized podocyte cell ling, although further experiments
need to be conducted to verify this hypothesis. Furthermore, another study carried out
by Pierzchalski et al. showed that p53 is able to induce apoptosis via the activation of
the renin—angiotensin system [31]. In two recent studies carried out in our laboratory, we
demonsirated the devastating effect of the activated renin—angioctensin system on podocyte
morphology and functionality [27,56]. Therefore, we propose that the observed upregulated
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secretion of EGFR and VEGF mainly triggers angiogenesis and the activation of p53 and
the renin—angiotensin system. This mode of action might be a plausible explanation for
the progression from AKI to CED. Considering the constant secretion of these factors, they
should be investigated in urine samples from patients with AKI for more than three days
after surgery and in patients who progress to CED. Interestingly, our recently published
shudy investigating the secretome of urine from a CKD patient cohort from Ghana revealed
the downregulation of secreted EGFR and VEGF [57]. This makes it tempting to speculate
that EGFR and VEGFE might also be involved as initiators of AKI and downregulated in the
progression to CKD. In particular, VEGE, in the context of CKD, has been shown to have
therapeutic potential by nducing renal recovery [58]. The exact mechanism underlying this
protective effect of VEGF is unknown, although kidney tissue after AKI is characterized
by impaired endothelial proliferation and mesenchymal transition—both contribute to
vascular refraction and, subsequently, to the progression to CED [59)- So far, the clinical
diagnosis and monitoring of AKI is based on the clearance of urea and creatinine |2]. This
means that an impairment of the fltration barrier of the nephron already has happened, and
the repair process of the kidney is monitored. A clear advantage of a cytokine dosage-based
approach is the possible detection of the development of AKI prior ko or at the onset of
reduced kidney function. This might be especially true since we found an accumulation of
ADIPOC in the urine of patients who developed AKI as early as 24 h post-surgery. This
factor is known to upregulate cytokines such as VEGE, CXCL] and REN in a feed-forward
cyele and, therefore, activate distinet pathways that are known to contribute towards the
development and progression of AKL By detecting the accumulation of urine-secreted
cytokines such as ADIPCY as early as possible, therapeutic approaches to prevent the
breakdown of the Qltration barrier might be initiated, with great benefits for the patients.
MNevertheless, this needs to be evaluated in further studies. Another great benefit of a
cytokine-based approach is that the test can be conducted in a non-invasive, fast and cheap
manmner by simply collecting the urine and detecting the aberrant regulated cytokines ona
suitable device, such as a flow cell.

Finally, we found an upregulation of SIETI in the podocytes incubated with the
patient-derived urine, which was found to be even more pronounced when AKI stage
2/3 urine was used. 5IET] has been reported to be renal-protective during AKI [24,60],
This protective effect might be caused by two distinct pathways that are regulated by
SIET] activity. First, ph3 is a direct substrate of the deacetylation activity of 5IET] by
regulating p53 activity, since p53 acetylation promotes the transactivation of mumerous
genes regulating cell-cycle arrest, apoptosis and metabolic targets [61]. In this context, it
has been shown that SIRT] overexpression promotes cellular survival in the presence of
a cellular stressor [62,63]. The second pathway directly influenced by SIET1 is the renin—
angiotensin pathway [34]. In this context, the overexpression of SIRT] has been reported
to attenuate angiotensin -induced vascular remodelling and hypertension [64], which
might ke caused by SIRT1-induced downregulation of the angiotensin II type 1 receplor
{AGTR1) [65]. SIRT1 has been reported to increase the lifespan in lower organisms, such as
Caenorhalditis elegans [66] and Drosophila melanogaster [57], and recently, we reported the age-
associated decline in SIRT1 mENA and protein in urine-derived renal progenitor cells [65].
Simce AKI has been described as a condition of renal senescence [69), the expression level
of SIET] seems to be of major importance for the prevention of AKL Mevertheless, this
shudy is limited by the small sample size. This is especially true with regard to the complex
nature of human urine, which contains a plethora of cytokines and molecules harbouring
possible mechanistic influences on the observed results. Therefore, further experiments in
which the cells are exposed to recombinant EGFR or VEGF should be conducted, although
that iz beyond the limits of the current study.
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Table 2. Summary of the identified cytokines for the easly diagnosis of AKL
- Female 2 h Male 24 b Female 72 h Male 72 h
Cytkire Fost-5u Post-Surgery Post-Surgery
Down

AMNFEP

BIM
C5T3
DF4

EGE
IL1EM
ELE3

SERPIMGA
TMFRSF1A
TTE3
TWFSF12
1L10
THEFA
ANFEF
CXCL1

EEM

CLu Dawen Do
MKIPS Draovwn
MME Dawn

KLE3 Down
Down
Draown

{

A

??I || E
1
:

AGER
LAl

At ]

In summary, we propose putative urine-based cytokines (24 and 72 h post-surgery)
for the detection of AKI, which are male-enriched (AHSG), female-enriched (CCM1, IL&,
CCL2, THES], ILIEM) and commaon in both (VEGF, SERPINGA, TMFSFI12, ANFEF, CXCLI,
REN, CLU and PLAU). Furthermore, mechanistically, the cytokines ADIPOQ, EGF, EGFR,
REN and VEGF present in the urine of AKI stage 2/3 patients trigger processes such as
angiogenesis that are needed to repair the damaged nephron and the activation of p53 and
SIET] to maintain the balance between proliferation, angiogenesis, repair and cell-cycle
arrest. On this basis, we propose a specific signalling cascade induced by damage to the
kidney, resulting in the establishment and propagation of AKI (Figure 4).
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Fiﬁ'un} i P:ran.uad AKI ::iﬁmtﬁnﬁ cascade. Ur.ine—rnnhh'mﬁ crl:nhi:nﬂ for the detection of AKIL
which are male-enriched (AHSG), female-enriched (CCN1, [L6, OCL2, THBS1, IL1EN) and com-
mon in both [VEGE, SERPINGA, TMFSF1Z, ANFEFR CXCL1, REN, CLU and FLALU). Furthermaone,
n'tednndsl:ic.u“:-; the r}-hkin.l-_s AD]PDQ, EGFE, EGFR, REN and VEGF ]:!zl:!ent in the urmne of AKIL
2/3 patients trigger processes such as angiogenesis that are needed to repair the damaged nephren
and the activation of TP53 and SIKT1 to maintain the balance babween pcrul:ifml'iml, angiogenesis,
r:]:!a.i.r and ::u-:].-:le arrest. U]:!z\ela;ulalnd Crukirtﬂ and Profeins are indscated I:I'J.I a red arrow, while
downregulated ones are indicated by a green arrow. Created with BieRendercom.

4. Materials and Methods
4.1. Study Design

After approval by the local ethics committee of Heinrich-Heine University Duessel-
dorf, Germany (local trial number 5803, clinicaltrials. gov: NCTO3089242), adult patients
scheduled for cardiac surgery were enrolled after they had provided written informed
consent o participate in the study.

Urinary samples from & patients with moderale to severe AKI (AKI stage 2 or 3)
and from & matched controls (heart surgery, no AKI post-operatively) were centrifuged
{3500 rpm, 5 min) and stored wntil further analysis.

4.2, Secretome Analyses

The urine samples were analysed using the Proteome Profiler Human Kidney Biomarker
Array Kit (#8ARY019] distributed by Research and Diagnostic Systems, Ine. {Minneapolis,
MM, USA), as described by the manufacturer and in our previous publication [57]. In brief,
the membranes were Blocked with the provided blocking buffer and each urine sample
was incubated with 15 pL of reconstituted Detection Antibody Cocktail for 1 h at room
temperature. After removing the blocking bulffer, the urine samples were incubated on the
membranes at 4 *C overnight on a rocking platform. After three conseculive washing steps,
each for 10 min at room temperature on a rocking platform, the membranes were incubated
with the diluted Streptavidin-HREF antibody mix. After three consecutive washing steps,
each for 10 min at room temperature on a rocking platform, the fluorescence signals were
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visualized with enhanced luminescence {WesternBright Cruantum, Advansta, San Jose,
CA, USA)

The pbtained images were analyzed using Image | software [70] with the Microar-
ray Profile plugin by Bob Dougherty and Wayne Rasband (hitps:/ /www.optinav.info/
MicroArray Profile himl accessed on 10 March 2023). The integrated density generated
by the Microarray Profile plugin function Measure ET was used for the follow-up pro-
cessing, which was performed in the R/ Bioconductor environment [71]. The arrays were
normalized by emploving the Robust Spline Normalization from the Bioconductor lumi
package [72]. The threshold for background intensities was defined at 5% of the range
between the maximum and minimum intensity, and the detection p-value was calculated
according to the method described in Graffmann et al. [73]. Cytokines detected in the
AKI and control condition with a p-value from the K package limma of less than 0.05
controlled for the false discovery rate (FDR = 0.25) and with a ratio greater than 1.2 {inverse
ratio < 0.8333 for downregulation) were considered upregulated [28].

4.3, Cell Culbure Conditions

The cell linge UMS1-hTERT was derived and cultured as described in ref. [27]. For the
experiments, the non-AKI and AKI 2/3 patient urine samples oblained 72 h post-surgery
were pooled and mixed with the culture medium to a final concentration of 10%%. This
concentration was observed to be acceptable for cell culture experiments in terms of a lack
of contamination and cell death. The cells were incubated with this medium for five days.

4.4. Relative Quantification of Podocyle-Associated Gene Expression by Real-Time PCR

The real-time PCR of the podocyte-associated gene expression was performed as
follows. Real-time measurements were carried out on the Step One Plus Real-Time PCR
Systems using a MicroAmp Fast Optical 334 Well Reaction Plate and Power Sybr Green
PCR Master Mix [Applied Biosystems, Foster City, CA, USA). The amplification conditions
were denaturation at 95 “C for 13 min, fallowed by 37 cycles of 95 “C for 50 5, 60 °C for 45 8
and 72 °C for 30 5. The primer sequences are listed in Supplementary Table S1.

4.5, Immwnoflwcrescence-Based Detection of Protein Expression

The cells were fixed with 4% paraformaldehvde (FFA) {Polyscences, WA, USA). The
unspecific binding sites were blocked by incubation with blocking buffer containing 10%
normal goat or donkey serum, 1% BSA, 0.5% triton, and 0.05% tween for 2 h at room
temperature. Incubation of the primary antibody was performed at 4 =C overnight in
staining buffer {blocking buffer diluted 1:1 with PBS). After at least 16 h of incubation,
the cells were washed three times with PBS/0.05% tween and incubated with a 1:500
dilution of secondary antibodies. After three additional washing steps with PBS/0.05%
tweeen, the cell and nuclei were stained with Hoechst 1:5000 [Thermo Fisher Scientific,
Waltham, MA, USA). Images were captured using a fluorescence microscope (LSMTO0;
Zeisa, Oberkochen, Germany) with Zenblue software {Zeiss). Individual channel images
were processed and merged with Fiji. Detailed information on the used antibodies is given
in Supplementary Table 52.

4.6. Western Blotfing

Protein isolation was performed via lysis of the cells in RIPA buffer (Sigma-Aldrich,
5t Louis, MO, USA) supplemented with complete protease and phosphatase inhibitors
{Roche, Basel, Switzerland). The proteins were separated on a 7.5% Bis-Tris gel and
blotted onto a 045 pwm nitrocellulose membrane (GE Healtheare Life Sciences, Chalfont St.
Giles, UK). After blocking the membranes with 5% skimmed milk in Tris-buffered saline
tween (TB5-T), they were incubated overnight with the respective primary antibodies
{Supplementary Table 51). The membranes were washed 3= for 10 min with TBS-T.
Secondary antibody incubation was performed for 1 b at KT and the membranes were
subsequently washed 3= for 10 min with TB5-T. Amersham ECL Prime Western Blotting
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Detection Reagent was used for the chemiluminescent detection (GE Healthcare Life
Sciences) and captured with the imaging device Fusion FX.

4.7. Slatistics

The data are presented as arithmetic means + standard error. In total, three inde-
pendent experiments were performed and used for the calculation of the mean values,
Statistical significance was calculated using the two-sample Student’s f-test or with Mann—
Whimey U test to compare the variables between the two patient groups. The association
between the categorical variables and the two groups (no AKIvs. AKI patients) was tested
with the Chi-squared test. For all the tests, p-values < 0,05 were considered significant.

Supplementary Materials: The following supporting information can be downlosded at hitps:
S fwwwmdpicom/ articla 13390, iime 2A08MB22E /51,
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Abstract:

Chronic kidney disease (CKD) is a global health burden with a continuously increasing
prevalence associated with an increasing incidence of diabetes and hypertension in aging
populations. CKD is characterized by low glomerular filtration rate (GFR) and other renal
impairments including proteinuria, thus implying that multiple factors may contribute to the
etiology this disease. While there are indications of ethnic differences, it is hard to disentangle
these from confounding social factors. Usually, CKD is detected in later stages of the disease
when irreversible renal damage has already occurred, thus suggesting a need for early non-
invasive diagnostic markers. In this study, we explored the urine secretome of a CKD patient
cohort from Ghana with 40 gender-matched patients and 40 gender-matched healthy controls
employing a kidney injury and a more general cytokine assay. We identified panels of kidney-
specific cytokine markers, which were also gender-specific, and a panel of gender-
independent cytokine markers. The gender-specific markers are IL10 and MME for male and
CLU, RETN, AGER, EGFR and VEGFA for female. The gender-independent cytokine markers
were APOA1, ANGPT2, C5, CFD, GH1, ICAM1, IGFBP2, IL8, KLK4, MMP9 and SPP1 (up-
regulated) and FLT3LG, CSF1, PDGFA, RETN and VEGFA (down-regulated). APOA1—the
major component of HDL particles—was up-regulated in Ghanaian CKD patients and its co-
occurrence with APOL1 in a subpopulation of HDL particles may point to specific CKD-
predisposing APOL1 haplotypes in patients of African descent—this, however, needs further
investigation. The identified panels, though preliminary, lay down the foundation for the

development of robust CKD-diagnostic assays.
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Abstract: Chromic h'.i.drl.e:,.- disease (CKD)is a gl,u'l:la! health burden with a -:uminuuunl.:.r ineTeasing
PI‘I:"I.'H.IEJ'IICE associated with an increasang incidence of diabetes and }l}'PEI.'tEnSIIJﬂ in aging Pu]:!ulal'imﬂ.
CEI is characterized by low glomerular fltration rate (GFR) and other renal impairments including
proteinuria, thus :impl}r.in.;; that mquilee factors may coniribute to the ﬁul.ug:.r this disease. Whils
there are indications of ethnic differences, it is hard to di.wn{.ung]r these from cﬂmfuundin.g social
factors. Usually, CKID is detected in later stages of the disease when irreversible renal damage has
aln:u.d:,.' accurred, thus suggesting a nead for 11.'=|:|'|.}I nOT-invagive diapumli.c markers. In this study, we
enplﬂmd the urine secretome of a CKD patient cohort from Ghana with 40 Emdlﬂ‘-mﬂtl:hbﬂl patients
and 4 gender-matched healthy controls emploving a kidney injury and a more general cytokine assay.
Wi identified pa:n-elﬂ if kidney-ﬂpe«:ii'ir |::,.'t.|.'ul;t.i|.'||.L markers, which wene alss Eund.ebxpedﬁr. and a Pﬂrlul
of gender-independent eytokine markers, The gender-specific markers are 1L10 and MME for male
and CLU, RETN, AGER, BEGFR and VEGEA for female. The gender-independent cytokine markers
were APOAL ANGEPTZ, C5, CFD, GHI, K-AMI, IGFBPZ, [LE, KLEA, MMPY and SPP1 [uP-IEHuLaI:Ed._I-
and FLTILG, CSF1, PDGEA, BETN and VEGEA {down-regulated). APDAl—the major component
of HDL particles—was up-regulated in Ghanaian CED patients and its co-ocourrence with APCOL]
ima 5ubp|:||_:m|=|ti.¢m af HIXL Furl:id.ex may paint to HP’E\CiﬁJI: LTD-PmdisFusirq; APOLL }up|nl}'l:w_s im
patients of African descent—this, however, needs further investigation. The identified panels, though
preliminary, lay down the foundation for the development of robust CKD-diagnostic assays.

Keywords: CED; biomarkers; Ghana; wrine; oytokines; VEGEA; inflammation

1. Introduction

Chronic kidney disease (CKDY) is defined by a glomerular filtration rate {GFR) <
60 mL,/min per 1.73 m?® or the presence of kidney damage predominantly manifested by
proteinuria for 3 months or more [1,2].

Protein in urine as an indicator of kidney damage is often measured by the urine
albumin-to-creatinine ratio {UACR). Proteinuria and decreased GFR directly reflect physi-
cal properties of the filter between blood and urine constituted by an endothelial layer, the
glomerular basement membrane (GMEB) and podocytes. This filter is coarse at the endothe-
lial side and fine at the podocytes and waorks in the dimension of nanometers in addition to
a negative polarity. Thus, bigger and negatively charged molecules, such as most proteins
under physiological conditions, cannot traverse this barrier. In proteinuria, larger proteins,
such as albumin, immuncglobulins G and M and al-microglobulin, p2-microglobulin,

I Pars, Med. 2023, 13, 38, hitps:/ /dolorg/ 10,3300, fpm 30N 002E
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correlating with the severity of histologic lesions [ 3], can traverse. These proteins can, as a
consequence, impair the re-absorption of other smaller molecules by the proximal tubular
epithelial cells and in final stages lead to toxic damage [3].

The increasing prevalence of CKD is largely influenced by the increase of diabetes and
hypertension among the aging population [4,5]. Although substantial percentages of CKD
patients will progress to more severe disease stages requiring dialysis or transplantation,
most patients die of associated cardiovascular disease (CVD) than of end-stage renal disease
{ESEDY |6]. Although diabetes is the maost comrmon cause of CKD, it is not clear why only
3% of patients with tvpe 1 and 25 to 40% of patients with type 2 diabetes progress to
nephropathy irrespective of ghycemic control [4,7,5].

Ethmic differences have been reported for diabetic nephropathy, particularly in Pima
Indians [4], and for focal segmental glomerulosclerosis (FSGS) in patients of African de-
scent, who have higher frequencies of the F3G5-predisposing APOLL G1 and G2 haplo-
types, which on the other hand confer advantages against the sleeping sickness-causing
parasite—Trypanssoma brucel brucei [9]. A body of literature reports gender differences in
CED [10-12], resulting in phenomena including gender-specific prevalence in dialysis and
mortality rates. The causes of these differences have not been fully elucidated. However,
differences in the levels of sex hormones and in the Renin-Angiotensin system may play
major roles, as well as behavioral compliance with the dialysis treatment, medication and
lifestyle restrictions.

Biomarkers for the early diagnosis of CKD are urgently needed and studies aiming at
their identification have been performed using serum [13] as well as urine samplas [14,15].
While there are several reports focusing on single or only few proteins [16-14], to our
knowledge, there has been only one other study investigating CKD urine samples with
a cytokine array, which, howewver, was on a distinet platform not specific for kidney in-
jury markers [19]. This study identified higher levels of MM, MCT-1, EANTES, tissue
inhibitor of metalloproteinase (TIMF) 1, TNF-alpha, vascular endothelial growth factor
{VEGF), E-selectin, Fas, intercellular adhesion molecule 1, interlenkin 2, matrix metallopro-
teinase (MMF) 2 and transforming growth factor beta and lower levels of wrinary vascular
cell adhesion maolecule 1 and platelet-derived growth factor in CKD [19].

In this study, aimed at gender-neutral and -specific CKD biomarker identification,
we investigated proteins secreted into the urine of a cohort of CKD patients and healthy
controls from Ghana using a general (Human XL} assay and a kidney injury-specific
cytokine assay.

2. Materials and Methods

Participants in the present study were recruited from two academic medical centers in
urban regions of Ghana between 2012-2017. Persons with kidney disease were individuals
aged 1-74 years with estimated glomerular filtration rate (eGFR) = 60 mL/ min/1.73 m
{creatinine based chronic kidney disease epidemiclogy [CED-EF]] collaboration equation
without race adjustment) [1] or albumin/creatinine ratio > 3.0 mg/mmol (30 mg./g),
and persons with a confirmed diagnosis of membranous glomerulonephritis, focal and
segmental glomerulosclerosis /minimal change disease (FSGS/MCD) or childhood onset
nephrotic syndrome. The CKD-EP] equation without the race adjustment was used in
adults and the Schwartz formula [20] in children aged less than 16 years. We excluded
persons with obstructive uropathy, kidney tumors, multiple myeloma, polyeystic Kidney
disease and women who were pregnant. Healthy persons without CKD were defined as
individuals with GFR = 60 mL/min/ 173 m® and alburnin/creatinine ratio < 3.0 mg/ mmaol
{=30 mg/g). Random urine samples were collected from cases and controls and aliquots
of 10 mLs were taken into cryovials. All participants of this study are from African
ancestry. We were anticipating that ancestry might lead to some differences due to higher
prevalences of genetic variants, such as the known APOL] risk haplotype [3,21], which
through regulatory networks might also affect the biomarker signatures.
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2.1, Ethics Statermeni

Ethics approval was obtained locally at each clinical site. The approval number
for the Case-Control study is: GHSERC: 07 /0372013, Written informed consent was
obtained from all participants. Participants unable or umwilling to give consent or who
were institutionalized were excluded.

2.2, Cytokine Assay Experiments

The urine samples were analyzed using the Human Kidney Biomarker Array (ARY019)
as well as the Human XL Cytokine Array kit (ARY022B) from Research And Dhagnostic
Systems, Inc. (Minneapolis, MN, USA), according to the manufacturer’s protocols. For the
experiment series 1, the urine samples (control and CDK) were pooled prior to analysis. In
the experiment series 2, we analyzed another pool of urine samples (control and CDK).

In the experiment series 3, urine from one individual male control sample was com-
pared to the pooled male and female CKD samples. For each membrane, 1 mL of urine
was incubated overnight at 4 “C on the respective membranes. Detection was carried out
using a streptavidin-HRI and the ECL Prime WesternfBlot-Detecionreagent (Merck, Darm-
stadt, Germany) detection reagents. The obtained signal was analyvzed using FIJI/ Image]
software [22].

2.3. Image Analysis af Cytokine Assays

Scanned images of the cytokine assays were read into the FIJI/Image] software [22].
The semi-automatic grid finding was based on pre-processing via Gaussian blur (size 4)
and local maxima finding as described in Steinfath et al. [23]. Local maxima were detected
via the FIJI function "Find Maxima™ and exported to a file in the csv format. The csv
file containing the local maxima was imported into the R programming environment bo
detect the corners and interpolate the grid with the pre-defined size between the corners.
The interpolation routine tock into account alleyways between blocks within the grid and
adjusted grid positions to local maxima, where existent. For positions without detected
local maxima, the interpolated values were used. Grid positions were pead into the FIJ1
Microarray Profile plugin by Bob Dougherty and Wayne Rasband (hitps:/ fwww.oplinav.
info/MicroArray_Profile him, accessed on 21 December 2022), which was employed o
quantify the integrated densities of the spols. Grid positions were annotated with the
cytokine identifiers provided in the manuals of the manufacturer (Proteome Profiler Areay
from R & [ Systems, Human XL Cytokine Array Kit, Catalog Number ARY022ZE and
Human Kidney Blomarker Array Kit, Catalog Mumber ARYD19).

2.4. Data Analysis of Cylokine Assays

Integrated densities of the spots quantified by the FIJI Microarray plugin were im-
ported into the B/ Bioconductor [24] environment for further processing. Data were nor-
malized via the Robust Spline Mormalization from the R/ Bioconductor package lumi [25].
Cylokines were considered expressed when their integrated density was significantly
{p = 0.05) over the background spols, which were determined as spols with the minimum
density plus 005 {max_density—min_density). Differential expression was assessed via
the moderated t-test from the Bioconductor linme package [26]. Limma p-values were
adjusted for the false discovery rate (FDR) by the method described by Benjamini and
Hochberg [27]. Cytokines were considered as differentially expressed based on the criteria:
detection p-value = 0.05 in at least one condition, ratio < 0667 (down-regulated), ratio > 1.5
{up-regulated), limma-p-value < 005, FDR < 0.25, Heatmaps were generated with the
function featmap. 2 from the gpists package [28] using Pearson correlation as similarity
measure. Bar plots were generated with the R-builtin function barpiot. Dendrograms were
produced via the R package dendextend [29] using Pearson correlation as the similarity
measure and complete linkage as the agglomeration method.
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3. Resulls
3.1, Patient Characteristics

Urine samples from CKD patients aged 671 years and control urine samples from
probands with no history of CED aged 11-68 were used {Table 1). The urine samples
were collected im Ghana at the University of Ghana Medical School. Decisive criteria for
the choice of CKD urine samples were the glomerular filtration rate (GFR) < 60 mL/min
per L.73 m?, which is documented for CKD [29]. Furthermore, CKD is associated with
an elevated albumin creatine ratio (ACR) < 300 mg /g [30]. In experiment series 1, urine
samples of patients from group 1 were investigated, in experiment series 2, urine samples
of patients from group 2 were investigated and in experiment series 3, urine samples of
patients from group 1 were investigated.

3.2, Strategy for the Mdentification of CKD Markers

Figure | shows the workflow used for identifying the CKD biomarkers. In the first
phase, experiment series 1 and 2 were performed on the kidney-injury cytokine assay
platform. Each experiment series consisted of 10 pooled male CKDY urine samples, 10 pooled
female CEKDY urine samples, 10 pooled male healthy control urine samples and 10 pooled
femmale healthy control urine samples. Series | and 2 differed by the selection of distinct
individuals. In the second phase, experiment series 3 was performed on the Human
cytokine XL assay platform. The experiment series consisted of 10 pooled male CKD urine
samples, 10 pooled female CKD urine samples and 1 male healthy control sample.

Figure 1. Workflow for the identification of CKD biomarkers. The pipeline employed the Human
Eidney Biomarker Arcay in phase 1 of experiment series 1and 2 and the human XL cytekine assay in
phase 2 with experiment seres 3, Pools of 10 male and 10 female urine samples were used for CKD
patients and healthy controls.

3.3, Mdentification of CKD Biomarkers Using Hee Human Kidney Biomarker Array

Figure I shows results of experiment series | on the kidney cviokine assay and the
identified CKD biomarkers. Al the global level of the kidney cytokine expression, the
data segregated (Figure ZA) into two distinct clusters of CKD {male and female) and
healthy control (male and female). The heatmap (Figure 2B} and barplot (Figure 2C)
show biomarkers which were found up-regulated {up) in males (M): CLU, CXCLL, IL1IRN,
IL10, RBP4 and S5KT'1, as well as biomarkers which were down-regulated (down): DPP4,
EGFR, MME, MMPS and VEGFE The heatmap (Figure 203 and barplot {Figure 2E) show
biomarkers which were found up-regulated (up) in females (Fj: ANPEF, ANXAS, B2M,
CCL2, CCNI, CLU, CXCLY6, C5T3, DPP4, EGF, IL6, IL10, HAVCRI, KLEK3, LCN2, MMPS,
PLAU, RETI, SERPIMA3Z, SKF1, TNFA, TNFSEF1A and TTF3, as well as biomarkers which
were down-regulated (down): AGER, EGFR, FABF1 and VEGF.
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Table L Characteristics of the patient cohort and the healthy individual cohort utilized in the cytokine assay analyses.

Group 1
Comtrol female Control male 2 CKI¥ female CKD male
¢GFR Albusmine CGER Albmnise CGFR Albusine CGER Albunine
Age {ml/min per  number  creatine ratio Age tmlfmin per  pumber  creatime ratin  Age {mlimin per  number  creatine ratio Age tmLimin per  pumber  creatine ratio
1=73 mih Igimsol) 1-73 m*1 fgmmal 1=73 mi) Igfmusol) 1-73 m?) {g/mmol}
n SIRLS 058 i ik S2E8 04 9 3 SIRGE 107,25 Pl 52652 123.34
w Z1206 LiL o6 L3396 FTER L6 i FL) 1245 827 41 12336 2B 10461
a6 Gt 025 48 9ZE4 52636 035 5 a8 SIH3H 167 F3 15397 52629 152534
7 SIS 247 47 L2056 SRR L& L] 51 SH7Y 68 ol 18134 52 1759
an 21237 a8l 47 HE 2 ] 106 a 75 Eawah 1378 48 04 52842 169
24 21246 051 7 L6036 S2TTT 103 30 n 21240 11903 47 52675 21
5 1116 s 57 13653 [T 148 5 u3 1AL aiTh 48 1104 52842 169
o SIT7R k] L) L4509 FZEIB 67 a5 L] Il2e4 1123 0 2258 SZRIR BT
51 B2y a3z &7 H3 50 21741 136 an 114 SIF 14LA3 &0 5454 52662 308
50 1325 035 L] Lk 36 S2Bsl 171 il 125 5171 BS99 €5 455 52RIL 54
Group 2
Contral female Comtrel male K female CKD male
LFR Albumine eGFR Albanine eGFR Albumine FR Albunine
Age  imUminper  number creatine i Age  mlminper pumber creamermtio  Age  (mlimin number  eatine io  Age  imUminper  pumber  creatine ratio
=73 mh Igitmmal) -3 m*1 g/ mmel} 1-T3 m'h Igtmmal) -3 m) i/ ]
a3 14543 SITRE 132 7 T 1210 026 5 1 IG5 [T n 15726 52643 155
4 &7 SH11 AT L] 8316 HES X3 - 3 SHT7 A6 4 13268 524 (B
1 5256 21213 052 2 1653 120 124 7 11 534 sl F3 537 503
16 =12 21204 237 H 15306 2 126 7 14 21237 68 B 19402 S2EI 10
16 811 B2 251 33 21741 52604 121 an 17 B9 104 EC M3 52473 12
18 TR 21231 A A6 aw 15007 21235 B 26 Z1238 08 aw 1396 S2ETH L&
n 129,93 7119 a7h 48 12511 FIETE] 114 71 L EIHGT as3 ECY 552 21248 108
w 14059 I1218 192 43 6692 FITIR [ 62 41 1249 LTH i) B5 SZETY 57
62 15359 5125 124 = HEEL SIS [ kI an SIHST 54 a4 515 52635 43
21 .54 N7 078 &3 B7 55 FEFTL 1.3 35 7 SH5E 7.2 5 T SR 51
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Figure 2. CKI¥ biomarkers identified on the Human Kidney Biomarker Array in experiment se-ries 1.
{A} Expermments duster into CED and healthy control based on the global kidney eyiokine expression.
{B) Heatmap and {C) barplot of markers in males (M) that were up-regulated {up): CLU, CXCL1,
IL1RM, IL10, RBP4 and SKF1, and duwn—mgulabed. {down): DPF4, EGFR, MME, MMF9 and VEGE.
{D}) Heatmap and (E) barplot of markers in fomales (F) that were up-regulated {up): ANFEF, ANXAS,
Bzpd, CCLZ, CCM1, CLU, CXCL16, CST3, DPP4, EGE, ILA, IL10, HAYVCR1, KLK3, LCNZ, MMPS,
PLAU, RETN, SERFINAZ, SKP1, TNFA, TNFSEF1A and TTF3, and duwn—mgu]a.‘bed {down): AGER,
EGFR, FABP1 and VEGE

Figure 3 shows the results of experiment series 2 on the Human Kidney Biomarker
Array and the identified CKD biomarkers, On the global level of kidney cytokine expression,
the experiments clustered heterogeneously with respect to CKD and gender (Figure 3AJ.
The heatmap (Figure 3B) and barplot (Figure 3C) show markers which were found wp-
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regulated (up) in males (M): ADIPOQ, AG, ANXAS, CCNI1, FABPL, IL10, LCNZ, MMP9,
RETMN, SERFIN A3, TWFA, TWNFSF12 and VEGE, and which were down-regulated (down):
AGER, AHS(G, ANPEF, CLU, CXCL16, MME and EBP4. The heatmap (Figure 3D and
barplot (Figure 2E) show markers which were found up-regulated {up) in females (F):
AG, AHSG, CLU, ILIEN, MME, RETN, TWNF5F12 and VCAMI, and which were down-
regulated (down): ADIPOQ, AGER, ANPEF, ANXAS, CCL2, CCNL, EGFE, IL&, MMP9,
PLALU and VEGFE.
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Figure 3. CKD biomarkers identified on the Human Kidney Biomarker Array in experiment series
2 {A) experiments cluster heterogeneously based on the global kidney cytokine expression. (B)
Heatmap and (C) barplot of biomarkers in males (M) that were up-regiilated jup): ADIFOQ), AG,
AMNXAS, CCM1, FABP, [L10, LOCNZ, MMPY, BET, SERFINAZ, TNFA, TMESF12 and VEGE, and
dl:lw:l'l-l'lej;l.ﬂabel:' [down): AGER, AHSG, ANPEF, CLU, CXCL16, MME and RBF4. (D) Heatmap and
{E) barph:fl:ufhdumﬂrkﬂs i Permales (Fh that wers up-w\elz"ulatrd [up]: AG, AHSG, CLU, IL1EN, MME,
RETM, TMFSF12 and VCAMI, and d.m\'rl-:rl:g\.ll.:ltl:d (dowwn): ADIPOC, AGER, AMPELR, ANXAS,
CICL2, OCML, BGER, ILA, MMPY, PLALU and VEGE
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3.4, Summary q,FHJe ldentified CKD Biomarkers in Experiment Series 1 and 2

Table 2 shows a summary of the CKD biomarkers identified in experiment series 1 and
2 for male CKD patients. Biomarkers identified in commeon in both series are underlined
and in bold fonk. In both series, IL10 was shown to ke up-regulated and MME was shown
to be down-regulated in CKD.

Table 2. CKD markers identified in male CKD patients in experiment series 1 and 2.

Cytokine CKD_M_ExpSeries] CKD_M_ExpSeries?
ADIFOO up
AG up
AGER down
AHSG diwmn
AMNPEP down
ANXAS up
CCNL up
CLy up dowmn
CXCLL up
CXRCL1A down
DFPd down
EGFR down
FABPM up
IL1IEM up
e ap up
LCh2 up
MME down down
MM dowmn up
REF4 up down
RETMN up
SERPINASZ up
SKFP1 up
THEA up
THFSF12 up
VEGF dowm up

Table 3 shows a summary of the CKD biomarkers identified in experiment series 1 and
2 for female CKD patients. Biomarkers identified in common in both series are underlined
and in bold format. In both series, CLU and RETN were shown to be up-regulated and
AGER, EGFR and VEGF were shown to be down-regulated in CED.

3.5, Identification af-EKD Biowmarkers on the Humian XL Cylokine Assay

Afrer identification of CKD biomarkers on the Human Kidney Biomarker Array we set
out to identify CKD-associated cytokines which include both pro-and anti-inflammatory
molecules. Figure 4 shows resulls from experiment series 3 on the human XL cylokine
assay and the identified CKD inflarnmation-associated biomarkers. On the global level of
cytokine expression, the data segregated (Figure 4A) into twio clusters of CKD (male and
female) and healthy control male). The heatmap (Figure 4B} and barplot (Figure 4C) show
biomarkers which were found to be up-regulated {up) or down-regulated (down) in males
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{kd). The heatmap (Figure 40 and barplot (Figure 4E) show markers which were found
up-regulated {up) or down-regulated in fernales {F). Interestingly, we found a large overlap
between up-and down-regulated cytokines between both genders. Some biomarkers that
were up-regulated in experiment series 3 overlapped between females (F) and males (M) in
CED: APOAI {up), ANGFT2 (up), C5 (up), CFD (up), GHI (up), ICAM]I (up), IGFEF2 {up},
IL8 {up), KLE4 (up), MMPY {up) and SPPL {up). Other markers that were down-regulated
in experiment series 3 overlapped between female (F) and male (M) in CKD: FLT3LG
{dowm), C5F1 (down), PDGEA (down), RETN (down) and VEGFA (down).

Table 3. CKD markers identified in female CKD patients in experiment series 1 and 2.

Cytokine CKD_F_ExpSeriesl CKD_F_ExpSeries2
ADIFOO down
AG up

AGER down down
AHSG up
AMNFPEP up down
ANNXAS up down
B2 up
L ] up down
CCM1 up down
iy ap ap
C5T3 up
CHCL1A up
DFr up
EGF up
EGFE down down
FABEP1 down
IL1EM up
IL& up down
IL10 up
HAVCR1 up
KLE3 up
LCh2 up
MME up
MY up down
FLAL up down
BEDN up up
SERFINAZ up
SKF1 up
THEA up
THMFSF12 up
THFRSF1A up
TIF3 up
VCAMI up

YEGF down down
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Figure 4. CKD biomarkers identified on the Human XL cvtokine assay in experiment series 3 show
sipiﬁ:mt |.1'|.'Erla]:| betwesn males and females, (A) Data dluster inte CKD and hull‘]ﬁ}' control
based on global cytokine expression. (B} Heatmap and (C) barplet of marckers in males (M) that
were up-regulated (up) or down-regulated (down). (D) Heatmap and {E) barplot of markers in
termales {F) that were up-regulated (up) or down-regulated (down). Markers in experiment series 3
that overlapped between females (F) and males (M) that were up-regulated in CKI: APOAT (up),
ANGETZ (up), C5 (up), CFD (up), GH1 (up), ICAMI (up), [GFEFZ jup), IL# {up), KLKA (up), MMES
{up) and SPF1 {up). Markers in experiment series 3 that overlapped between females (F) and males
(M) that were down-regulated in CKLE FLTILG (down), CSF1 (dewn), FDGEA (down), RETN (down}
and VEGFA {down).
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Table 4 shows a summary of CKD markers identified in experiment series 3 for male
and female CKD patients and independent of gender, taking the mean of male and female
values. Markers identified as overlapping in males and fernales are underlined and in bold
format. This summary table highlights the large overlap between male and female CKD
markers on the human XL cvtokine platiorm.

Table &. CKD-associated cytokine biomarkers identified & common and specific between males and
fernales, based on :A-:Per.immt seres 3,

Cytokine CKD_mean_M_F_ExpSeries3 CKD_M_ExpSeries3 CKD_F_ExpSeries3

APOAL up up up
AMNG up
AMGIT1 up
ANGETZ up up up
L3 up up up
o3 diwn dawn
CHIELL up up
Li up up up
CRFP down down
ELT3LG down dawn down
C8F2 down down
L up up np
ICAMI up u up
IFNG up up
IGFBP2 up up up
IL3 up
L8 up up up
L2 up
Kikd up up up
CCL2 down
C5F1 down down down
MhiEd up up up
MO up up
= up Hp up
PDGEA down dawn down
PTX3 up up
BETHN down down down
SERPIMEL up up
YEGEA down dawn davn

3.4, Protein Interaction Metwork

Based on the identified differentially regulated cytokines, we set out be identify and
characterize a protein interaction network involved in the inflammatory pathophysiology
of CKD. Figure 54 shows the Protein interaction network generated via the STRING online
tool [31]. Via the STRING tool, enriched disease associations with Lenknstasis and Artery
Dizease (Figure 5C) were determined and a table of enriched Gene ontology Biological
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FProcesses was created (Figure 50, top 25 terms sorted by strength is shown). These
pointed to the inflammatory response and included the highlighted term Regulafion of
kidney development (strength = 1.8, false discovery rate = (.0024). The proteins associated
with the regulation of kidney development (FDGEA, MMP9, VEGFA) are highlighted in
the network in Figure 5B,

1ar RN AT
141 R LR

1 § Y o 9 MR
FET 0 Y LS A

[ ——— i Teap e

[ ————
Arpsa ol meas ga wm— [T
L

LAk

B A A | N1

B mnr ol e e 1ar ' |

Figure 5. CKD biomarkers identified on the Human XL cytokine assay interact in a network regulating
the inflammatery response affecting kidney development. (A} STRING protein interaction network
{PFL} of CRD biomarkers identified on the Human XL cytokine assay. (B) PP highlighting proteins
involved in the regulation of kidney development. (C) Disease associations found enriched by
the STRING fool are Leidkashisis and Arfery Dissise. (D) Gene entolegy Biological Processes found
ensiched point to the inflammatory response and inchade the regulation of kdney development.

4. Discussion

In this two-phase analysis of cytokines in the urine of CKD patients and bealthy indi-
viduals from Ghana, we identified urine-based cytokine biomarkers for CKD. In the first
phase, which was performed on a Human Kidney Biomarker Array, we found variability



3 Publications

188

| Pers, M, 2023, 13, 38

13017

between males and females and also between the two experinental series, which consisted
of pooled urine samples from distinet individuals. This variability is a reflection of het-
erogeneity within biomarkers associated with CKD), which comprises a broad spectrum
of distinct diseases, such as diabetic nephropathy and focal segrmental glomerulosclerosis.
Furthermore, there is much diversity in the genetic background of CKD and recent findings
on biomarkers associated with hitherto neglected areas, such as telomeres, CINVs, mtDNA
variants and sex chromosomes [22], which may gain attention in the future. This may also
help to explain the high heredity estimated at 30—75%, which at the moment is incompletely
understond [32]. A further aspect of heterogeneily is found in the definitions of CKD, which
on the one hand have to cope with the complexity of the disease, but on the other hand, lead
to strongly deviating assessments of CKD progression [33]. Among the kidney-associated
cytokines, we identified as variable between genders and experimental series LCN2 (alias
NGAL; up-regulated in male in experiment series 1 and in female in experiment series 2,
not significant in the others), which should be highlighted. MGAL had been established as
marker of acute kidney injury, but several problems, including its unpredictable release,
have led to increasing concerns about its diagnostic value [34].

For the sake of robustness, only biomarkers regulated in the same direction in both
experiment series are listed. The CKD biomarkers in male are: IL10 {Interleukin-10, up-
regulated) and MME (Membrane metalloendopeptidase, down-regulated). Sinuani et al.
reported that IL10, through increased proliferation of mesangial cells and mediated by
several other cylokines, induces progression of renal failure [35]. Dedicated single mu-
cleotide polvmorphisms {(SNFs) in the MME gene have been associated with a higher risk
for diabetic nephropathy in female diabetes type 1 patients [3£]. The CKD biomarkers in
females are: CLU (Clusterin], RETM (Resistin, up-regulated), AGER (advanced glycosyla-
tion end-product specific receptor, alias RAGE), EGFR (epidermal growth factor receplor)
and VEGFA (vascular endothelial growth factor A, alias VEGF, down-regulated). CLU has
been reported to be elevated in kidrey disease [37,38], although Gua et al. found that CLU
deficiency exacerbates renal inflaimmation and tissue fibrosis after ischemia-reperfusion
injury in mice |3%). For Resistin, there are reports on elevated levels in CKD, which are
associated with decreased glomerular filtration rate and inflammation [40]. AGER/RAGE
was reported to be elevated in the serum of CKD patients [41]. Up-regulation of EGFR has
been described for CKD, but EGFR inhibition in models of acute kidney injury (AKI) may
also have deleterious effects [42].

In the second phase, we used a more general cytokine (human XL} assay and found
a high percentage of cytokine biomarkers overlapping between both genders. The CKD
bipmarkers regulated in the same direction between male and female are: APOAT ANGFT2,
C5, CFD, GHI, ICAM]1, IGFEF2, IL8, KLE4, MMP% and SPF1 (up-regulated) and FLT3LG,
C5F], PDGFA, RETN and VEGFA {(down-regulated).

Interestingly, AFOAL is connected to ATOLL, which has been associated with F5GS in
haplotypes carried by patients of African descent. AFPOLI is bound to HDL particles, of
which APOAL is the major protein component, but only 10% of APOAl-containing HDL
particles have APOLL [21]. We still need to confirm if these APOLL-positive HDL particles
play a special role in CKD. In comparison o the first phase, where we saw strong gender-
specific differences, in the second phase, we identified nearly the same markers regulated
in the same direction for both males and females. The large number of gender-specific
differences found on the Human Kidney Biomarker Array in the first phase s in line with
reports of gender differences in kidney function [43] and kidney disease [11]. It is tempting
to speculate that the more general cytokines measured on the human XL assay reflect more
gender-independent inflammatory processes which precede CKD.

Cytokines detected as differentially regulated on the Human XL cyiokine assay as
well as the Human Kidney Biomarker Array were RETN {Resistin, down-regulated on the
Human XL cytokine assay], MMPY (metalloproteinase 9, up-regulated on the Human XL
cytokine assay) and VEGFA (down-regulated on the Human XL cytokine assay). VEGFA
was regulated in the same direction on the Human Kidney Biomarker Array (down), while



3 Publications

189

I Pers, Med, 2023, 13, 38

1e0d17

MMP? was up-regulated in males in series 2 and females in series 1 and down-regulated
in males in series 1 and females in series 2; however, RETN, in contrast to the XL assay,
was up-regulated. As mentioned above for RETM, there are reports on elevated levels
in CKI} [40]. MMP? is described to be up-regulated in early stages of the disease and
down-regulated in later stages [44). In our cohorts, this might reflect the predominantly
late disease stages in the distinct cohorts. For VEGFEA, there are conflicting data on the
regulation in diabetic nephropathy going from up-regulation in rat models and also diabetic
patients [45], to no effect [45], to down-regulation when diabetic nephropathy leads to
glomerusclerosis [45]. For glomerusclerosis and tubulorinterstitial fibrosis down-regulation
has been reported [45].

We compared our detected biomarkers with association loci from GWAS and found
that VEGFA, which we detected as a biomarker, had been identified in GWAS for an
association with eGFR [47] and also in a further study by the CKD consortium for an
association with CKD, which, while not having a significant p-value, nevertheless pointed
in the same direction [48]. Furthermore, we found that CST3, which we found up-regulated
in females on the Human Kidney biomarker array (Figure 2E), was detected to be associated
with eGFR via GWAS by Kottgen et al. [47].

We anticipate that our detected biomarkers may foster the mechanistic understanding
of the development of CKD and further help to enable an earlier detection of the disease
and in cases not detected by the conventional markers. CKD diagnosis mainly relies on GFR
estimation indicating kidney dysfunction or albuminuria indicating kidney damage [45].
GFR estimations are hampered by limitations of creatinine [50]. Albumin does not work
as a marker in the non-albuminuric cases highly prevalent in non-diabetic CED [17,51,52],
but is also common in diabetic CKDN [ 16,49,53].

5. Conclusions

We conclude that our two-phase cytokine analysis of urine samples from CKD pa-
tients and healthy controls from Ghana has revealed panels of kidney-specific cyltokine
biomarkers which are alse gender-specific and a panel of gender-independent cytokine
markers. The gender-specific markers are IL10 and MME for males and CLU, RETN, AGER,
EGFR and VEGFA for females. The gender-independent cyiokine markers were APOA]L,
AMGPT2, C5, CFD, GHI, ICAMI, IGFBF2, IL8, KLE4, MMPY and 5PT1 (up-regulated) and
FLT3LG, CSF1, PDGFA, RETN and VEGFA (down-regulated).

Supplementary Materials: The foellowing supporting information can be dewnloaded at: hitps
£ vwowwomadpicom farticle) 10,3390 jpm 1301 0038,'41, Table 51: mean values and statistical test results
of male patients CKD vs. healthy control in experiment series 1 on kidney cytokine array. Table 52
mean values and statistical test results of female patients CKD vs, hualﬂ'l}- control in experiment
series 1 on ki.dnz:( :}-tuki:nb array. Table 53 mean values and statistical test results of male patients
CED e healthy control in experiment series 2 on kidney cytokine array. Table 34: mean values and
statistical test results of female patients CKD vs. healthy control in experiment series 2 on kidney
cytokine array. Table 55: mean values and statistical test results of male patients CKD vs. healthy
control in experiment series 3 on Human XL cytokine areay. Table 56: mean values and statistical
best results of female patients CKD s FmaJth}' contral in experiment series 3 on Hurman XL c}'tukim:
array. Table 57: statistical test results of mean of male and female patients CKD v, healthy control
in experiment series 3 on Human XL cvtekine array. Figure 51: Scanned kidney cytokine arrays of
experiment series 1. Figure 52: Scanned kidney cytekine arrays of experiment series 2. Figure 53
Scanned kidney cytokine arrays of experiment series 3.
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Angiotensin—-Aldosterone System with the Aging Process Based on
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Abstract:

Every individual at some point encounters the progressive biological process of aging, which
is considered one of the major risk factors for common diseases. The main drivers of aging
are oxidative stress, senescence, and reactive oxygen species (ROS). The renin—angiotensin—
aldosterone system (RAAS) includes several systematic processes for the regulation of blood
pressure, which is caused by an imbalance of electrolytes. During activation of the RAAS,
binding of angiotensin 1l (ANG II) to angiotensin Il type 1 receptor (AGTR1) activates
intracellular nicotinamide adenine dinucleotide phosphate (NADPH) oxidase to generate
superoxide anions and promote uncoupling of endothelial nitric oxide (NO) synthase, which in
turn decreases NO availability and increases ROS production. Promoting oxidative stress and
DNA damage mediated by ANG Il is tightly regulated. Individuals with sodium deficiency-
associated diseases such as Gitelman syndrome (GS) and Bartter syndrome (BS) show
downregulation of inflammation-related processes and have reduced oxidative stress and
ROS. Additionally, the histone deacetylase sirtuin-1 (SIRT1) has a significant impact on the
aging process, with reduced activity with age. However, GS/BS patients generally sustain
higher levels of sirtuin-1 (SIRT1) activity than age-matched healthy individuals. SIRT1
expression in GS/BS patients tends to be higher than in healthy age-matched individuals;
therefore, it can be assumed that there will be a trend towards healthy aging in these patients.
In this review, we highlight the importance of the hallmarks of aging, inflammation, and the
RAAS system in GS/BS patients and how this might impact healthy aging. We further propose
future research directions for studying the etiology of GS/BS at the molecular level using

patient-derived renal stem cells and induced pluripotent stem cells.
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Abstrack Every individual at some point encounhers the Progressive |:|i.u|uﬁ;i|:u| process |.1fap'ng.
which is considered one of the major risk factors for common diseases. The main drivers of aging are
oxidative stregs, semescence, and reackive Ry Fen Species (REIS). The ruﬂjn-an.;iiubenxi.n—al.dusbemne
system (RAAS) includes several systematic processes for the regulation of blood pressure, which
is caused by an imbalance of electrolytes. During activation of the RAAS, binding of angiotensin
I {ANG 1) ter angiotensin 1 type 1 receptor (AGTRL) activates intracellular nicotinamide adenine
dinuclectide phosphate (NADPH) oxidase to generate superoxide anions and promote uncougpling of
endothelial nitric oxide (NO) synthase, which in turn decreases NO availability and increases ROS
production. Promoting exsdative stress and DNA damage mediated by ANG 11is tightly regulated,
Individuals with sodium deficiency-associated diseases such as Gitelman syndrome {G5) and Bartter
syndrome {BS) show downregulation of inflammation-related prooesses and have reduced oxidative
stress and ROS. Additionally, the histone deacetylase sirtuin-1 (SIRT1) has a significant impact on the
aging process, with reduced activity with age. However, G5/BS patients generally sustain higher
levels of sartuin-1 (SIRT1) activity than age-matched healthy individuale. SIKT] expression in G5 /BS
]:!a.timt:i tends to be h.iﬁlwr than in he—a!l:h}- as;e-ma'lx;'hed. mndividuals; therefore, it can be assumed
that there will be a trend towards healthy aging in these patients. In this review, we highlight the
importance of the hallmarks of aging, inflammation, and the KAAS system in G5/BS patients and
hover this :rrl.ight impasck '1.1!!]“1.}!’ apimg. We further propose future research directions for 5{1.1|:|.y:i|1.;|5
the eticlogy of GS/BS at the maolecular level wsing patient-derived renal stem cells and induced
pluripotent stem cells.

Keywards: sodium deficiency diseases; distal convoluted tubules; renin-angiotensin-aldosterone
system; ageing: sodium accumulation

1. Introduction

The kidney is a paired organ associated with the urinary system and performs numer-
ous tasks such as filtration of urine and regulation of homenstasis of electrolytes such as
sodium, potassium, calcium, magnesium, and phosphate [1].

The processes involved in the regulation of sodium and water balance, including blood
pressure and the glomerular filtration rate, have a decisive influence on sodium and water
transport in the renal tubule. An imbalance is accompanied by undesirable consequences.
Several diseases are associated with sodium deficiency; these include Gitelman syndrome
{G5) and Bartter syndrome (BS) |2-6].

Gitelman syndrome is an autosomal recessive tubular disorder caused by biallelic
mutations in a gene encoding the protein that is a sodium—chloride cotransporter. These
are responsible for approximately 7-10% of the tubular absorption of electrolytes. G5 is
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characterized by an increased excretion of magnesium (hypermagnesiuria) and a reduced
excretion of calcium (hypocalciuria) im the urine. In addition, G5 patients have hypokalemic
alkalosis, ie. a disorder of the acid-base balance and salt loss. Other signs of illness
include muscle weakness, fatigue, cramps, and low blood pressure caused by an electrolyte
imbalance due to distinct mutations within the SLC12A3 encoding gene [7-5].

Each individual, at some point, encounters the progressive biological process of
aging associated with oxidative siress, senescence, and reactive oxvgen species (ROS).
G5/B5 patients show downregulation of inflammation-related processes and have reduced
oxidative stress and ROS. In this context, G5 and BS patients, in comparison to healthy
individuals, sustain higher levels of sirtuin-1 [SIET1) activity, which seems to have a
significant impact on hypertension and the aging process [10-12].

We highlight the importance of the hallmarks of aging and the renin-angiotensin-
aldosterone system (RAAS) in Gitelman syndrome patients and how this might impact
healthy aging.

2. Gitelman Syndrome

The nephrologist Hillel Jonathan Gitelman first observed patients with various con-
ditions associated with metabolic alkalosis, electrolyte imbalance, and salt wasting in the
late 19605 [2]. Gitelman syndrome (GS) (OMIM 263800} is one of the most commaon renal
tubulopathies and is known as familial hypokalemia-hypomagnesemia. It is an autosomal
recessive inherited disorder caused by a disturbance in the function of the thiazide-sensitive
sodium chloride cotransporter (NCC) in the Kidney. In this process, blood levels show mag-
nesium and potassium deficiency, while the urine has high levels of magnesium excretion
and decreased excretion of calcium. GS is characterized by metabolic alkalosis, hypomag-
nesemia, and hypercalciuria. The etiology is a transport defect of the distal convoluted
tubule (DCT). It is manifested in adolescence or adulthood and has an estimated prevalence
of 1:40,000 Caucasian individuals [13]. It is more prevalent in the Asian population and
is estimated at around 1.7 per 1000 people [13]. The actual frequency of GS is difficult to
determine in the general population due to its inconspicuousness or misdiagnosis.

The disease is caused by biallelic inactivating mustations within the SLC12A3 encoding
gene, which encodes the NCC. Its genomic locus is chromosome 16q13 and it consists of
26 exons that code for 1002 amino acids [9,14,15].

MNCC is expressed by cells of the apical membrane lining the distal comvoluted
tubule [%]. Studies have identified more than 350 distinct mutations within the SLC12A3
encoding gene in (G5 patients [16-18]. In addition to this, mutations in the cation channel
subfamily 6 of the protein Claudin 16 gene [TRPMS), which is involved in magnesium
transport in distal tubules [19,20].

The largest proportion of mutations in SLC12A3 is 62.1% missense and nonsense
mutations. A missense mutation is when the error in spelling a single base pair creates
a different amino acid. If the mutation is meaningless (nonsense mutation), a so-called
stop codon results, and the synithesis of the protein is terminated. Furthermore, the splice
mutations are present at around 13.5% and small deletions at around 12%. Finally, there
are the major deletions and small insertions at 5%. Other mutations account for 7.4%
{Figure 1) [LE].

The most common mutation is heterozygous, which has a prevalence of 1% in Eu-
rope [21]. Studies have shown that homozygous mutations have also been identified in a
Spanish cohort [22].

An example of multiple mutations was found in patients in Taiwan. Here, triple muta-
tions in G5 patients are presented with a prevalence of approsdmately 12%, which is certainly
due to the higher frequency of heterozygous carriers within the Asian population [23].
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Figure 1. SLC12A3 mutation variants. Gitelman syndrome 12 caused by biallelic insctivating muta-
Hons in the SLC1243 pene. It consists of 26 exons that code for 1002 amine acids. There are more
than 350 different mutations that are caused by missense and nensense variants, framesbatt, splice,
and dup intromic variants, as well as Jarge EETIOMIEC PearTangements. The pie chart represents all
variants of mutations in the SLC12A3 fene. The Jarﬁ;ﬂd Pupulaﬁuniﬁ rmutations ane missense and
nonsense mutations, with a prevalence of approximately 62.1%. The splice mutations are present at
approximately 14% and small deletions at around 12%. Major deletions and small insertions make up
approximately 5%, whereas the semaining mutation bypes account for 7.4% [21].

The mutations lead to sodium efflux and activation of adaptive mechanisms such
as the RAAS [24]. The NCC is the salt-reabsorptive transporter localized at the apical
membrane in the DCT. It has been documented that EAAS is a primary physiological
regulator of NCC [25]. The inactivation of NCC leads to the activation of RAAS, which
results in reduced tubular reabsorption of sodium and chloride. This deficiency leads to
dehydration, which triggers RAAS as a compensatory mechanism. Additionally, low levels
of potassium in blood serum have been described, as well as an increase in the levels of
remin and aldosterone.

Studies based on GS rodent models revealed that Ca®™ deficiency has significant con-
sequences on DCT function as compromised NCC function leads to structural remodeling
of DCTa [26]. The disease can be asymptomatic or associated with mild symptoms, such
as weakness, fatigue, craving for salt, thirst, or nocturia. GS patients often have transient
episodes of muscle weakness and tetany, sometimes combined with abdominal pain, vom-
iting, and fever [27,28]. The presence of hypocalciuria and hypomagnesemia has high
predictive value for the clinical diagnosis of (5 [29,30].

If 5 is suspected, there are not only clinical complainis bul also biochemical criteria,
which include chronic hypokalemia (3.5 mmol /L) and renal potassium loss, determined as
a spot urine sample with a potassium,/ creatinine ratio >2.0 mmaol /mol (=18 mmal /g) [31].

Hypocalciuria is determined as a spontanecus urine calcium/creatinine ratio
0.2 mmol / mmol (0.07 mg, /mg). GS patients have low urinary calcium excretion [25,32],
high fractional magnesium excretion, and hypomagnesemia [5,25].
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Metabolic alkalosis, hypomagnesemia <0.7 mmol/L {<1.70 mg/dL) [33], and renal
magnesium loss (fractional magnesium excretion »4%) ocour in Gitelman syndrome [34].
Gitelman syndrome occurs in both males and females alike.

Im adults, additional criteria include fractional chloride excretion »0.5%, normal or Low
blood pressure, and the absence of morpholagic and functional renal abmormalities [11,31]
including increased renin activity and aldosterone expression [15].

(5 is caused by a variety of mutations within the genes encoding SLC12A3 (thiazide-
sensitive sodium chloride cotransporter (NCC): HNFLB (hepatocyle nuclear factor 15),
FXYD2 (sodium /potassium-transporting ATTase gamma chain—a member of the FXYD
family of transmembrane proteins), KCMNI10 (ATP-sensitive inward reclifier polassium
channel 10, a member of the inward rectifier-type potassium channel family) [16,36-39].
EAST or SeSAME syndrome closely resembles Gitelman syndrome. This is an autosomal
recessive disorder caused by mutations within the KCNJI0 gene. EAST is an acronym
for epilepsy, ataxia, sensorineural deafness, and (a renal salt-wasting) tubulopathy, and
SeSAME stands for selzures, sensorineural deafness, ataxia, mental retardation, and elec-
trolvte imbalance [37,38,40].

Mitochondria are essential components of eukaryotic cells. Mitochondrial DNA
{mtDMNA)} mutations can occur during mitosis, which then results in changes in the degree
of heteroplasmy. If the proportion of miDMNA exceeds the threshold value of 60-B0%, [41],
this results in a considerable drop in energy production, leading to the development of
metabolic disorders. Pathogenic miDMNA variants of genes encoding the transfer RN As for
phenylalanine (MT-TF}) and isoleucine (MT-TI) cause a Gitelman-like syndrome [42].

There is currently no specific therapy, but potassium and magnesium supplernentation
and a high-salt diet are recommended for all G5 patients. To counteract disturbed hormone
levels and fluid and electrolyte balance, spironolactone or triamterene are prescribed o GS
patients to reduce polassium and magnesium losses [43]. In G5 patients, a high dose of
potassium chloride is used to combat hypokalemia. Salts with poor absorbable anions such
as aspartan should not be administered to patients, as these do not lead to any improvement
and may even exacerbate alkalosis.

Children, or even infants, are prescribed a nonsteroidal anti-inflammatory drug
{NSAID) known as indomethacin, which is used o treat growth deficits in severe, early-
onset forms of the disease [44,45].

3. Bartter Syndrome

In 1962, Bartter et al. identified a new syndrome and named it Bartter syndrome
{B5) [45]. BS is one of the rare hereditary renal tubular disorders caused by impaired
salt reabsorption in the thick ascending limb (TAL} of the loop of Henle. It is associated
with several electealyte abnormalities including low potassium and chloride, salt wasting,
hypokalemia, and metabolic alkalasis with hyperaldosteronism with normal blood pressure
and hyperplasia of the juxtaglomerular apparatus (JGA} [46,47].

In contrast to G5, Bartter syndrome is a more severe congenital kidney injury that
often manifests itself earlier, usually within the fiest year of life [48]. BS is a polygenic
disease caused by homozygous or mixed heterozyvgous mutations in one of the following
genes: SLCIZAL, KCNJL, CLCNKE, BEND, or CASR (Figure I).

Depending on the mutated gene and, thus, the affected transporter protein, BS can
be divided into at least five subtvpes, which are expressed in the tubular epithelial cells
of the TAL of the Henle loop. Type I BS is characterized by loss-of-function mutations
within the SLC12AL gene and is known as neonatal Bartter syndrome (hyperpeostaglandin
E syndrome). This codes for the apical sodium-potassium—chloride cotransporter NECC2.
Type II of BS, also known as neonatal Bartter syndrome, is caused by loss-of-function
mutations in the KCM]L gene, which codes for the apical inwardly rectifying potassium
channel ROME. BS type 111, also known as classic Bartter syndrome, is caused by mutations
in the CLCWNEKB gene, which codes for the basolateral chloride channel C1C-Eb. Distinct
variants of chloride channels are present in most organs but CLCNEB, affected here, is
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found exclusively in the kidney, so the clinical manifestation of a mutation in this channel
is only seen in the kidney [49].

L™ i
Ly

B e

Figure 2. Mutations associated with Bartter syndrome. This is caused by homozygous or mixed
heterey gous mutations in one of the following genes: SLC1ZAL KCNJ1, CLENEE, BSND, or
CASK. L?ep:nrdingm the mutated e, B35 can be divided into five uubt:.rpuc BS type —5LC1241
codes for the sodium-potassium—chloride cotransporter NKCCZ; BS type —KCN]1 codes for
the potassium channel ROME; BS type II—CLCNEE codes for chleride channel CIC-Eb; BS type
IVa—BSMND codes for barttin, which is a subumnit of the chloride channals ClIC-Ea and ClC-Eb; BS
I::rpz IWh—aimultanesus mutations in CHC-Ka and C1C-Kb; BS l}rp: V—CASH, which encodes the
basolateral calcium receptor CASE. The Figure was created with Biokendercom,

Classical Bartter syndrome with sensorineural hearing loss (hyperprostaglandin E
syndrome], or BS type IVa, is caused by loss-of-function mutations in the BSND gene,
which encodes barttin, a f-subunit for CHC-Ka and CIC-Kb. Parallel to BS type [¥a, simulta-
neous mutations in CIC-Ka and CIC-KEDb are present in type [Vb. Bartter syndrome type
W with hvpocalcemia is alse known as autosomal dominant hypoparathyroidism. This is
characterized by gain-of-function mutations in the Ca®*-sensing receptor CASR, which
codes for the basolateral calcium receptor CAS.

Bartter syndrome is an inherited disorder of the renal tubules caused by impaired salt
reabsorpton. It leads to several electrolyte abnormalities including low potassium and
chiloride, salt wasting, hypokalemia, and metabolic alkalosis [6,50].

Previously, G5 and BS patients were classified based on age, the presence of hyper-
calciuria, polvhydramnios, or growth retardation, and severity. Based on differences in
the metabolism of divalent cations, BS and G5 can be distinguished by laboratory mea-
surements, which include urinary Ca®* excretion, Ca® /creatinine, and serum Mg™*. BS
patients tend to have a less severe manifestation compared to G5 patients. BS patients
have increased urinary calcium excretion and fractional excretion rates, whereas serum
magnesium levels are within the normal range [43]. To differentiate between BS and G5,
a thiazide test was proposed using a cohort of genetically proven G5 and BS patients
given oral administration of hydrochlorothiazide (1 mg/kg to 50 mg) [51]. In patients with
G5, fractional chloride excretion showed very little change (<2.3%) as the defect was in
the thiazide-sensitive MNa,/Cl cotransporter (NCCT). In contrast, patients with BS showed
an increased response to HCOy administration, which led to a more pronounced excre-
tion. Drespite the successhul differentiation bebween G5 and BS, the test is not routinely
recommended due to the increased risk of volume depletion [51].
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Due to the rare nature of the syndrome, there is only limited clinical information
on treatment. Therapeutically, BS patients urgently need sufficient fluid and electrolyte
replacement. For newboms, it is important to control the risk of pre-renal failure due
to imbalances in fluid homeostasis. The classic pharmacological therapy for BS patients
includes the administration of potassium chloride, prostaglandin inhibitors (indomethacing,
and aldosterone antagonists (spironolactone) [52,53).

The symptoms of BS patients are initially treated with the help of potassium sup-
plementation. Also, potassium-sparing diuretics such as spironolactone, eplerenone, or
amiloride ave often prescribed. According to the literature, these diuretics lead to reduced
aldosterone levels, which subsequently increases serum potassium and, hence, counter-
acts metabolic alkalosis. In cases of persistent hypokalemia and or other side effects of
medications, potassium-sparing diuretics, renin—angiotensin system blockers, or NSAIDs
are also prescribed. Combinations of these medications are also recommended in certain
cases [4,47,54]. Angiotensin-converting enzyme inhibitors (ACE inhibitors) are used to
correct low K* levels or to counteract proteinuria [54,55).

Table | provides an overview of the distinct gene variants, clinical symptoms, and
treatment options for G5/BS patients.

Table 1. Comparisons between Gitelman and Bartber syndromes.
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Gitelman syndrome (G5} and Bartter syndrome (B5) have distinct genetic mutations. B2 is divided into five
suabtypes depending om the aBected gerwe {1 10, 0, [¥a, IV, V), KKOC: faresemide-sensitive sedium-patassiam-
Zechloride cotransporter; ROME: renal outer medullary potassium channe]; CLC-Eb: chloride channel Khb;
CLC-Ka: chloride charmel Ka; Cabke calcum-seraing reoephbor; Gitelman syndnomi is caused by biallelic inactivat-
iy mutations i the SLC12ZAS gene. NOC: thiazide-sensitive sodium chlomide cotransporter. MT-TF: mitochondria-
encole] i RMNA-Fhe (LULAC)); KON Potassiuem Inwardly Rectifying Chanmel Subfamily | Member 10;
FY D2 FXYD Domain Contaiming lon Transport Begulator 2; HNF1B: hepatocyte nuclear factor 1-beta. Modified
versdon from Fulehdero et al, [55]

4. Aging and RAAS

Aging is a biological process that affects all organizational levels of an organism. The
aging process is considered one of the major risk factors for the most prevalent diseases
warldwide [57]. The hallmarks of aging contribute to processes leading to the aging pheno-
tvpe, which include epigenetic alterations, chronic inflammation, dysbiosis, deregulated
nutrient sensing, mitochondrial dysfunction, genomic instability, telomere attrition, loss
of protecstasis, deregulated macro-autophagy, stem cell exhaustion, altered intercellu-
lar commurnication, and cellular senescence [56-60). Cellular aging is the result of the
accumulation of damaged macromolecules, which are chemically altered by ROS. ROS
impairs the integrity and function of mitechondria, resulting in, for example, reduced ATP
peneration [61).

The RAAS includes several systematic processes for the regulation of blood pressure.
This is a consequence of increasing peripheral resistance or vascular tone and cardiac
contractility, as well as enhanced water and sodium reabsorplion, increased aldosterone
secretion, and facilitated catecholamine release from sympathetic merve terminals [1]. Reg-
ulation of hypertension and extracellular volume is regulated by angiotensin II (ANG 1T}
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a5 the biological effector of RAAS [62-64]. ANG I preferentially binds two subtypes of
angiotensin I receptors: AT1 (AGTRL) and AT2 (AGTR2). AGTRs are expressed in various
segments of the nephron in the distal tubule, collecting duct, and renal vasculature |65-70].
The known physiological and pathological effects are induced via the AT] receptor. In
humans, AGTRI receptors are expressed im a wide variety of organs. They are present in
glomerular mesangial cells, proximal and distal tubular epithelial cells, medullary intersti-
tial cells, and renal vasculature [71-73]. The binding of ANG II to AGTRI1 activates four
classical signaling cascades, including phospholipase AZ, phospholipase C, phospholipase
[¥, and L-type calcium channels, and normally blocks the adenylate cycle.

AMNG II binding to renal AGTR] initiates vasoconstriction, sodium reabsorption,
protein synthesis, and cellular growth [73,74].

In comnparison, the activation of AGTR2 mediates K channel activity via the protein-
coupled receptors and activates protein tvrosine phosphatase (FTP), which leads o a
reduction in the activities of mitogen-activated protein kinase (MAFK) and extracellu-
lar signal-regulated kinases ERKI signaling pathways [75,76]. The activation of AGTRE2
leads to increased bradykinin production, which induces vasodilation via the nitric oxide
(N evelic guanosine monophosphate (GME) pathway [73]. ANG I binding to AGTR2
initiates vasodilation, differentiation, apoptosis, anti-proliferation, and sodium transport
imbalance of membrane ionic effects [77).

Both types of receplors are involved in the regulation of renal hemodynamics, tubular
function, renal cellular growth, and matrix formation [73].

During activation of RAAS, binding of ANG II to AGTE] leads intracellular nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidase to generate superoxide anions
and promotes uncoupling of endothelial WO synithase, which in turn decreases NO avail-
ability, and increases ROS production. The promotion of oxidative stress and DNA damage
mediated by ANG Il is tightly regulated. However, if uncontrolled, ANG [I-mediated ROS
preduction cecurs; this leads to cellular senescence-associated mitochondrial dysfunction,
hypertrophy, inflammation, and frrasis in the kidneys, heart, and brain [78,75]. ANG IT-
mediated signaling via AGTE] additionally leads to shortening of telomeres and ultimately
glomerular mesangial cell senescence but this can be counteracted by losartam [20].

The mammalian ortholog of the silent information regulator (Sir2) of veast, SIRT1,
is a nicotinamide adenine dinucleotide (WNAD)+-dependent class [II histone deacetylase
involved in many aging-associated processes such as apoplosis, cell differentiation, de-
velopment, stress response, metabolism, and tumorigenesis [41,81,62]. SIRT] expression
is reduced in senescent mesenchymal stem cells, whereas its over-expression slows the
onset of senescence and loss of differentiation capacity [53]. SIRTL is associated with
lomgevity, and in a hypertensive patient, low 5IET] levels lead to an acceleration of the
aging process [584,85]. The same is true for endothelial progenitor cells induced by ANG
I, which presumably have reduced SIRT] expression [36.57]. To counteract this, studies
have been conducted investigating the role of polyphenol resveratrol in relation to hy-
pertension [85,89]. Resveratrol (3,5,4'—I:r'jhydrnxj.r5til'bene} is a polyphenol found in red
wine that has several beneficial effects on cardiovascular disease [%0,91]. In mammalian
cells, resveratrol can promote various cellular functions and signaling pathways including
lomgevity, cell cycle regulation, apoptosis, DNA damage repair, and muscle differentia-
tion through the activation of SIRT1 [92,93]. In a study carried cul by Miyazaki et al,,
resveralrol intake was shown to reduce AGTR] expression in vascular smooth muscle
cells [83]. Furthermore, resveratrol has been shown to downregulate AGTR] expression
via SIET] and has beneficial effects on hypertension |58]. Currently, several approaches can
be employed to counteract premature aging such as caloric restriction, strength training, or
nutrition [$#4=58]. In DNA repair mutant mice, caloric restriction reduced ROS and other
reactive compounds, resulting in lower levels of DNA damage [99].

According bea study by the Robert Koch Institute, around every third person in Ger-
many and, therefore, around 20-30 million German citizens are afflicted with high blood
pressure [100]. Worldwide, about a fourth of the world's population is affected. The preva-
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lence of high blood pressure increases with age, with almost two-thieds of people aged 65
and over having a diagnosis of high blood pressure [100]. Globally, hypertension is respon-
sible for tem million deaths each year and is a critical risk factor for cardiovascular disease.

Multiple key mechanisms including inflammation, oxidative stress, as well as en-
dothelial dysfunction lead to accelerated aging and hypertension. They can occur either

independently or together | 101-103]. Hypertension is an age-associated disease, as illus-
trated in Figure 3,

rgantwean 1|

Figure 3. The role of the RAAS in the aging process. Cellular aping and stimulation of RAAS
are closely intertwined. Sustained stimulation of angiotensin [ {ANG 1) receptor type 1 (AGTR1)
causes intracellular NADFH oxidase to generate superoxide anions and promaote uncoupling of
endothelial MO 5}-nH'|a.'ne. wihich in turn decreases MO ava.il.ulmil.i.t}r and increases reactive OxygEn
species [ROS) production. Uncontrolled ANG l-induced ROS production ultimately results in
collular senescene, mi.buchnndriald}'sf'lmrtinn, h}l]:lertmph:.-:. inflasnmation, and fbrosis in the ki.-clrur__l.'.
Sirhain-1 {Sllﬂ'l:l,, mvalved in many aﬁ\e-uaucial:ed priceies, can counteract the uncontrolled ARG
l-induced effects, by regulating the expression of AGTR1. Resveratrol is a natural compound capable
of promoting SIKTT activity and has been shown to have beneficial effects on hypertension. Adapted
from “Activation of Protein Kinase C {(PEC, |:|:|.- EioRender com {2023}, The }iEu.'m wWas g\en:mbed
from hitps/ /app bivrendes.com/biorender-templates accessed on 7 December 2023,

The Hallmarks of Aging v the Etiology of Sodine Deficiency-Associgted Disenzes

The aging process is one of the main causes of cancer, metabolic disorders, and heart
and kidney diseases. Apged tissue is accompanied by a progressive loss of physiological
integrity, which leads to dysfunction, and is prone to death. The accumulation of reactive
oxygen and nitrogen species (ROMSkinduced cellular and organ damage is often associated
with aging. RONS are generated by various endogenous and exogenous processes, which
are normally neutralized by antioxidant defenses, e.g., lipoic and wric acid and coenzyme
2. When an imbalance occurs between the attack and defense systems, oxidative siress
ensues. Oxidative stress is part and parcel associated with various age-related diseases,
The formation of ROMNS can be attributed to endogenous as well a5 exogenous sources.

Exogenous sources of RONS include tobacco, alcohol, heavy metals, air and water
pollution, radiation, etc., which are subsequently converted into free radicals [104]. En-
doegencus sources include, for example, myeloperoxidase, NADPH oxidase, and ANG
IT [105]. NADPH is an enzyme complex consisting of several subunits that uses nicoti-
namide adenine dinucleatide phosphate to produce superoxide anions (02" ) [106]. Here,
most of the di-oxygen is dismutated into hydrogen peroxide [104]. This can form the highly
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reactive ROS hydroxyl ion (OH™) by a Fenton or Haber-Weiss reaction. In addition, nitric
oxide, which is formed from L-arginine by nitric oxide synthase {NOS), is alse one of
the endogenous sources. This can be divided into three main isoforms: epithelial NOS,
neuronal NOS, and inducible WOS. Epithelial NOS is associated with vasodilation and
vascular regulation and has a fundamental link with RAAS as well as with tubular disorder

diseases such as Gitelman syndrome and Bartter syndrome (Figure 4) [107].
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Figure 4. A propesed mechanism of how ROS, SIKT1, and RAAS impinge in Gitelman and Bartter
s:.rnd.mnw:. Rxgulaﬁn:n of the mnin—anﬁlulmhﬂ-ﬂldmbﬂmn: s:,.':lh:m TRAAS) a5 n—s‘ula.bed. h}r the
octapeptide Angiotensin Il [ANGIL). In a young individual independent in healthy or in Bartter
syndrome (B5)/Gitelman syndrome (G5) patients ANGII binds to either of the two subbypes of
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Angriotensin I receptors, AT1 {AGTR1} initiates vasoconstriction and proliferation, and AT2 {AGTRZ)
imitiates vasodilation and differentiation. In a huall:h}- bk aHud individuwal, such a xl:imul,al'r.rr}'
response of AGTRI leads ke increased arteriolar vasoconsiriction, proliferation, and reactive oxygen
species (ROS) activation which then induces DNA damage, cellular senescence, and acceleration of
the aﬁi.nﬁ process, This oo can be reversed S minimized b}' high levels of sirtuin-1 (SIKT). It =
assumed that G5 and BS patients have comparable levels of SIRT1 as seen in young individuals, The
Higure was created with BioKendercom.

The cortical segments of the nephron have a high density of mitochondria [108,109].
Mitochendria not only play an essential role in the metabolism of the kidney but also signal
transmission, and they facilitate stress reactions of kidney cells. Mitochondrial defects
such as mutations in nuclear or miDNA are common causes of mitochondrial dysfunction
leading ultimately to the development of multiple kidney diseases [110-11Z]. In detail,
permanent mitochondrial dysfunction can lead o inflammation, oxidative stress, loss in
cellular functions and structure of renal cells, as well as reduced adenosine triphosphate
{ATF) production [108,113,114]. These consequences are also linked to the aging process.

BMutations within mitDNA can result in Gitelman and Bartter syndrormes [42,115,116].
Active mitochondria increase ROS levels, thus activating the FAAS. This is associated with
increased NCC activity and, thus, with the regulation of DCT-specific NaCl reabsorption [117].

In a healthy person, kidney function often declines, leading to an accumulation
of metabolic waste products and excessive electrolytes. Low potassium concentration
associated with excessive salt concentration appears to be a highly prevalent cause of
hypertension. High sodium intake induces intra-renal and vascular REAAS activation,
which ultimately produces pro-inflammatory and pro-fibrotic conclusions [118-120].

G5 and BS patients have salt wasting and are protected from the well-docurnented
increase in sodium reabsorption and retention promoted by ANG IL

(5 patients have reduced serum phosphate [121], Ca®™ reduction [122], and PEC
activation, in contrast to a healthy individual [122-124]. PKC is a negative regulator of
endothelial nitric oxide synthase (eNOS) and has a positive effect on vasodilation in G5 and
BS patients, as evidenced by increased urinary eMO5 expression. Thus, it can be concluded
that increased eNOS and NO-mediated vasodilation in G5/ BS patients is crucial for the
respanse of endathelial cells to increased flow in the brachial artery [11,125,126].

AMG I induces a reduction in the number of endothelial progenitor cells {EFCs),
which are crucial for regulating heart diseases such as hypertension [126]. ANG II binding
to AGTE] leads to induced senescence of EPCs in mice and the development of oxidative
stress [12).

In G5/ BS patients, senescence, as well as the production of oxidative stress, remains
under control at non-deleterious levels. It appears that in 585 patients, there is dras-
tically reduced hypertension, cardiac remodeling, and the reduction in oxidative stress
and its associated proteins despite constitutive RAAS stimulation secondary to salt wast-
ing [12,125]. Mammalian aging is characterized by somatic mutations and other forms of
DM A damage such as chromosomal abnormalities [127]. When these changes accur, the cell
cycle is arrested in the 1 phase, which is triggeved by TP53, TP22, as well as TP16 [81,12E].

Four distinct processes can be initiated depending on the cell type, transient cell cycle
arrest associated with DMNA repair, apoptosis, senescence, or cell differentiation [1259]. A
connection between TF33 and Gitelman syndrome is currently not established. According
to the literature, p22 /FRG1 is a novel target gene of p53 target [ 1 30). Calé et al. reported that
G5/ BS patients have less oxidative stress and low levels of p22 expression [131]. In relation
to p53, this may imply that G5/B5 patients have lower p33 activity and, consequently, the
activation of p22 is lower [86,127,129].

SIRT1 expression in (35, BS patients tends to be higher than in healthy age-matched
individuals; therefore, it can be assumed that there will be a trend towards healthy aging
{Figure 4) [L0].

Regulation of the renin-angiotensin-aldosterone system (RAAS] is regulated by the
octapeptide ANG IL In a healthy young individual or in BS/G5 syndrome patients, ANG
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Il binds to either of the two subtypes of angiotensin II receptors, AGTR] initiates vaso-
constriction and proliferation, and AGTR2 initiates vasodilation and differentiation. In
a healthy but aged individual, such a stimulatory response of AGTR] leads to increased
arterinlar vasoconstriction, proliferation, and ROS activation, which then induces DNA
damage, cellular senescence, and acceleration of the aging process. This process can be
reversed,/minimized by high levels of SIRTL. It is assumed that (G5 and BS patients have
comparable levels of SIRT] to those seen in young individuals. The figure was created with
BioRender.com.

5. Conclusions

Salt intake iz a determinant of high blood pressure and as such has an important
role in the sensitivity of hypertensive responses. Salt-sensitive individuals show stromg
hypertension responses compared bo BS/G5 patients [132,133).

Several diseases are assoclated with magnesium deficiency, such as Gitelman and
Bartter syndromes. The binding of angiotensin I to AGTR] leads to ROS production and
subsequently to cellular senescence associated with mitochondrial dysfunction, hypertro-
phy. inflammation, and renal fibrosis [78,79,134]. However, none of these hvpertensive
consequences have been observed to date in G5/ BS patients despite their high-salt medica-
tiom [135,136]. G5 and BS patients show downregulation of inflammation-related processes
and have reduced oxidative stress and ROS production. Explanations for this may include
the reduced release of messenger substances by AGTR [137], reduced Ca® release and
PE.C activation [137], or higher SIRT1 expression [10]. SIRT] expression in GS/BS patients
temds bo be higher than in healthy age-matched individuals; therefore, it can be assumed
that there will be a trend towards healthy aging. As these reports are sparse, more studies
are needed to confirm these ohservations.

Amother link can be made to immune deficiency in patients with salt-wasting tubu-
lopathies, including GS [138]. Here, the effects of salt wasting may provide a further link
between (5/85 and protection against some effects of aging by analysis of the signaling
pathways and excreted proteins. The addition of salt as a therapeutic intervention, which
is already wsed as therapy today, could play a crucial role in this process.

These findings should not only apply to G5/BS but could also provide general links
to salt-wasting tubulopathies.

6. The Future Direction of Research

We previously demonstrated that urine can serve as a non-invasive source of bipo-
tential SIX2-positive renal progenitor cells [139], which can be differentiated into renal
tubular cells and podocytes [62,63,139]. These cells can be emploved for studying kidney-
associated aging processes [81] and ANG I-mediated RAAS activation [62,63], and can
be reprogrammed into induced pluripotent stem cells to enable studying the effects of a
mutation on other cell types [ 140].

We are currently isolating SIX2-positive urine-derived progenitor cells from G5 and
BS patients with the aim of differentiating these into either tubular cells or podocyles,
which will be ideal for studving the effect of angiotensin Il and the RAAS pathway in
these patients.

More recently, iF5Cs have been generated from G5 patients harboring the common
Aslan mutations [141,142], G5 and BS patient-derived iF'5C will enable far-reaching investi-
gations using revolutionized gene editing methods such as Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) to correct the mutation{s) in the G5/ BS patient-derived
iP5C lines to provide isogenic disease and healthy lines, which can be differentiated either
to tubular cells or podocytes to study disease mechanisms and also toxicology and drug
screening,. There are G5 and BS knockout mice, which can be used to investigate the link
between hypertension, oxidative stress, and aging. With these hurman cellular and mouse
maodels, the path is now paved for increased efforts in uncovering the underlying etiol-
ogy leading to Gitelman and Bartter syndromes. These cellular models will enable drug
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screening fdevelopment and toxicology studies, thus leading to better and more targeted
treatment options in the near future.
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3.8 Generation of a Bartter syndrome type 3 patient-derived induced
pluripotent stem cell line ISRM-BS3-UM18-iPSC (HHUUKDI014-A)

Chantelle Thimm, Chutong Zhong, Wasco Wruck, Martina Bohndorf, Nina Graffmann,
Alessandra Grillo, Anson Tang, Viola D'Ambrosio, Rhys D Evans, Elizabeth R Wan, Keith
Siew, Stephan B. Walsh and James Adjaye

Stem Cell Research 2025, Volume 87, 103760, Article ID: 40609324

Abstract:

SIX2-positive urine-derived renal progenitor cells (UdJRPCs) were isolated from an 18-year-old
Bartter syndrome type 3 (BS3) patient within a homozygous CLCNKB gene deletion. Two
episomal-based plasmids expressing OCT4, SOX2, NANOG, KLF4, c-MYC and LIN28 we
were able to generate an integration-free induced pluripotent stem cell line (iPSC).
Pluripotency was confirmed by fluorescence-activated cell sorting analysis and
immunocytochemistry for the markers-OCT4, SOX2, NANOG, TRA-1-60, TRA-1-81 and
SSEA4. Embryoid body-based differentiation into the three germ layers was conducted and
confirmed by immunocytochemistry. Pluritest analysis revealed a Pearson correlation of 0,93.

Short tandem repeat DNA fingerprinting and karyotype analyses were performed.

Author contribution of C.T. included 80%:

Patient recruitment in the clinic was caried out by A.T., V.A., EW., K.S., R.E.. Isolation of the
UdRPCs from urine was carried out by C.Z. and A.G..

| was responsible for establishing and maintaining the cell culture systems, which included the
cultivation of UJRPCs and iPSCs. For the characterization of the generated cell line, | isolated
RNA and DNA. | conducted FACS analyses, immunofluorescence staining to evaluate
phenotypic markers, and STR profiling to verify genomic identity. | examined the integration of

exogenous genetic elements via exogenous PCR, and mycoplasma testing | carried out to
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ensure culture purity. | additionally performed embryoid body (EB) formation to assess the
pluripotency state of the cells under non-adherent conditions. Following EB generation and
culture, | conducted immunofluorescence staining to evaluate lineage-specific marker
expression. For all datasets generated in the course of the study, | carried out the respective
statistical analyses and prepared the quantitative evaluation of the results.

Isolated RNA for NGS, which was analyzed by W.W.

I contributed to the conceptualization, designed and executed the experiments and interpreted
the results. | wrote the original draft, which | edited and revised with J.A. Furthermore, |

designed all figures.

Status: Published in Stem Cell Research

DOI: 10.1016/j.scr.2025.103760

This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited. Published by Elsevier

B.V. All rights reserved.
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{contiizanl ) displays the resulis of the charscterization asd validation.

[ ——Ty T — n
bt pecreyonoel-nes 2. Resource details
HHLU LN A4
medal bewity of che Heimics-laas In 1962, Bartter et al identified o new syndrome and named it
wisirleg Dilisbiad . Bartter syndrome (B5). BS is one of the rare hereditary renal fubular
Al putasita i disorders cansed by impaired salt reabsorption I the thick ascending

1. Resoures whility

The iddeeys of Bartter syndrome (BS) patients excrete exoessive
elecirolytes nuch s potsssiom, sodiom and chloride due to & congenital
defiect in the tubules. BS is o rare polygenic disesse consed by homo-
Zypous or mized heterorygous mutations in one of the genes: SLC12A1,
ECMI], CLCNKE, BSND or CASR (Fulchiero amd Seo-Mayesr, 201%
Thimm and Adjmye, 2024) This IPSC Hne con be nsed for smdying the
ethalogy of Bartter syndrome ot the cellular and molecolar kewvel. Table 1

Table 1
i rivation s validat
(=t Tamt Hmuit Dmin
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T A S
of =
pasise ol
mntypa Karyotype (G- BSRUMIBNS,  pawmll
bmching) mnd AKX Rezchurior
remlution AR 500
Idntity lise PCR P HA
{mmPCIL) R
PO of nine ko, file 2
wmairhed
Mutation PEH with Sanger CLCNKH menition: iy 1 panad
r—— [ —
APPLICABLE) pesition: PS04
1700 s
Scmshern Bt O ot performmed HA
Wi
and wirciogy i KRR Pg
Differentistion Embryoid body Exprexion of Fiy. 1 ponad F
poiemiial forreasion o by
s proms
Moo -
a-moach e
acin (-S4,
BEACHTIRT
Eciederm: - PANES,
S TUSLILIN
Endederm -
SONTT, AFF
Donor sowening. HIV 1+ THopatisal, Mot performed HA
FOPTIONALY Hepatisia €
Gamotypa Blood groeg Fox preformad MiA
mdditional mde  pemotyping
FOPTIONALY HLA Hume Byping Fox peformad M/A

limb (TAL) of the boop of Henle. It s assoclated with several electrolyte
abeormalities including low potassiom and chloride, salt wasting, by-
pokalemia, and metsbolic alknlosls with hypemldosterondsm with
normal biood pressure and kyperplasis of the juxtsglomernlar sppartus
(MGA) [Bartier ot al, 1982; Lee of al., 200 % da Silve and Fiefermann,
2014; Bokhar et al, 2029). BS is a polygenic disease comsed by homo-
Typous or mived heterorygous mustations in one of the following genes:
SLC12A1, KCHEL, CLENKR, BSND, or CASR {Folchiero and Seo-Mayer,
201%, Thimm and Adjaye, 2024). We genermted am iFSC line from a
male Banter syndrome type 3 patient ([SAM-BS3-UM18-IFSC). 5D(2-
positive urine-derived resal progeniior cells (UdRPCs) were first iso-
lated from the patient and used to genemate the described IFSC Hoe
Reprogramming was carmied oot by muclecfection of the episomal plas-
mids pEPSEO2SCHIMENZL wnd pEPABOCSHTIN (7F1) expressing
OCT4, S0X2, NANOG, LN, cMYC and KELF-4 (Supplemestary
Fig. 1AL The T- 13P3 (ATCC) progmm and epithelinl cells socleo-
fection kit were wsed The resulting IPSC Hne has the typical IPSC
maorphology(Fig. 1AL The renal progenttor origin of UdRPC-ES3-1M18
SDC2 (Fig. 1EL The |b|m.u-nl'cnngmmnﬂﬂl’lu:hmml‘l3 1c
Plurig was £ i cytoch y for the
mmm&dﬁumﬁﬂmm S0XZ and
ool surface markers SSEA-4, TRA-1-60 and THA-1-81 (Fig. 10). Flow
cytometry-based detection and quantification of OCTd and SSEA4
expressing cells was confirmed (Fig. 1E). Florig ws alsosh in
witre by embryold body (EB)-based differentiation into the cell types of
the three germ loyers: endoderm (S017, AFF), ectoderm (FAXS, piL-
TUBULINY and mesoderm {r-SMA —smooth muscle sctin, ERACHYURY)
[(Fig. 1F]L The deletion was confirmed by RT-FCR (Fig. 16). Companative
tramscripome and chester anatysis of the: 15RM-BS3-10M1 BPSC and the
humae embryonic stem cell Hne HS revealsd & Pearson eomelation of
0,93, (Fig. 1HL Ch 1| lysis coumting 24 mitoses
revealed o normal karyotype [ERM-BE3-UMIS-IPSC - 46, XY [22]
(Fig. 11). DA fingerprinting confirmed the identity of 1SAM-BE3-1IM18-
md&ﬂmwﬁummw&ﬂ A PR

i fon. test was megative: (Supplemestary

Flg_llﬂ
3. Materinks and methods
A.1. Call oo

UdAPCs (BS3-UM1E) were isclated from urine samples amd
expanded as previomsly deseribed (Bobndorf et al., 2017; Rahman e ol
2020, Cells were cultored on plastic plates in proliferation mediom
[P} composed of 50 % DMEM high Ghacose (Gibook, life technologies,
California) and 50 % Kematinocyte growth basal medium (Lonza, Basel,
Switzerland) sapplementsd with & ng/ml bFGE. The DMEM high
Glocose medium s supplemented with 10 % fetal boviee serom
[Gibeod,), 0.1 % Nos-Essential Aming Acid (Giboo®,), 0.5 % Glutamax
(Gibeo®,) and 1 % Penicillin and Streptomrpein (Gibeod, Cells werne
cultured at 37 *C, 5% COy and 5 % 0. 15AM-B53-1M1 8 was cultured in
StemMACS iP5-EBrew XF Medium (Miltenyi Bioter, Bergisch Gladbach,
Germany) with 1 % Pesstrep on Matrigel at 37 *C and 5 % OOz Cells
were split at @ 1:5 ratio into mew mrtrige] coated plates. The charac.
terization of the cells wis carried out ot passage 149
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3.2 Dertvaiion of iPSCs A Immmofluorescmee
Sl-positive BS3-UMI1E UdRFC were S Cells were fived with 4 % paraformaldehyde for 15 min at room
(Bohmdorf &t al, 2007; Yu ot al, 2017; Neobe o al., 2023) nong the temperwtare (RT)L Cells were washed thres times with PRS. Afterwards

Ammma muclecfector (Losgn, Hasel, Switzerland) program T-13PC3
[ATCC). The epithelial cells nudieofection kit from LONZA was used for
noceoferting approximately 3 pg each of the two plosmids
PEPAEOESCKIMEN 2L and pEP4EOSETIK (Supplemestary Fig. 1AL In
eddition, 0.5 pm AB3O00, 05 pM PDOG2E590], 10 pM Y-27632, and 3
pb CHIR9902] were supplemented to inhibit TGEE-, MEK-, and Rock-
signalling and sctivate WNT-signalling pathway. Cells were coltured
for 24 b in Proliferation medium supplemented with 10 pb ¥-27632 on
Matrigel® at 37 “C and 5 %00y After 24 h the Medium was chasged to
StemMACS {PS-Brew XF Mediom (Miltenyl Bioter, Bergisch Gladbach,
G ry) with dadly medium ch ‘Well-defined IPSC coloades were

un incobation with 005 % Tween-20,/PHS for 10 min. The cells wers
treated three times with PBS and continwed blocking the cells with 3%
Mmmmmmmmm
antfbodies [ Table 2j ight at 4 *C Foll 1 by ome g Step
with Triton x-100,/FB% and two washing steps with PBS. The cells were
incubated for 2 h with AlexndEs or AlewaS5Scomjugnted secondary
mntibodies amd noclsar Hoechst at AT. Floorescence images were

caphared by & LAM700 microscope (Carl Zeis)
3.7, Flow.cy
i, y-asssciaied profens

y amad Fricrassence. b

d detection of

at & 1% mtio into new matrigel coxted plates.

34 PFCR

e sants from O '} ﬂdldm“mm
mﬂ:m the absence of mycoplasma :ﬂlﬁ.lﬂ.-dm To confirm the
wertor dilution, genomde DNA was extracted using the DMNerny Blood and
Tieswe kit (QIAGEN, Hilden, Germany). PCR was carrled out using the

GoTag DA Polymerse kit (P ga) with CT4 prim
{Table 1)L
A4 DNA fingerprint anofysis

5TR amalysis was perf ] 1=sing de DNA extracted wsing the

Diieasy Blood and Tissue kit (QIAGEN, Hilden, Germany). By wsing the
GoTag DA Polymernse kdt (Fromega), the STH anabysis was performed
by PCH using the following primers: D16S53%, D135317 and DFSE20.
RFLO served as a housekeeping gene for lizartion. The PCR pro-
gram is as followed:

Cyele 1 (x1) 94 °C for 3 min
Cyele 2 (x10% 94 °C for 30 5, 80°C for 155, TO°Cfor 455
Cyele 3 (x207 94 °C for 30 5, 50 °C for 165, TO°C for 46 s
Cyele 4 (x1) 60 =C for 30 min

Cyele 5: 4 “Cend

Primary BE3.UMI8 UdRPC cells was used for comparisos.HyO
served s & negative control. The PCR ampli weTe fvexd by gl
electrophoresis using 2.5 % agorose. Primer sequences are shown in
Tahle 1.

3.5 Embrysid bady (EE) farmaion

Embryoid bodies are three-dimensional aggregates that confirm the
pluripotent properties of IPSCs. Based om this, EEs were also produced
from the cobiured IPSCs. Pirst, the iP20s were cobtured oo Matrigel-
copted plates until they were subconflsent. Then a & mm Petrd dish
(greimer BIOSONE, Kremsmlinster, Austria) was coated with an amt-
sdberence rnsing solution (Stemeell techmologles) for 10 min at
A7 *C The subconflhsent wells were tmesferred 1:1 into a conted Petrl
dish. The Petrd dish was cultivated for 24 b in & bow oxy gen incubator. As
usumal, the cells were cultivated in StemMACS 1P5-Brew XF mediom with
10 pM Y-2Fe32 After 24 b, the cells were tmesferred to 0 mormorie
medium was changed to high-ghscose DMEM, containing 1 % NEAA, to
penerste the EHs. After 7 days, the: EHs are transferred to o 24-well place
eoated with Matrigel and cultared till coafluent.

Cells cultared in Gowell plates were washed twice with PBS. After-
wards they were replaced with 500 pl Triple-E (Gibeot, 1ife technolo-
gies, Califoenia) for 10 min at 37 “C and 5% OO0, i= the incubator. The
reaction s stopped by 1 ml StemMACS PS-Hrew XF Medium (Milte-
nyiBioter, Hergiseh Gladbach, Germamy) Cells from sach Gowell was
transferred into FACS-Tobes (Faleon, Mew York, USA) and centrifuged by
190 g, 5 min Afterwards the cells were fxed with 4 % pam-
formaldetnyde (polysciences, Minols, USA) for 15 min st BT. Followed
by thres washings steps with PES at 500 g 5 min. Elocking was carrled
outwith 1- 2 ml 3% BSA (Sigma-Aldrich, 5t Louis, USA) for 1 hoat RT.
mmmwm-mmmwam&
E Austria). Followed by a ifugation step at 300 g,
10 min, RT. Cell pedlet were resuspended with 98 pl FACS Buffer con-
sistimg of 50 ml F8S (- /), 0.5 % BSA, 2 mb EDTA, which can be stored
by 28 “C. 2 pl of antibody were added. Incobation was overnight st
4° . Cells were washed three times with PES and diluted s 100 pll FACS
Buffer, 0.2 ul of second antibosdy (Table 2) for 1 b at the shaking plate in
the dark, RT. After three washing steps the ced] pellst were ressspend in
200300 pl FACE Buffer and stored at 4 “CC

3B Karyotype anabysis

Karyotype analysis was perfi d amd evaluated at the Instingte of
Human 'E-cnﬂ:l.n:l and amhmpdugj Hednrich-Heime-University,
Dissseldorf.

3.9, NGE anatysis
For the NGS experiments, 50 ng RNA prepamations werne d

ﬂlmnﬁqmlmmmnmﬂmhﬂqhh
medizinisches Forschumgsrentrom (BMFE)- Heinrich Heine Uniwersity
Diszseldorf. The resds from the resolting fastq fAlas were alignsd against
the GRCh38 penome via the HISAT2 (wersion 2.1.0) software (5im et ol
2015) apd summarized per gene with the subread (1.6.1) featurecounts

software (Lino et al, 2014) unsing the ENSEMEL annotation file
Homeo_sapdens. (GRCHIE. 109, gif as deseribed in our previoss publicxtion
[Mariins et al., 2020) The summarized RNA-Seq counts wene cormected

for bairh effects and mormalized withis the B Bloconductor (Centleman
et ol 2004) environment using the batch affsct remowal mnd woom

jom from the package Hmma (Smyth, 2004). Dendrograms
and correlations were caloolated wsing Pearson commelation as & simd-
larity mansure.

210 Gemotyping

and next genemton sequencing of patent genomic DNA for o panel of
genes associated with inherited tubular disease (incheshve of CLCNKE).

The panel (R198) of genes assoristed with tobular disesse currenthy
tested can be found at hetps://panelapp. genomécsengland. coouk, pan
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Flow Cyimmarry Mo o SEEAS 150 Gl Signalimg SEICEIY AR 4S8
Plaripotecy Morke Rkt crus-0ETH Ra0g Gl Signafimy Tacknologio: #2505 AR 6T
Plarpotecy Morke Rkt o SOXT R0g ‘Gl Signalimy. Tacknologie: #3570 AR NRETET
Plarpotecy Morker ki cras- AN FEn Gl Sigrainy Tacknolopia SFE05 A GRS
Plargpotecy Morker Moae o Tro-1-60 P Gl Signaling Tacknolopia #475465 Al 21 TR
Mlargpotecy Morker Moae o Tro-1-81 P Gl Sigraling Tacknolopia #4555 Al 21 TEGD
Mermormury Mok Moumr o SEEAS FE Gl Sigrarfimy SCHTY AR 4TS
&5 Ieffererstion M Hakbie s PATE EE Gl Sigraimy SETADY AR BOAT
Moor ool Rr0on Dy @ BN 1 AR Trnson
Mo o G SON DY FET] A Sytem SAFTEN Al WSS
Bakbié o AT Thbukn ERT Sy AR ToRes 158
& AT AN
Kabbit ous- AR P Cll Signalimy Tacknology Al T4
# 21375
kb by PR Aboam A TRORE
b AL
Sorondery anthodio Flow Sy ant-rabier. Al 150 Tharmo Mzher Soigfic Al 28 G0E
& AT
sascomcery asady ns rabbar. Ao P00 Therma Haher Scmrgic A 350
A0
Secondary ontody o Abomiss 500 Tharmo Moher Somgic AR 141780
FATIE
Wucker Howciur P00 Tharo M Scimgfic Al HATITE
Lo Sivining & My
Primars
Targsi Sten of band Forvward/ Heverss primer (5T )
Epuond plomid {eopmos) BETY a5l ACTEASADCAASETILAA ACEALCTOCTTOE T O
Howe-Komng Caa o E=1 TOGACAA TOCCA DA TETALY ATECOTCTOCACAS S A AT
Mycoplomme: [TW Raspmi SAT744 peophmT- e 164 N4 g Tolp Hepative mmples show 3 T by band oaly
Ere Prsstive coes Bave two bands 270 by & 357 bp
5 ﬂ*: Disssap PEGGOTLTAAGAGCTIUTAALAA G
GTT T ABCATOTATE
maExrr AL GAAGTTUTTAGGA TUTUHEA G0,
CPACAGUUTAAAAN GACALA
orsen ATUTTGAOTCAGGCTRACTA TG
GATTOCACATTTATCCTUATTGAL
wHA CTACTTUA THA TAA CAATAATCACTATITG
CPGA A T TAAA ToA LA TA DR TOAGA, T
Thn ATTEAAATHRCTIA T TOARC T oA
OTOGGETOAAA N PCTIOODGA TTAT
Amdspmin ACCTEA TOCTOGOCACCCTOGTT
AGGCTTUA CODTALDCATCAL
fi- sl CETEATTTTCCTCTITOOTATOD
AGCCACACTT TACALCA TTTOTATET
IZR AN CCTOACTCTOOCAAL POALCTA LD
TTLTA CA CA CCA CTGROCA TET T
TPOX ALTUHACA CA GAA LA GOCACTTAGG
Gmagping CLENKR 4 £ A TAA GOCGOOGT TOOGC
Pomrion: 15407 -1 GO0 CTTIAGTUMA GOA CTTAGGGTUC
CLENKA 5 ﬂ?* ARATAGTTICAGTLTTCAT
Poztion: 1 G04F 16537 TATGOEGCTATTUTGACTA
CLONKE & 52l TATIACA TASCOOCATAS
Postion: [E8YF- 1000 e AFGALTCACCATAAGA LT

el 22y (Huresux of al., 201% Ashion =t al, 2015)L In eddition the
delation withis the CLONKE gene of the BS3-UM18 UdRPC and the
derived P50 was confirmed by PCR and Sanger sequenced at the core
facility: Hiomedirinisches Forschungsrentrom (BEMFE)-Heinrich Heine
University Diisseldorf

A.71. Patient recrsmmemnt

Putients were recuoited fom the Undwersity College Lomdon
Department of Resal Medicine specialist clinics for renal tubular dis-
orders based st the Royal Free Hospitsl and Grest Ormosd Strest Hos-
pitnl. Patiemts are referred to this clinde with confirmed or possible

inherited disorders of tubular function. From our eohort, patients with

genotyped Hartter's Symdrome Type 3 [OMIM: 8072304 | GEME
CLCNEE] were selected for solation of urine-derived cells.

332 Edees

The study was approved under the sthical approval “Identification of
genes invobed in resal, electrolyte, and urinary trect disorders™ (REC
approval “hkolation, chamcterization and reprogramming of wrine-
derived stem cells” (Stody mumber: 2017-2457 3. The athic approval
was provided by the ethical committes of the medical faculty of the
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3.9 Evidence for conserved gene expression and biological processes

operative in human podocytes and adult brain.

Wasco Wruck*, Chantelle Thimm* and James Adjaye
BioRxiv, 2025

Abstract

Background

Podocytes are essential for the proper functioning of the glomerular filtration barrier and are
characterized by their intricate structure which includes well-organized primary and secondary
footprocesses. The brain expresses podocyte-associated proteins such as Nephrin, and
Synaptopodin which are well documented. Processing of information and inter-cellular
communication between podocytes and neurons employ similar molecular mechanisms which

include actin-based projections, adhesion molecules, and signaling pathways.

Methods

In this study, we analysed brain-associated biological processes, transcription factors and
pathwayssignificantly regulated in UdPodocytes, i.e. podocytes differentiated from SIX2-
positive UdRPCs(urine-derived renal progenitor cells). We compared gene expression in
iPSC-derived brain and kidney organoids with UdPodocytes and mapped the overlapping 344
genes to brain regions via the GTEX (Genotype-Tissue Expression) database and investigated

their regulation induced by the mediator of the renin-angiotensin system- angiotensin Il (ANG

).

Results

The protein interaction network of UdPodocytes genes associated with brain in GTEX contains
modules for pre-synapse, post-synapse, endocrine processes and neural crest differentiation.
We also found that the genes overlapping between brain and podocytes are also expressed
in iPSC-derived kidney and brain organoids and could map the involved genes to all regions
of the brain with the frontal cortex as the most enriched. The genes SUZ12, NFKB1 and PAX2
were the most significantly over-represented transcription factors. We independently
confirmed the conserved expression of PAX6, KCNQ3, TUJ1,MAP2, TAU and ACTN4 in
Udpodocytes as shown by Western blotting, Immunofluorescence and RT-PCR. We further

investigated if the conserved genes are also regulated by ANGII. This unveiled genes down-
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regulated upon ANGII-stimulation of Udpodocytes to be associated with axon guidance,

Calcium , Hippo and cGMP-PKG signaling as over-represented pathways.

Conclusion

In conclusion, we have identified 344 genes with overlapping expression in brain and
podocytes. These are mainly associated with synaptic signaling and cell projections. This
implies that human urine-derived SIX2-renal progenitor cells differentiated into podocytes can
serve as a platform for dissecting and understanding the relevance of conserved biological
processes in podocytes, which are currently annotated as neuron projection, axons,

neurogenesis and synaptic signaling.

Author contribution of C.T. included 50%:

| was responsible for establishing and maintaining the cell culture systems, which included the
cultivation of UdRPCs and their differentiation into podocytes. In addition, | performed
immunofluorescence staining, isolated RNA for both semi-quantitative PCR and NGS. |
prepared protein lysates and performed western blot analysis. | collected all samples
designated for NGS, after which W.W. processed and analyzed the raw sequencing data. |
subsequently performed further analyses, including functional enrichment analysis using
Metascape. For all datasets | generated in the course of the study, | carried out the respective
statistical analyses and prepared the quantitative evaluation of the results. Furthermore, |
designed figures. | contributed to the conceptualization, designed and executed the
experiments and interpreted the results in relation to our research hypothesis. | wrote the
original draft with W.W. | responded to the Reviewer comments and edited together with W.W.

and J.A. the manuscript text and figures.

Status: Pre-print available in the open access pre-print BioRxiv
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Evidence for conserved gene expression and biological processes operative in human podocytes
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'Institute for Stem Cell Research and Regenerative Medicine, Medical Faculty, Heinrich Heine
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Abstract

Background

Podocytes are essential for the proper functioning of the glomerular filtration barrier and are
characterized by their intricate structure which includes well-organized primary and secondary foot
processes. The brain expresses podocyte-associated proteins such as Nephrin, and Synaptopodin which
are well documented. Processing of information and inter-cellular communication between podocytes
and neurons employ similar molecular mechanisms which include actin-based projections, adhesion
molecules, and signaling pathways.

Methods

In this study, we analysed brain-associated biological processes, transcription factors and pathways
significantly regulated in UdPodocytes, i.e. podocytes differentiated from SIX2-positive UdRPCs
(urine-derived renal progenitor cells). We compared gene expression in iPSC-derived brain and kidney

organoids with UdPodocytes and mapped the overlapping 344 genes to brain regions via the GTEX
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(Genotype-Tissue Expression) database and investigated their regulation induced by the mediator of
the renin-angiotensin system- angiotensin II (ANG II)

Results

The protein interaction network of UdPodocytes genes associated with brain in GTEX contains
modules for pre-synapse, post-synapse, endocrine processes and neural crest differentiation. We also
found that the genes overlapping between brain and podocytes are also expressed in iPSC-derived
kidney and brain organoids and could map the involved genes to all regions of the brain with the frontal
cortex as the most enriched. The genes SUZJ2, NFKBI and PAX2 were the most significantly over-
represented transcription factors. We independently confirmed the conserved expression of PAX6,
KCNQ3, TUJ1,MAP2, TAU and ACTN4 in Udpodocytes as shown by Western blotting,
Immunofluorescence and RT-PCR. We further investigated if the conserved genes are also regulated by
ANGIL This unveiled genes down-regulated upon ANGII-stimulation of Udpodocytes to be associated
with axon guidance, Calcium , Hippo and cGMP-PKG signaling as over-represented pathways.
Conclusion

In conclusion, we have identified 344 genes with overlapping expression in brain and podocytes. These
are mainly associated with synaptic signaling and cell projections. This implies that human urine-
derived SIX2-renal progenitor cells differentiated into podocytes can serve as a platform for dissecting
and understanding the relevance of conserved biological processes in podocytes which are currently

annotated as neuron projection, axons, neurogenesis and synaptic signaling.

Introduction

The central nervous system (CNS) and the kidneys are very closely connected, for example, the CNS

provides afferent impulses that regulate and influence renal blood flow, the glomerular filtration rate

(GFR) and the sedium balance [1] and Cao et al. report a kidney-brain neural circuit driving kidney
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damage and heart failure [2]. With respect to early development, podocytes and neurons are derived
from distinct lineages, neurons arise from the ectodermal germ layer and podocytes from metanephric
mesenchyme [3] developing from the intermediate part of the mesoderm germ layer [4] .

The similarity between podocytes and neurons is largely determined by common features of primary
processes operative in both cell types as well as the need to exchange signals across membranes in
synaptic or synaptic-like constellations [5]. Processing of formation in podocytes and neurons use the
same molecular machinery which include actin-based projections such as podocyte foot processes and
dendritic spines [6]. These are organized in microtubules (MT) and intermediate filaments for thick
processes and actin filaments for thin projections [6]. Further similarity resides in the cell-cell contacts
in synapses and the slit diaphragm where adhesion molecules in neurons and pedocytes belong to the
same families such as Cadherins/Protocadherins, Ig-like proteins, Neurexin and Podocalyxin [7].
Synaptopodin (SYNPO) is an Actin-associated protein that regulates the cytoskeleton in podocytes. It is
not only expressed in mature podocytes but also in parts of the cytoskeleton of postsynaptic densities
(PSD) and their dendritic spines. Studies have shown that the expression of SYNPO is restricted to a
sub-population of cells within the telencephalic synapse [8], [9].

Furthermore, communication between podocytes and other glomerular cells is mediated via signaling
mechanisms involving neurotransmitters which are also found in synapses [7] such as the glutamate
receptors NMDAR and GRM 1. Within podocytes, Nephrin connects these glutamate receptors through

scaffolding molecules, such as PSD95, to the actin cytoskeleton of the foot processes [7].

Numerous kidney-associated diseases can result in neuronal damage. A decrease in the glomerular
filtration rate (GFR) due to age or disease leads to higher concentration of the filtered waste products in
the blood and can cause uremia. This accumulation of uremic substances in the blood can exert toxic

effects on neurons such as in uremic encephalopathy, uremic neuropathy and uremic myopathy [10].
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Besides the uremic toxins, oxidative stress, inflammation, and impaired blood circulation and blood
brain barrier are factors mediating neurological disorders in kidney diseases, particularly in chronic
kidney disease (CKD). On the other hand, leakage in the glomerular filtration barrier which leads to
low concentrations of molecules such as Albumin in the blood and high concentrations in the urine are
another source of kidney damage such as in diabetic nephropathy.

The similarity between podocytes and neurons manifests directly in diseases associated with calcium
signaling. Deregulated or non-functional proteins from the TRPC family are associated with focal
segmental glomerulosclerosis (FSGS- TRPC6) and TRCP5 induces pathologically motile podocytes
while in brain the loss of TRCPS5 can result in deficits in gait and motor coordination [7]. Another
disease affecting neurons and podocytes, Charcot-Marie-Tooth neuropathy, often co-occurring with
FSGS, is associated with mutations in /NF2 which is involved in regulation of the actin and
microtubule cytoskeleton [11]. Interestingly, apart from podocytes, brain dysfunction in tubular and
tubulointerstitial diseases is more often seen in disorders of water handling such as Bartter and
Gitelman syndromes [12].

In this study, we further investigated similarities between a set of genes expressed in brain and
podocytes with respect to neuronal-associated gene ontologies operative in urine-derived podocytes
[13]. We also confirmed expression in iPSC-derived brain and kidney organoid cultures and revealed
their responsiveness to ANGII-stimulation. Signalling pathways and genes regulatory networks suggest

common functionality in brain and podoytes.

Methods

Cell culture conditions

Urine-derived renal progenitor cells (UdRPCs) from distinct individual males with ages 48 and 51 years
(UM48, UM51) and 21 and 27year old females (UF21, UF27), were isolated following the protocol

detailed by Rahman et al. [14]. These cell cultures were maintained on 6- or 12-well plates uncoated at
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37 °C in a hypoxic environment. Cells were grown in Proliferation Medium (PM), consisting of a 1:1
mixture of DMEM high-glucose (Gibco) and keratinocyte growth basal medium (Lonza, Basel,
Switzerland), supplemented with 5% fetal bovine serum (Gibco), 0.5% non-essential amino acids
(Gibeo), 0.25% Glutamax (Gibco), and 0.5% penicillin-streptomycin (Gibco).

For differentiation into podocytes, cells were seeded at a low density (50,000 cells per 6-well plate) ona
Comning® Collagen | (Merck, Darmstadt, Deutschland) coated six or 12-Well plate and cultured for 24
hours in PM. The following day, the medium was replaced with Advanced RPMI 1640 (Gibco)
supplemented with 0.5% fetal bovine serum, 1% penicillin-streptomycin, and 30 pM retinoic acid
(Sigma-Aldrich Chemistry, Steinheim, Germany). After seven days, cells exhibited the characteristic
morphology of podocytes. Furthermore a human SV40-temperature sensitive immortalized podocyte cell
line (AB 8/13) [15] was used as an established reference . The cells were first cultured at 33 °C in RPMI
1640 (Gibco). To induce podocyte differentiation and maturation the, cells were seeded on Corning®
Collagen I (Merck, Darmstadt, Deutschland) coated dishes and cultured at 37 °C in Advanced RPMI
1640 (Gibco) supplemented with 0.5% fetal bovine serum, 1% penicillin-streptomycin, and 30 pM

retinoic acid (Sigma-Aldrich Chemistry, Steinheim, Germany).

Immunofluorescence-based detection of protein expression

Cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature (RT) and subsequently
washed three times with PBS. Afterwards the cells were blocked using 3% BSA in PBS. Primary
antibodies (detailed in Table §5) were applied, and the cells were incubated overnight at 4 °C. The next
day, the cells underwent a single washing step with Triton X-100 in PBS, followed by two washes with
PBS. Secondary antibodies (detailed in Table S5) together with Hoechst as a nuclear stain, were applied

for 2 hours at RT. Fluorescence imaging was performed using an LSM700 microscope (Carl Zeiss).
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Western Blotting

Podocytes were lysed using RIPA buffer (Sigma-Aldrich Chemistry) supplemented with 5 M NaCl, 1%
NP-40, 0.5% DOC, 0.1% SDS, 1 mM EDTA, and 50 mM Tris (pH 8.0), along with freshly added
protease and phosphatase inhibitors (10 pL/mL, Sigma-Aldrich). A total of 20 pg of protein from each
lysate was resolved on a 10% SDS-PAGE gel and transferred onto an Immobilon-P membrane (Merck
Millipore, Burlington, VT, USA). Membranes were incubated overnight at 4 °C with the primary
antibody, followed by three washes with 0.1% Tween-20 in Tris-butfered saline. Secondary antibodies
were then applied for 1 hour at room temperature. Protein visualization was performed using the
Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, Massachusetts, USA), with both
solutions mixed at a 1:1 ratio. Quantification of protein bands was conducted using ImageJ software.

Further details regarding the antibodies used are available in Supplemental Table S5.

RNA isolation

For RNA isolation from the various cell lines, the ZYMO Research Kit Direct-zol™ RNA Miniprep
R20 was utilized following the manufacturer's protocol. Cells were detached by adding Tryple E and
incubated for 5 min. Afterwards, a centrifuging step was added 4 mins 1000 g. Cell pellet was
resuspend in 350 pl volume of 95-100% ethanol (EtOH) and thoroughly mixed by pipetting. The
resulting solution was transferred to a Zymo-Spin™ column and centrifuged at 12,000 g for 30 seconds
at4 °C. To degrade genomic DNA, the column was washed with RNA Wash Buffer and centrifuged
again at 12,000 g for 30 seconds at 4 °C. Subsequently, the column was treated with DNA digestion
mix (1:16 dilution of DNase I in DNA Digestion Buffer) for 15 minutes. Following digestion, the
column was rinsed twice with RNA Prewash Buffer, each followed by centrifugation at 12,000 g for 30
seconds at 4 °C. A final wash with RNA Wash Buffer was performed, including a 2-minute

centrifugation step.



3 Publications 231

bioRxiv preprint doi: hnpsﬂdoi.or%lmj 101/2025.03.17.643629, this version posted March 17, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the authorfunder. All rights reserved. No reuse allowed without permission.

After drying the column by centrifuging for 1 minute, it was transferred to a fresh RNase-free

Eppendorf tube. RNA was eluted by adding 35 pL of DNase/RNase-free water to the column and

centrifuging for 1 minute at 16,000 g. The eluted RNA samples were immediately placed on ice, and

concentrations measured with a Nanodrop device.

Semi-quantitative RT- PCR

1000 ng of RNA sample was used for reverse transcription using the TagMan Kit following the
manufacturer’s instructions. PCR was performed using the GoTaq® G2 Hot Start Polymerase Kit from
Promega. For each sample, 1 pL cDNA (5 ng/uL) was mixed with 24 pL master mix. As a negative
control, 1 uL RNAse-free water was used. As references, commercial RNA samples of Human kidney
total RNA (Takara, #636529) and fetal brain (BioChain®) were used. PCR was performed using a
thermal cycler under the following conditions, polymerase activation: 95 °C for 2 min; 35 cycles
amplification: 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s; final elongation: 72 °C for 5 min, and finally
held at 4 °C. The PCR product was resolved in a 2% agarose gel by gel electrophoresis. RPL() was used

as the housekeeping gene.The imaging device Fusion FX was used for visualization.

Acquisition of brain and podocyte transcriptome data

Microarray datasets related to experiments conducted with brain cells and podocytes were downloaded
from the public repository at the NCBI GEO (National Center for Biotechnology Information, Gene
Expression Omnibus) (Table 1). In order to minimize technical variability only datasets from the same
technical platform were employed. Kidney-related datasets are associated with two previous studies
from our lab by Erichsen et al. (GSE171240) pertaining to Angiotensin-II-treated podocytes [13] and
by Nguyen et al. (GSE186823) containing kidney organoids treated with the nephrotoxin Puromycin

Aminonucleoside (PAN) [16]. Brain-related datasets are associated with a previous study from our lab
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pertaining to brain organoids [17] and with datasets associated with genes expressed in brain regions

based on RNAseq data from the Genotype-Tissue Expression (GTEx) project [18].

Table 1: Brain and kidney transcriptome datasets from NCBI GEO and other sources used in

this study.
dataset contents brain/kidney region platform PubMedid
Affymetrix
| GSE279611 control brain organoids Human Clariom-$ 35269426
tissue gene
GTEx expression brain regions RNA-Seq 23715323
ANGI| treated Affymetrix
GSE171240 podocytes podocytes Human Clariom-$ 35406662
PAN treated kidney Affymetrix
| GSE186823 organoids kidney organoids ‘Human Clariom-$ 35203286
brain
kidney

Identification of brain-related biological processes in urine-devived podocytes

This study was initiated by the unexpected observation of a plethora of over-represented brain-
associated GOs in transcriptomes of urine derived SIX2-positive renal progenitor cells -UdRPCs
differentiated into podocytes and stimulated with ANGII [13] . In the gene expression data from our
previous study by Rahman et al. [19] genes expressed in UdRPCs and UdPodocytes [13] were
compared in a Venn diagram using the VennDiagram package [20] from the R/Bioconductor
environment [21]. Gene expression was determined by a detection-p-value < 0.05 as described in our
previous publication [22]. Genes exclusively expressed in the UdPodocytes but not in the UdRPCs
were subjected to over-representation analysis via the GOstats package [23].

Association of genes with whole brain and brain regions

Genes associated with tissues were downloaded from the GTEX portal (version

GTEx_Analysis_v6_RNA-seq RNA-SeQCv1.1.8_gene_median_rpkm.gct) [18] as median RPKM data
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from RN Aseq experiments. From these genes with a median RPKM value five times greater than the

mean of all tissues were considered specific for that tissue. Particularly for this study genes associated

with brain regions were extracted from the dataset.

Comparison of brain-related genes in urine-derived podecytes to kidney and brain organoids
Genes expressed in kidney as well as brain organoids were extracted from our previous studies based
on iPSC-derived kidney [16] and brain organoids [17]. The gene-set expressed in common was
compared to the genes we found above exclusively expressed in UdPodocytes in a Venn diagram via
the R package VennDiagram [20]. The intersection set from the venn diagram was further refined in a
pie-chart for brain regions associated with the contained genes in the GTEX dataset. The pie-chart of
brain regions was drawn with the function “pie3D" from the R package “plotrix”. Analysis of
transcription factors over-represented in the promoter regions of the intersection gene set was
preformed via the EnrichR web tool [24]. Association of genes to GO terms were made via the package
“org.Hs.eg.db” from the R/Bioconductor [21]. For determining transcription factors (TFs), the GO
terms of category “Molecular Function” with the 20 most associated genes were extracted via ratios
dividing the number of associated genes by the total gene number. TFs were taken from the GO terms
nucleic acid binding, DNA binding, transcription regulator activity, sequence-specific DNA binding
and DNA-binding transcription factor activity, RNA polymerase [I-specific. The protein interaction
network was constructed using these TFs and Biogrid interactions [25] as described in our previous

publication [17].

Comparison of neuron-related genes in urine-derived podocytes to brain-associated genes
Genes associated with whole brain, i.e. all brain regions, in the GTEX dataset were compared to the

genes exclusively expressed in UdPodocytes in a Venn diagram via the R package VennDiagram [20].
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The intersection gene set from the venn diagram was submitted to the STRING-DB web tool [26] to
construct a protein interaction network which in turn was used as input for Cytoscape [27]. In
Cytoscape a clustering for subnetworks was performed via the plugin MCODE [28]. The sub-networks
were highlighted in the whole network and analyzed for enrichment via cytoscape-builtin functions.
Most significant terms from the enrichment analysis were plotted as barcharts of negative logl0 p-
values indicating ratios of involved gene numbers to total gene numbers on a color scale via the R

package ggplot2 [29].

Results

Urine-derived Podocytes develop projections with synapses

Urine-derived renal progenitor cells (UdRPCs) were derived from urine and differentiated into
podocytes (UdPodocytes) according to the scheme illustrated in Figure 1a [13], [30]. Nephrin
(NPHS]1) plays a major role in podocyte development and is localised at the slit diaphragm (Figure 1b:
NPHSI - red staining, phalloidin - green staining in UdPodocytes). NPHS] is expressed in developing
brain [31] and we found it up-regulated in kidney organoids [16]. The green phalloidin staining shows
the actin filament structure of the podocytes. UdPodocytes can sporadically develop axon-like

projections with synapses connecting to other cells (Figure 1c, white arrows pointing to synapses).
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Figure 1: Podocytes develop projections with synapses.

(a) Urine-derived renal progenitor (UdRPCs) were differentiated into UdPodocytes according to this
scheme. (b) Nephrin (NPHS1) plays a major role in podocyte development and is found at the slit
diaphragm. The staining here shows NPHSI in red and phalloidin in green in UdPodocytes. (c)
Podocytes derived from UdRPCs can develop axon-like projections with synapses inter-connecting

other cells (arrows pointing at examples).

Identification of brain-associated biological processes in urine-derived podocytes

This study was initiated by the unexpected observation of a plethora of over-represented brain related
GOs in transcriptomes of UdRPCs differentiated into podocytes [13], [30]. A probable explanation for
this result is that there is obviously more transcriptome data available of the brain than in the kidney
and as such much more GO annotations exist for brain. Nevertheless, these results also demonstrate the
similarity in cell-cell communication-associated molecular mechanisms between podocytes and brain.
Figure 2 shows neuron-related GO terms extracted from a list of GOs significantly over-represented in
urine-derived podocytes (UdPodocytes, 600 genes) extracted from a Venn diagram comparison of
expressed genes between urine-derived renal progenitor cells (UdRPCs) and UdPodocytes (Figure 2a,
Figure 81). The most significant Cellular Component (CC) is excitatory synapse (Figure 2b) the most
significant Molecular Function (MF) is neurotransmitter:sodium symporter activity. The three most
significant Biological Processes in the list of GO terms are axon guidance, cell morphogenesis involved
in newron differentiation and neuron projection morphogenesis (Figure 2d). A more detailed analyses of
the genes associated with axon guidance revealed genes encoding Ephrins, Slits, and Semaphorins
(Figure 52). These ligands and receptors are responsible for the regulation of the actin cytoskeleton on
the one hand and on the other hand for attraction and repulsion. In summary, the GO terms can be

categorized into groups related to neurons including amongst others neurogenesis and neuron
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differentiation, neuron projections including neuron projection morphogenesis, axons including axon

guidance and axon development and synapses including positive regulation of synapse assembly
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Figure 2: Brain-associated biological processes are enriched in Urine-derived Podocytes
(UdPodocytes). Genes expressed exclusively in UdPodocytes in a Venn diagram comparison (a) with
urine-derived SIX2-positive renal progenitor cells (UdRPCs) were subjected to gene ontology (GO)
over-representation analysis and brain-related terms were extracted from them. From the resulting list
of GOs (b) the cellular components, (c) the molecular functions and (d) the biological processes with a

p-value less than 0.05 are plotted here with bars indicating their negative logarithmic (base 10) p-value.

Comparison of brain-associated gene expression in urine-derived podocytes and in iPSC-
differentiated brain and kidney organoids

We further compared the genes associated with neuron-related biological processes in urine-derived
podocytes detected above with transcriptome data from brain and kidney organoids. Figure 3a shows a
venn diagram comparing the genes expressed in kidney and brain organoids with the 600 genes
identified to be exclusively expressed in UdPodocytes. The resulting intersection set of 344 genes were
mapped to brain regions via associations retrieved from the GTEX database (Figure 3b) showing
distribution over multiple brain regions with most hits and most significant over-representation in the
frontal cortex (p=0.0006, hypergeometric test). GO analysis via the R package GOStats [23] was
applied to detect over-represented GO terms in the 344 genes (Figure 3c). This revealed categories such
as cellular morphogenesis, neuron differentiation, synaptic signaling and axon guidance. In a follow-
up REVIGO analysis the “Biological Process™-associated GO terms “cell projection morphogenesis”
and “regulation of postsynaptic newrotransmitter receplor activity” were central hubs (Figure S3).
Moreover, Figure 3d and Table S2g depict results of a Metascape analysis based on the 20 GO terms of
the category “Molecular Function” with most matches of the 344 genes. (approximately 70% of the 344
genes are associated with binding activity while 25% are associated with catalytic, 13% with hydrolase
and 10% with transporter activity) yielding similar results as Figure 3c. Over-representation analysis of

the 344 genes with the EnrichR tool [24] revealed SUZ12, NFKB1 and PAX2 as most significantly
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over-represented transcription factors (Table S2c-¢) and also transcription factors including PAX6,
PAX7, SOX2 and GATA4 associated with TF-associated GO Molecular Functions DNA-binding,
transcription regulator activity, etc. (Table S2f) which were partially validated via kidney expression in
the Protein Atlas [32] (Table S2h). These validated proteins could be connected in a protein interaction

network of Biogrid interactions using EGFR and XPOI as major hubs (Figure S4).

Figure 3: The overlap between urine-derived Podocytes (UdPodocytes) with brain and kidney
organoids shows over-representation of the frontal cortex brain region and biological categories
such as cellular morphogenesis, neuron differentiation, synaptic signaling and axon guidance. (a)
Genes expressed in kidney and brain organoids were compared with the 600 genes identified as

exclusively expressed in UdPodocytes resulted in an intersection of 344 genes. (b) The 344 genes map
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to multiple brain regions with most hits in frontal cortex. (c) Results of the GO analysis using the 344
genes expressed in common revealed biological terms from categories such as cellular morphogenesis,
neuron differentiation, synaptic signaling and axon guidance. (d) Mapping genes to the GO: Molecular
Function (GO-MF) top category shows that most of the 344 genes are associated with binding and
transcription factor activity and submitting the 294 genes associated with the top 20 GO-MFs to
Metascape analysis besides similar biological processes as in (c) reveals involvement of the extra-

cellular matrisome.

The protein interaction network of UdPodocytes genes associated with brain

Figure 4a shows the protein interaction network of the 130 genes from the intersection set of the venn
diagram comparison of genes exclusively expressed in UdPodocytes and genes associated with brain in
the GTEX database (Figure 4b). In a REVIGO analysis of the “Biological Process”-associated GO
terms found over-represented in the 130 gene-set, “neurogenesis” and “regulation of trans-synaptic
signaling” were central hubs (Figure S5). Furthermore, we submitted the 130 genes to the STRING
online database, added no further interacting proteins but removed unconnected proteins. The STRING
network was then loaded into Cytoscape and analysed with the MCODE plugin to identify
clusters/subnetworks. In Figure 4a the most significant five subnetworks MCODE]1-5 are highlighted.
Bar charts in Figure 4c-g show biological terms found enriched in the subnetworks MCODE1-5 with
the corresponding color. Subnetwork MCODE] (Figure 4c, red) contains the proteins NTRK2,
SNAP25, SYTI1, BDNF, NRXNI1 and NRXN3 and is most significantly enriched with the GO
presynapse. Subnetwork MCODE2 (Figure 4d, blue) contains the proteins SYNDIG1, CNIH2,
CACNGH4, SHISA7, SHISA6 and CAMKZ2B and is most significantly enriched with the GO
postsynaptic density membrane. Subnetwork MCODES3 (Figure 4e, green) contains the proteins CRH,
GAL and KISS1 and is most significantly enriched with the GO regulation of endocrine process.

Subnetwork MCODE4 (Figure 4f, violet) contains the proteins MYOQ7A, OTOG and STRC and is most
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significantly enriched with the GO Sensory processing of sound by outer hair cells of the cochlea.
Subnetwork MCODES (Figure 4g, grey) contains the proteins GBX2, PAX7 and WNT1 and is most
significantly enriched with the GO Newural crest differentiation. mRNA expression of KCNQ3, PAX6
and TUJI which are amongst the 130 selected genes were confirmed in four distinct podocyte cultures
and the immortalized podocyte cell line (Figure S6, primers used Table S6) and protein expression was
confirmed in the Human Protein Atlas (proteinatlas.org) [32] (Figure S7). The expression of RPLO was

measured as a housekeeping gene.
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Figure 4: The protein interaction network of UdPodocytes genes associated with brain in GTEX
contains modules for pre-synapse, post-synapse, endocrine processes, cochlea and neural crest
differentiation. (a) STRING protein interaction network of 130 genes resulting from the venn diagram
comparison of genes exclusively expressed in UdPodocytes and genes associated with brain in the
GTEX database (b). Analysis of the STRING network in Cytoscape and MCODE yielded several
subnetworks of which the most significant five MCODEI-5 are highlighted. Bar charts in panels (c-g)
show biological terms found enriched in the subnetworks MCODE1-5 with the corresponding color. (c)
In subnetwork MCODEI] presynapse is the most significantly enriched biological term. (d) In
subnetwork MCODE?2 postsynaptic density membrane is the most significantly enriched biological
term. (¢) In subnetwork MCODE3 regulation of endocrine process is the most significantly enriched
biological term. (d) In subnetwork MCODE4 Sensory processing of sound by outer hair cells of the
cochlea is the most significantly enriched biological term. (e) In subnetwork MCODES Neural crest

differentiation is the most significantly enriched biological term.

Expression of common brain associated proteins

In our previous manuscripts, we showed the capacity of urine-derived renal progenitors (UdRPCs) to
differentiate into podocytes [13], [30], [19],[33] . Figure 5 depicts an immunofluorescence staining
confirming the differentiation capacity of all five UIRPC preparations. Two podocyte markers were
used, the cytoskeletal protein Alpha Actinin 4 (ACTN4) and the adhesion molecule Nephrin (NPHS1)
(Figure 5 A+B). For investigation of commeon brain-associated proteins, p-Tubulin (TUBB) staining
was also performed (Figure 5C). Furthermore, the expression of the podocyte cytoskeletal protein
ACTN4 served as reference, TUBB, microtubule-associated TAU (MAPT) and Microtubule Associated

Protein 2 (MAP2) were analyzed by Western blotting (Figure 6A-C).
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Figure 5: Expression of Alpha-actinin-4 (4CTN4), Nephrin (VPHST) and B-TUBULIN (TUEBB) in

human podocytes.
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Urine-derived nephron progenitor cells (UdRPC) and the immortalized podocyte cell line (AB 8/13)
were differentiated into podocytes by culturing at 60-70% density in Advanced RPMI supplemented
with 30 puM retinoic acid (RA). The typical Podocyte cytoskeleton was visualized by
immunofluorescence-based detection of (A) Alpha-actinin-4 (ACTN4), and (B) Nephrin (NPHS1)
combined with the cytoskeleton marker Phalloidin. As a common brain-associated protein (C) p-

TUBULIN (TUBB) was stained in all five podocyte preparations.
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Figure 6: Western Blot analyses of brain-associated proteins expressed in human podocytes.
Expression of MAP2, TUBB and TAU were analyzed by Western blotting and the expression of the

podocyte markers-ACTN4 was confirmed in all cell cultures. For normalization, expression
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used. Full uncropped Western blot images
are presented in Supplementary Figure S8.

Responsiveness of genes expressed in podocytes and brain to the renin-angiotensin-system mediator-
ANG I

Figure 7a shows a cluster analysis and heatmap of the 344 genes overlapping between UdPodocytes
and kidney and brain organoids in UdPodocytes untreated (ctrl, red color bar), treated 24h with ANGII
(blue color bar) and other treatments including the Angiotensin-II-type I receptor (AT 1R) antagonist
Losartan (no color bar). Following our previous publications showing down-regulation of key
molecules of the actin cytoskeleton by ANG II [13] and beneficial effects of the ATR1 blocker -
Losartan [30] we were interested in down-regulated gene clusters upon 24h of ANGII treatment. We
then used these genes for a follow-up cluster analysis and heatmap (Figure 7b) in UdPodocytes from
two individuals untreated (ctrl, red color bar), treated 6h with ANGII (effect not yet apparent, also red
color bar) and treated 24h with ANGII (blue color bar). Furthermore, genes from the cluster down-
regulated by ANG II were subjected to GO analysis (Figure 7c, Suppl. Table S4) and revealed terms
related to projection morphogenesis, axon development and AMPA receptors among the most
significantly over-represented Biological Processes. Over-representation analysis results of KEGG
pathways (Figure 7d) included significant (p < 0.05) axon guidance, Hippo signaling, Calcium

signaling and cGMP-PKG signaling.
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Figure 7: The 344 genes overlapping between UdPodocytes and kidney and brain organoids are

responsive to ANGII stimulation. (a) cluster analysis and heatmap of the 344 genes overlapping
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between UdPodocytes and kidney and brain organoids in UdPodocytes untreated (ctrl, red color bar),
treated 24h with ANGII (blue color bar) and other treatments including the AT 1R antagonist Losartan
(no color bar). This cluster analysis dissected one cluster which was down-regulated upon 24h of
ANGII treatment and on which we focused in the follow-up analysis. (b) cluster analysis and heatmap
in UdPodocytes from two individuals using the genes from the ANGII-down-regulated cluster in
UdPodocytes untreated (ctrl, red color bar), treated 6h with ANGII (effect not yet apparent, also red
color bar) and treated 24h with ANGII (blue color bar). (¢) The 60 most significantly over-represented
gene ontologies of type Biological Process include terms related to projection morphogenesis, axon
development and AMPA receptors. (d) KEGG pathways significantly over-represented (p < 0.05)

include axon guidance, Hippo signaling, Calcium signaling and ¢cGMP-PKG signaling.

Comparison of synaptic pathways between brain and podocytes

Figure 8 is an illustration of the 344 genes expressed in common between UdPodocytes, kidney and
brain organoids which were found enriched (p=3.89 10, adjusted_p=0.037) in the KEGG pathway
hsa04721 Synaptic vesicle cycle via EnrichR enrichment analysis. The involved genes were mapped to
the pathway chart and marked with red shading. The pathway chart in Figure 8 shows that most genes
of the synaptic vesicle cycle are also expressed in podocytes therefore implying overlapping
mechanisms in neurotransmitter uptake, Calcium signalling and vesicle processing.

In Figure 9a, genes from the KEGG pathway hsa04728 Dopaminergic synapse expressed in common in
UdPodocytes, kidney and brain organoids are shown. The EnrichR enrichment analysis identified this
pathway as the most significant specific synapse-related pathway (p=0.027, adjusted_p=0.485). The
pathway map shows additionally numerous genes of post-synaptic cells are expressed in podocytes and
kidney organoids. CACNAIC (indicated in the map as Cav 2.1/2.2) involved in the calcium channels
has been reported to be a major player in polycystic kidney disease [34] . In general, ion channels

mediate the homeostasis of electrolytes and mutations in the genes coding them may lead to renal
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disease [35], [12]. Furthermore, the KEGG pathway- hsa04724 Glutamatergic synapse (p=0.047,

adjusted_p=0.485) was found over-represented (Figure 9b) and thus may imply similar mechanisms in

podocytes and diverse types of synapses.
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Figure 8: Most genes of the synaptic vesicle cycle are expressed in podocytes and in brain. The
344 genes expressed in UdPodocytes and in kidney as well as in brain organoids were subjected to
EnrichR analysis and the KEGG pathway hsa04721 Synaptic vesicle cyele was found as one of the
most enriched pathways (p=3.89 10, adjusted_p=0.037). Genes in crucial locations of the pathway are

involved as illustrated by the boxes with red shading.




253

3 Publications

opyright holder for this preprint

peer review) is the authorfunder. All rights reserved. No reuse allowed without permission.

0.1101/2025.03.17.643629, this version posted March 17, 2025. The ¢

1
(which was not ::arfrﬁndrgy

bbioRxiv preprint doi: hitps-idoi.ol

DOPAMBERDIC SYMAPSE

GLUTAMATERGIC SYNAPSE




3 Publications 254

Bl Rl ey L
Figure 9: Genes of the pre- and post-synaptic parts of the Dopaminergic and Glutamatergic
synapse are expressed in podocytes and brain. The 344 genes expressed in UdPodocytes and in
kidney as well as in brain organoids were subjected to EnrichR analysis and the KEGG pathways (a)
hsa04728 Dopaminergic synapse (p=0.027, adjusted p=0.485) and (b) hsa04724 Glutamatergic
synapse (p=0.047, adjusted_p=0.485) were found amongst the most enriched pathways. Genes in
crucial locations of the pathways, e.g. Dopamine uptake into vesicles, synaptic plasticity and calcium
signaling, are involved in the Dopaminergic synapse (a) and glutamate receptors of AMPA and kainate
types triggering neuronal excitability and synaptic plasticity in the Glutamatergic synapse (b), as

illustrated by the boxes with red shading.

Discussion

In this study we compared gene expression in podocytes and brain and unveiled considerable overlap.
Starting with genes expressed exclusively in UdPodocytes [13], [30] in comparison to SIX2-posive
UdRPCs [19] we identified a plethora of genes over-represented in brain-associated GOs such as
synapses, synaptic signaling, neuron projections/axons and myelination. Our in vitro model revealed
expression of Nephrin (NPHS1) and axon-like projections from cells with synapses connecting to other
cells upon differentiation of UdRPCs into UdPodocytes (Figure 1). The major function of NPHS1 as a
cell adhesion molecule that functions in the glomerular filtration barrier in the kidney has been widely
described [36]. Moreover, expression of NPHS1 has been identified in brain [31] where Putaala et al.
conclude that it has a developmental role and is mainly expressed in radial glia cells [31] . Li et al.
report Nephrin expression close to synaptic proteins in primary neuronal cells and co-
immunoprecipitation with synaptic molecules including glutamate receptors and PSD95 and

hypothesize that podocytes and brain cells use similar organization and signaling mechanisms [37].
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One crucial player in the organization of foot processes and synapses is ACTN4, which bundles F-actin
in the cytoskeleton and cross-links it to developing processes, in neurons and podocytes acting together
in a network with glutamate receptors [38], [37]. These control the plasticity of dendritic spines in
neurons in response to signaling events [38]. A corresponding mechanism of podocyte glutamatergic
signaling participating in the integrity of the glomerular filtration barrier was reported by Giardino et
al. who identified foot process effacement in a knock-out mouse model of Rab3a which regulates
exocytosis of glutamate [5]. In our human UdPodocyte model, we found ACTN4 expression
connecting the cytoskeleton of podocytes.

Another Actin-associated protein SYNPO, which is evident in the present transcriptome data, regulates
the cytoskeleton in mature podocytes, where it is essential for the functioning of podocyte foot
processes. Previous studies have shown that SYNPO also plays a role in the formation of spine
apparatuses in spines of telencephalic neurons, which is involved in synaptic plasticity [8], [9].
Dendritic spines are small thorn-like protrusions found on the dendrites of most of the excitatory
neurons in the brain. They are the point of contact between neurons, forming the post-synaptic side of
the excitatory synapses, and orchestrate the molecular machinery that allows the transmission of signals
from the afferent neurons [39], [40], [41], [42]. The stability of the spines is associated with SYNPO
[43], [44], [45], [46] . Studies have shown that deletion of SYNPO in mice results in deficits in spatial
learning [47], [48] . Furthermore, podocytes lacking SYNPO acquire cytoskeletal alterations, which
results in damage to the podocytes and disturbance of the foot processes and the slit diaphragm [49],

3].

ACTN4, microtubule-associated proteins such as TUBB1 and MAPT (TAU) are cytoskeletal-
associated proteins expressed in podocytes and down-regulated upon ANGII stimulation [13] TAU

links actin and microtubule networks [50], [51] .
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With respect to these partially similar signaling mechanisms in podocytes processes and neuronal
synapses, Weide and Huber ask what is pre- and post-synaptic [52] refering to the publication of
Giardino et al. who report Myosin IIA at post-synapses and in foot processes [5]. Moreover, Mundel
and colleagues report Synaptopodin (SYNPO) at podocyte foot processes and dendritic spines [9] and
Kobayashi and colleagues [6] find the typical postsynaptic density protein Densin localised in the
cytoplasm beneath the slit membrane.

UdPodocytes constitute a promising model for studying cytoskeletal dynamics in healthy and diseased
podocyte.

Genes such as SERPINII, RSPHI, KCNQ3 and P4X6 are also expressed in both brain and podocytes
(Table S2). PAXG6 is a crucial transcription factor associated with brain development and function. It
has been shown to regulate genes associated with neural stem and progenitor cells. Studies have shown
molecular interactions, such as the regulation of cell-cell adhesion or ion transport [53], [54].

PAX2 and PAXS are crucial regulators of multiple steps of renal system development [55]. However, to
date studies associating PAX6 function in nephrogenesis is lacking. SERPINII is a Serine protease
inhibitor that inhibits plasminogen activators and plasmin but not thrombin [56], [57], [58], [59], [60].
It is involved in the formation or re-organization of synaptic connections as well as for synaptic
plasticity in the adult nervous system and protects neurons from cell damage by tissue-type
plasminogen activator and probably plays the same role in kidney.

The gene KCNQ3, encodes a potassium channel protein that functions in the regulation of neuronal
excitability and is considered to be a key characteristic of activity-dependent synaptic plasticity of
neurons [61]. One of the fundamental functions of renal K channels is their role in generating the cell-
negative potential that provides one of the main driving forces for the passive movement of charged
solutes and carrier molecules across the apical and basolateral membranes of tubule cells [62] .
In-depth analyses of the 600 brain-annotated genes expressed in UdPodocytes revealed GOs such as

excitatory synapse and AMPA glutamate receptor complex. Amongst this list, GRIA3 has been reported
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to be epigenetically down-regulated in podocytes under diabetic conditions [63]. Additionally, we
found AMPA receptor over-represented among genes expressed in brain and podocytes and down-
regulated upon ANGII stimulation of Upodocytes. AMPA belongs to the group of ionotropic glutamate
receptors [64] and the same holds for NMDA receptors which are more intensively studied with regards
to their role in regulating ion channels in podocytes [65], [66]. In comparison to neurons, NMDA
receptors have overlapping and distinct features in podocytes, e.g. unlike in neurons they are resistant
to activation by L-glutamate and L-aspartate and show minimal inactivation upon continuous NMDA
supply, but similar to neurons they can be activated by D-aspartate and L-homocysteic acid [65].
Staruschenko et al. propose that NMDA receptors in podocytes are more adapted to slowly flowing
metabolites in contrast to fast synaptic signaling processes. Our finding of AMPA receptor expression
in podocytes together with Li et al’s report of down-regulated AMPA-associated GRIA3 in podocytes
under diabetic conditions [63] suggests that further studies investigating the role of AMPA receptors in
podocyte physiology will be promising.

A body of publications describe ANGII signaling in the brain and beyond that a brain renin-angiotensin
system which despite profound evidence [67], [68], [69], [70] is also a subject of debate [70].
Persistent activation of ANGII signaling can lead to neurodegeneration and Angiotensin receptor
blockers (ARBs) possess therapeutic potential [70]. Besides its role in regulating blood pressure,
ANGII has also been reported to act as a neurotransmitter [71] which can interact with glutamate,
possibly acting on glutamate receptors and also mediating increase of blood pressure, upon glutamate
administration into the paraventricular nucleus (PVN).

We identified Calcium signaling as associated with the ANGII -down-regulated geneset. Greka and
Mundel demonstrated that ANGII triggers - Calcium (Ca2+) flow into podocytes via transient receptor
potential canonical 6 (TRPC6) and TRPCS5 channels and modulate actin cytoskeleton [72], by
interacting with Ca2+-activated phosphatase, Calcineurin, and Rho GTPases which are crucial

determinants of podocyte function. Impairments in these channels e.g. by mutations in TRPC6 can lead
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to Focal Segmental Glomerusclerosis (FSGS). Besides Calcium signaling, Hippo Signaling, cGMP-
PKG signaling and axon guidance pathways were also over-represented. cGMP-bound ion channels
regulate sodium uptake and excretion [73]. Chen et al. [74] described YAP and TAZ, as key players in
Hippo signaling which are important for the integrity of podocytes and TAZ together with the
transcription factor TEAD activate crucial podocyte-associated genes such as SYNPQ, ZO-1 and ZO-2
(synaptopodin, zonula occludens-1, and zonula occludens-2). Interestingly, proteins from the axon
guidance pathway were found to be associated with risk of end-stage kidney disease in diabetes [75] .
The genes in our ANGII-down-regulated signature are all upstream of the actin-cytoskeleton-regulation
complex within the axon guidance pathway thus pointing at down-regulation of actin cytoskeleton by
ANGII treatment, in line with our previous publication showing ANGII-dependent downregulation of
NPHS! and SYNPO and subsequent disruption of the podocyte cytoskeletal architecture [13].
Moreover, Shao et al. [76] revealed that HNF1B regulates axon guidance-associated genes in the
developing mouse kidney and suggest that axon guidance ligand receptor pairs of neighboring cells,
some also from the ureteric bud, may orchestrate kidney development via auto- and paracrine signaling.
This may be underlined by Combes et al. 2019 [77] who found axon-guidance associated GDNF-RET
ligand receptor crosstalk in single-cell analysis of the developing mouse kidney. Analysing the 600
UdPodocyte-specific genes in the axon guidance pathway revealed numerous ligand receptor pairs
which regulate both actin cytoskeleton and are responsible for attraction and repulsion of projections.
Tapia et al. [78] described the axon-guidance-associated protein-Semaphorin 3A (SEMA3A) as a
repulsive gene leading to foot process effacement and proteinuria upon exogenous induction of
SEMAJ3A. Additionally, Lu and Zhu [79] describe involvement of several Semaphorins in diabetic
nephropathy and partially aberrant foot processes in Sema3G-deficient mice. Hashimoto et al. [80]
described co-localization of the axon guidance receptor Ephrin-B1 with Nephrin at the slit diaphragm
between neighboring foot processes during development and is down-regulated in nephropathy.

Furthermore, Wu et al. [81] describe a major role of the axon guidance factors Slit2 and Robo2 in
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podocyte attachment to the glomerular basement membrane and the structural integrity of foot
processes. Taken together, it is tempting to speculate that foot processes partly use similar signaling
mechanisms as axon guidance for their interdigitation and impairment of these signaling processes and

lead to pathologically altered glomerular permeability.

In the follow-up analysis we identified abundant overlap of 344 genes expressed in common in
UdPodocytes and in iPSC-derived brain and kidney organoids. The 344 genes expressed in common
map to multiple brain regions with most hits in frontal cortex. As transcription factors enriched in the
promoter regions of the 344 genes we found SUZ12 most significant (p=8.42x10-22, EnrichR
ENCODE and CHEA datasets), NFKB1 (p=2.29x10-3, EnrichR TRANSFAC and JASPAR) and PAX2
(p=1.59x10-3, EnrichR TTRUST). Mapping genes to the GO Molecular Function top category showed
that about 70% of the 344 genes are associated with binding activity while about 25% are associated
with catalytic activity.

Of note, we identified Brain-derived neurotrophic factor (BDNF) as central protein in one module
associated with “pre-synapse” within our protein interaction network of brain-associated UdPodocyte
genes (Figure 4a,c). Besides the brain-associated roles of BDNF in synaptic plasticity, learning,
memory, behavior, depression and neurodegenerative disorders such as Alzheimer’s disease [82],
Endlich and colleagues proposed BDNF as marker for CKD. They found a strong correlation of BDNF
expression with the podocyte marker Nephrin, the kidney injury marker KIM-1 and the urinary
albumin-to-creatinine ratio in CKD patients [83] . Putatively connected to BDNF’s role in podocyte
development, the authors showed de-differentiation of podocytes upon BDNF inhibition. Furthermore,
Saito and colleagues reported another protein from this module, Neurexin-1 (NRXN1) known as
presynaptic adhesion molecule associated with synaptic differentiation, expressed at the podocyte slit
diaphragm, co-localized with Nephrin and CD2AP, and proposed it as marker of podocyte injury [84].

SNAP25, a further protein of this module, as well as BDNF were shown to be correlated with the
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Parkinson’s Disease (PD) -associated protein Parkin (PARK2), putatively via ubiquination of p21 and
JNK, and inhibition of PARK2 led to down-regulation of BDNF and SNAP25 and impaired neural
stem cell differentiation [85]. A study revealing an association between PD and impaired glomerular

filtration [86] may be seen in this context.

We conclude that our study has revealed similarities between the transcriptomes of brain and podocytes
which can be condensed into gene networks regulating (i) projections such as foot processes, axons and
denritic spines implicating modulation of actin cytoskeleton and (ii) signaling pathways such as
Calcium-, Hippo- and ¢cGMP- signaling happening at synaptic (e.g. glutamatergic, dopaminergic) or
resembling constellations such as the slit diaphragm between interdigitating foot processes.
Interestingly, axon guidance was found as most significant pathway in response to ANG II stimulation
of podocytes which might point at similar mechanisms guiding axons and foot processes in kidney
development and disease. This was in fact underlined by reports on ligand-receptor crosstalk of axon
guidance molecules (GDNF-RET) for the developing kidney and association of axon guidance
molecules with risk of end-stage kidney disease in diabetes [79], [87] .

Interestingly, many of the brain-associated biological processes are currently not annotated for kidney.
This points to the comparative lack of advancement in the annotation of kidney associated processes.
We therefore propose our urine-derived podocyte platform as a non-invasive and easily accessible in
vitro model enabling the investigation of the functions of these brain-associated genes and biological

processes in healthy and diseased kidneys.
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Supplementary Material

Supplementary Table 1 (tableS1.xlsx): significantly over-represented GOs in the 600 genes subset
only expressed in UdPodocytes from the Venn diagram of UdPodocytes vs. UARPCs filtered for
neuronal terms

Supplementary Table 2 (tableS2.xlsx): (a) subsets from the Venn diagram comparing the 600
genes exclusively expressed in UdPodocytes with genes expressed in kidney and brain organoids.
(b) Significantly over-represented GOs in the 344 genes subset expressed in common in
UdPodocytes and brain and kidney organoids. (c) enriched transcription factors (TFs) found via
the EnrichR analysis of the 344 genes using the ENCODE_and_ChEA dataset. (d) enriched TFs
found via the EnrichR analysis of the 344 genes using the TRANSFAC_and_JASPAR dataset. (e)
enriched TFs found via the EnrichR analysis of the 344 genes using the TRRUST dataset. (f) 20

most abundant GO Molecular Function (MF) terms amongst the 344 genes. (g) Metascape
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enrichment analysis results of genes in (f). (h) TFs from (f) validated for expression in kidney via
the Proteinatlas.

Supplementary Table 3 (tableS3.xlsx): (a) subsets from the Venn diagram comparing the 600
genes exclusively expressed in UdPodocytes with genes expressed in brain in the GTEX database.
(b) Significantly over-represented GOs in the 130 genes subset expressed in common in
UdPodocytes and GTEX brain

Supplementary Table 4 (tableS4.xlsx): (a) Significantly over-represented GOs in the genes down-
regulated upon ANGII treatment amongst the 344 genes expressed in common in UdPodocytes
and brain and kidney organoids. (b) GO terms in (a) filtered by neuronal and brain-related key
words listed at the bottom of the sheet.

Supplementary Table 5 (tableS5.x1sx): Antibodies used in this study.

Supplementary Table 6 (tableS6.docx): Primer sequences used in this study.
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Figure S2: Genes related to the GO term “axon guidance”, the most significantly over-
represented biological process in the 600 genes exclusively expressed in urine-derived Podocytes
(UdPodocytes), marked within the KEGG pathway chart of axon guidance (hsa04360). Several
guidance factors, such as ephrins, Slits, and semaphorins are expressed in the UdPodocytes. These
ligands and receptors are responsible for the regulation of the actin cytoskeleton on the one hand and
on the other hand for attraction of the projection while genes responsible for repulsion are missing,.

Genes exclusively expressed in the UdPodocytes are marked in red.
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Figure §3: Overlap between biological processes in urine-derived Podocytes (UdPodocytes) with
brain and kidney organoids (344 genes) relates to cell projection morphogenesis and regulation of
postsynaptic neurotransmitter receptor activity. (a) The gene ontology network was generated with
the tools REVIGO and Cytoscape and summarizes GO-BP (Gene ontologies - Biological Process)
terms found over-represented with a p-value < 0.01 in the 344 genes overlapping between UdPodocytes
and brain and kidney organoids. Cell projection morphogenesis and regulation of postsynaptic
neurotransmitter receptor activity -related terms emerged as representative for their clusters. GOs are
represented by the network nodes with light red associated with the highest significance of over-
representation of a GO term. The edges refer to similarities between the GO terms. (b) Treemap of the
REVIGO tool corresponding to (a) summarizing biological process overlapping between UdPodocytes
and brain and kidney organoids.
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Figure S4: Protein interaction network of Proteinatlas-validated Transcription Factors (TFs)

amongst the 344 genes subset expressed in common in UdPodocytes and brain and kidney
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organoids. The TFs validated for expression in the kidney via the Proteinatlas could be connected in a
protein interaction network of Biogrid interactions using EGFR and XPO1 as major hubs. Green nodes

are the original TFs and red nodes were added via Biogrid interactions.
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Figure §5: Overlap between biological processes in urine-derived Podocytes (UdPodocytes) with
genes associated with brain in Genotype-Tissue Expression GTEX (130 genes) relates to
neurogenesis and regulation of trans-synaptic signaling. (a) The gene ontology network was
generated with the tools REVIGO and Cytoscape and summarizes GO-BP (Gene ontologies -
Bioclogical Process) terms found over-represented with a p-value < 0.01 in the 130 genes overlapping
between UdPodocytes and genes associated with brain in GTEX. Neurogenesis and regulation of trans-
synaptic signaling -related terms emerged as representative for their clusters. GOs are represented by
the network nodes with light red associated with the highest significance of over-representation of a
GO term. The edges refer to similarities between the GO terms. (b) Treemap of the REVIGO tool
corresponding to (a) summarizing biological process overlapping between UdPodocytes and brain and

kidney organoids.
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Figure S6: RT-PCR measurements of genes expressed in brain and podocytes.

(A) RT-PCR measurements of genes RPLO, PAX6, TUJI and KCNQ3 expressed in brain and
podocytes, 1: kidney biopsy, 2: UF21 podocyte, 3: UM27 podocyte, 4: UM48 podocyte, 5: UMS51
podocyte, 6: fetal brain, 7: H20. Ribosomal protein lateral stalk subunit PO (RPLO) was used as a
housekeeping gene. (B) PCR measurements of the genes RPLO, PAX6, TUJI and KCNQ3 expressed in
the human immortal podocyte line (AB 8/13). The loading scheme was as follows: 1. human immortal

podocyte line (AB 8/13) and 2. H:20. For normalization, RPL0 was used.

Figure S7: Protein expression from the Protein Atlas for the relevant proteins

(figS7_Proteinatlas_podobrain.pdf).

Figure S8: Complete images of Western Blot analyses of brain-associated proteins expressed in

human podocytes (figS8_WB_uncropped.pdf).
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Abstract

Background

Sickle cell disease (SCD) is an inherited blood disorder affecting the oxygen-carrying
hemoglobin in red blood cells making them deform into a sickle shape. Hemolysis and vaso-
occlusion associated with this process can lead to complications in many organs and
frequently to renal complications. Numerous factors are considered to contribute towards the
development of proteinuria (PU) in SCD including hyperfiltration, ischemia, oxidative stress
and decreased nitric oxide (NO) bioavailability but the detailed pathophysiology still needs
further elucidation.

Methods

Employing arrays, we investigated cytokines and kidney injury-associated markers in the urine
of a cohort of SCD patients from Ghana carrying the SS and SC genotypes which were further
sub-divided into groups with proteinuria (SCD_PU) and without proteinuria (SCD).

Results

We identified up- and down-regulated proteins when comparing SCD with and without
proteinuria. Amongst these is the well-established kidney injury marker- Clusterin which was
up-regulated and could be validated in an ELISA-based assay. Refining the study to the SS
and SC genotypes, we identified (and confirmed by ELISA) another established kidney injury
marker- NGAL, as up-regulated in both genotypes and SCD with and without proteinuria.
Metascape-based analysis of biological processes revealed “Cellular component disassembly”
associated with proteins expressed in SCD but not regulated between PU and no PU and
“leukocyte chemotaxis” down-regulated in SCD_PU vs. SCD. Interestingly, “Integrin-cell-
surface interactions” was associated with proteins up-regulated between SCD_PU vs. SCD

which is consistent with endothelial hyperplasia in the setting of glomerular hyperfiltration. To
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investigate the effect secreted urine proteins have on human podocytes in vitro, immortalized
podocytes supplemented with SCD_PU urine showed elevated p53 levels in both
immunofluorescence staining and RT-PCR compared to SCD. Additionally, RT-PCR revealed
elevated levels of VEGF, NGAL and the pro-inflammatory proteins-TGFf, IL6, IL8 and TNFa.
Conclusion

We hypothesize that the increased number of endothelial cells in hyperplasia and
hyperfiltration leads to more Integrin-mediated links to podocyte foot processes at the
glomerular basement membrane and to glomerular fibrosis. Severe inflammation and kidney
injury in SCD_PU patients is induced by the TGFp-p53 axis.

Author contribution of C.T. included 30%:

Patient recruitment in the clinic was carried out by T.KA., V.B., Y.DA., M.L. and J.A.. | was
responsible for establishing and maintaining the cell culture system, which included the
cultivation of human immortalized cell line (AB 8/13) as well as the differentiation into
podocytes and the processing and treatment of urine samples obtained from patients with and
without sickle cell disease. In addition, | performed immunofluorescence staining, isolated RNA
and performed gPCR. For all datasets | generated in the course of the study, | carried out the
respective statistical analyses and prepared the quantitative evaluation of the results. |
contributed to the conceptualization, designed and executed the experiments and interpreted
the results to our research hypothesis. | wrote the original draft with W.W. and A.P. and created

figures. | responded to the Reviewer comments and dealt with the submission.

Status: Pre-print available in the open access pre-print BioRxiv

(Under revision in BMC Nephrology).
DOI: https://doi.org/10.1101/2025.08.08.669286
This article is an open access article distributed under the terms and conditions of the Creative

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.
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Abstract

Background

Sickle cell disease (SCD) is an inherited blood disorder affecting the oxygen-carrying
hemoglobin in red blood cells making them deform into a sickle shape. Hemolysis and vaso-
occlusion associated with this process can lead to complications in many organs and frequently
to renal complications. Numerous factors are considered to contribute towards the

development of proteinuria (PU) in SCD including hyperfiltration, ischemia, oxidative stress
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and decreased nitric oxide (NO) bioavailability but the detailed pathophysiology still needs

further elucidation.

Methods

Employing arrays, we investigated cytokines and kidney injury-associated markers in the urine
of a cohort of SCD patients from Ghana carrying the SS and SC genotypes which were further

sub-divided into groups with proteinuria (SCD_PU) and without proteinuria (SCD).

Results

We identified up- and down-regulated proteins when comparing SCD with and without
proteinuria. Amongst these is the well-established kidney injury marker- Clusterin which was
up-regulated and could be validated in an ELISA-based assay. Refining the study to the SS
and SC genotypes, we identified {and confirmed by ELISA) another established kidney injury
marker- NGAL, as up-regulated in both genotypes and SCD with and without proteinuria.
Metascape-based analysis of biological processes revealed "Cellular component disassembly”
associated with proteins expressed in SCD but not regulated between PU and no PU and
“leukocyte chemotaxis” down-regulated in SCD_PU vs. SCD. Interestingly, “"Integrin-cell-
surface interactions” was associated with proteins up-regulated between SCD_PU vs. SCD
which is consistent with endothelial hyperplasia in the setting of glomerular hyperfiltration. To
investigate the effect secreted urine proteins have on human podocytes in vitro, immortalized
podocytes supplemented with SCD_PU urine showed elevated p53 levels in both
immunofluorescence staining and RT-PCR compared to SCD. Additionally, RT-PCR revealed

elevated levels of VEGF, NGAL and the pro-inflammatory proteins-TGFp, IL6, IL8 and TNFa.

Conclusion

We hypothesize that the increased number of endothelial cells in hyperplasia and

hyperfiltration leads to more Integrin-mediated links to podocyte foot processes at the
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glomerular basement membrane and to glomerular fibrosis. Severe inflammation and kidney

injury in SCD_PU patients is induced by the TGFB-p53 axis.

Introduction

Sickle cell disease (SCD) is a group of inherited blood disorders affecting hemoglobin, the
protein in red blood cells {(RBCs) that carries oxygen. SCD is primarily caused by a mutation
in the beta-globin gene (HBB), which is responsible for producing hemoglobin [1]. This
mutation results in the production of an abnormal form of hemoglobin, called hemoglobin S
(HbS), instead of the normal hemoglobin A (HbA) [2], [3] . HbS leads RBCs to adopt a rigid,
sickle-like shape and this deformed shape prevents the cells from easily passing through
capillaries, leading to blockages and vaso-occlusion [4] , [1]. SCD impacts multiple body
systems, including kidneys, brain, liver, heart, gallbladder, eyes, bones, and joints,
characterized by acute episodes of illness and gradual organ damage [4]. Repeated vaso-
occlusive episodes and inflammation results in cumulative organ damage, which becomes
more evident as individuals get older. Recurrent pain, fatigue, anemia, and increased infection
susceptibility are some of the common symptoms manifested in SCD patients, while acute
chest syndrome, delayed growth and development, stroke and organ damage are also
reported [5], [6], [4]. SCD is more common among individuals from the Mediterranean, Middle
East, South Asian, Caribbean, with the highest prevalence amongst individuals of African

ancestry. It is also one of the most widespread severe single-gene disorders globally [7], [4] .

SCD includes several types, with sickle cell anemia (SS) and sickle hemoglobin-C disease
(SC) being among the most commonly observed. Patients with sickle cell anemia (HbSS) have
homozygous HbS, inheriting one mutated beta-globin gene from each parent. In contrast,
individuals with HbSC inherit a different mutation in their beta-globin genes, resulting in the
production of both hemoglobin C and hemoglobin S [hitp://scancainc.org/learn/types-of-sickle-
cell-disease/ , accessed March 18 2025], [8], [9] [10]. Patients with an SS genotype have more

severe clinical symptoms, while those with an SC genotype manifest milder symptoms [8], [9]
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Nephropathy associated with SCD can lead to a range of renal complications including
proteinuria, hyposthenuria, hematuria, renal papillary necrosis, renal tubular disorders, acute
and chronic kidney injury, sickle cell glomerulopathy, and renal medullary carcinoma [11].
These kidney impairments often progress to chronic kidney disease (CKD), frequently
requiring renal replacement therapy [1], [12], [13]. Findings from epidemiological studies also
indicate an association between SCD and the occurrence of proteinuria and microalbuminuria

in patients with autosomal dominant polycystic kidney disease (ADPKD) [12], [14], [15].

The pathophysiology of sickle cell nephropathy includes repeated sickling cycles favoured by
hypoxic conditions in the renal medulla with vaso-occlusion in the vasa recta [11], [16], [17].
Ataga et al. revealed that prostaglandin release under hypoxic conditions leads to vasodilation
and hyperfiltration [17] referring to reports of decreased hyperfiltration in SCD but not healthy
control after administration of the prostaglandin inhibitor indomethacin [18]. Hyperfiltration
among other factors such as glomerular hypertension and decreased nitric oxide [17]
contributes to developing proteinuria although the detailed mechanisms are not fully

elucidated.

Approximately 9.1% of the global population is affected by CKD [19]. CKD is linked to a wide
range of adverse clinical outcomes, including cardiovascular disease, increased
hospitalizations and death [20], [21], [19]. Regardless of the initial diagnosis, CKD shares
commoen pathological mechanisms, including proteinuria, glomerular hyperfiltration,
progressive renal scarring, and loss of kidney function [22]. Proteinuria is a condition where
excess protein, primarily albumin, leaks into the urine due to kidney damage or dysfunction,
disrupting the kidneys' normal filtering process [23], [24]. Proteinuria can mediate inflammation
and fibrosis, ultimately leading to kidney failure [24]. It is a well-known marker of kidney
damage and is commonly associated with conditions such as CKD, diabetes, hypertension,
and distinct immune disorders. Persistent proteinuria is a key indicator of severe CKD and can
contribute to a decline in kidney function and increase the risk of cardiovascular disease [25] .
Numerous studies have also revealed a correlation between proteinuria levels and an

increased risk of cardiovascular disease [22]. Proteinuria is observed in approximately 8% to
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33% of the general population [26], [27], [25]. Given that proteinuria and urinalysis
abnormalities, and renal impairment were observed in African SCD patients, urinalysis
abnormalities, kidney function assessment should be an active pursuit in patients with SCD
[28]. Therefore, in this study we investigated novel urine-based kidney injury biomarkers as

additional diagnostic tools for first line screening of SCD patients.

The aim of this study was to further elucidate the etiology of proteinuria in SCD and to identify
SCD-associated kidney injury and inflammatory biomarkers based on analysing urinary
proteins. We employed a Human XL cytokine and a kidney injury-specific biomarker array-
based assay to analyze the expression and levels of urine-shed proteins from a cohort of SCD
patients from Ghana. Some patients in the cohort were diagnosed with proteinuria during urine
analysis. To validate our findings from the initial array analyses, we performed an ELISA-based
quantitative protein analysis for Clusterin and NGAL. We compared SCD patients with and
without proteinuria to healthy controls. The study involved urine analysis based on two
approaches: pooled urine samples from healthy individuals, SCD patients without, and SCD

patients with proteinuria, as well as a genotype-specific (SS, SC) analysis.

Methods and materials

Ethics Statement

Ethics approval for this current analysis was obtained locally from the Korle-Bu Teaching
Hospital Institutional Review Board with approval protocol identification number KBTH-
IRB/000261/2024. Written informed consent was obtained from all participants. Participants

unable or unwilling to give consent or who were institutionalized were excluded.

Participants

The current analysis included data from an initial project involving sickle cell disease patients.
The initial study involved known SCD patients attending clinic at the Ghana Institute of Clinical

Genetics (GICG) (Sickle Cell Clinic for adolescents and adults) in the Greater Accra Region of
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Ghana between February 2021 to May 2022. The institute attends to SCD patients 13 years
and above and its environs on out-patient basis; approximately 50 patients are seen per day.
It also receives referrals from other parts of the country. Consented persons with Sickle cell
disease aged 218 years with and without clinical evidence of proteinuria or albumin/creatinine
ratio =2 3.0 mg/mmol (30 mg/g) and healthy controls with no evidence of kidney disease were

consecutively recruited.

The CKD-EPI equation without the race adjustment was used in adults and the Schwartz
formula [29] in children aged less than 16 years. The following people were excluded from the
study; pregnant females, smokers, history of recreational drug or alcohol abuse, current over-
the-counter drug use, NSAID use within the last three months, persons with acute iliness at
time of enrollment, history of chronic iliness, current evidence or history of renal disease and
people who had sickle Cell crises within the last three months. Healthy persons without SCD
or CKD were defined as individuals with eGFR 60 mL/min/1.73 m2 and albumin/creatinine ratio
< 3.0 mg/mmol (<30 mg/g) and HB electrophoresis negative for sickle cell disease. Random
urine samples were collected from cases and controls and aliquots of 10 mLs were taken into

cryovials. All participants of this study are from African ancestry.

Urine sample preparation and participant details

This analysis utilized urine samples collected from 10 healthy individuals and 20 patients from
a cohort of individuals with sickle cell disease (SCD) in Ghana. Among the SCD patients, 10
were diagnosed with proteinuria and classified as the analysis group SCD with proteinuria
(SCD_PU). The participants ranged in age from 18 to 49 years. Urine analysis was conducted
using two approaches: pooled urine samples representing healthy individuals, SCD patients,
and SCD_PU, as well as a genotype-specific (SS, SC) analysis. For each condition, urine
samples from 10 individuals were pooled in equal volumes, and a final volume of 500 ul per
condition was used for each of the array experiments. Clinical features of patients whose urine

samples were pooled in the SCD_PU, SCD and control groups are listed in Table 1.
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Array-based cytokine and kidney injury biomarker analysis

As with our previous studies using urine samples from AKI and CKD patients [30], [31], the
current study used pooled urine samples from healthy individuals, SCD and SCD.PU patients,
as well as pools of genotype-specific samples (SS, SC). These were hybridized onto the
Human Kidney Biomarker Array (Human Kidney Biomarker Array Kit, Catalog Number
ARY019) and the Proteome Profiler Array (Human XL Cytokine Array Kit, Catalog Number
ARY022B) from Research And Diagnostic Systems, Inc. (Minneapolis, MN, USA), following
the manufacturer’s protocol. Images of the hybridized arrays were captured using the Fusion
FX instrument (PeqlLab, Erlangen, Germany). The detailed workflow of the analyses is

depicted in Supplementary Figure 1.

Image analysis of cytokine arrays

The images of the hybridized cytokine assays were imported into the FlJI/imageJ software [32]
for preprocessing, grid-finding and quantification via the FIJI Microarray Profile plugin by Bob
Dougherty and Wayne Rasband (https://www.optinav.info/MicroArray_Profile.htm, accessed
on 06 January 2025). Details of the image analysis including semi-automatically grid-finding
employing an R script for interpolation of missing spots are described in our previous

publication [31].

Array data analysis

Quantification results from the microarray plugin within FlJI/imageJ were imported into the
R/Bioconductor [33] environment where they were normalized with the Robust Spline
Normalization from the R/Bioconductor package lumi [34]. Up- and down-regulated cytokines
for the comparisons SCD vs. control, SCD_PU wvs. control, SCD_PU vs SCD and SS vs SC
were determined using the criteria: detection-p-value in at least one case < 0.05, p-value from

the limma [35] R package < 0.05, false-discovery-rate < 0.25, ratio >1.5 (up-regulation) or ratio
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< 0.6667 (down-regulation). Hierarchical cluster analysis dendrograms and heatmaps were
drawn via the heatmap.2 function from the R package gplots [36] using complete linkage as
cluster agglomeration method and the Pearson correlation coefficient as similarity measure.
Barplots with error bars indicating standard error of the mean were generated via the R

methods barplot and arrows.

Enzyme-linked Immunosorbent assay (ELISA)

Secreted Clusterin and Lipocalin-2 (NGAL) detected in pooled urine samples of SCD and
SCD_PU patients using the DuoSet ELISA (R&D Systems, Minneapolis, MN, USA) was
performed as described by the manufacturer. Optical density was measured using the
EPOCH2 spectrophotometer (BioTek, Winooski, Vermont, USA) at 450 nm with wavelength

correction at 540 nm. 4-PL curve fitting was performed to calculate concentrations.

Cell culture

The human SV40, temperature sensitive podocyte immortal cell line (AB 8/13) [37] proliferates
at 33°C, 5% CO2 on plastic when cultured in RPMI 1640 (Gibco®, life technologies, California)
supplemented with 10% fetal bovine serum (Gibco®,) and 1% Penicillin and Streptomycin

(Gibco®,).

For differentiation into podocytes we followed our previously published protocols [38], [39] . In
brief, the cells were seeded on Corning® Collagen type | (Merck, Darmstadt, Deutschland)
coated plates and cultured in the differentiation medium- Advanced RPMI 1640 (Gibco®)
supplemented with 10% fetal bovine serum, 1% Penicillin and Streptomycin, and 30 yM
retinoic acid (Sigma-Aldrich Chemistry, Steinheim, Germany), incubated at 37 °C, 5% CO2 for
14 days. The medium was changed once a week. After 14 days the podocytes were treated
with for 5 days with 30% urine from healthy individuals, sickle cell patients without proteinuria

(SCD) and sickle cell patients with proteinuria SCD_PU for 5 days.
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Immunofluoresence-based protein staining

Human immortalized podocytes (AB 8/13) were fixed with 4% paraformaldehyde for 15 min at
room temperature (RT). Cells were washed three times with PBS. Afterwards an incubation
with 0.05% Tween-20/PBS for 10 minutes. The cells were treated three times with PBS and
continued blocking the cells with 3% BSA/PBS. Thereafter they were incubated with the
respective primary antibody (Cell signaling; 2527S) diluted 1:200 overnight at 4 °C. Followed
by one washing step with Triton x-100/PBS and two washing steps with PBS. The cells were
incubated for 1 h with Alexa488-conjugated secondary antibody diluted 1:500 and nuclear
Hoechst 1:5000(Thermo Fisher; H3569) at RT. Fluorescence images were captured by a

LSM700 microscope (Carl Zeiss).

RNA isolation

For RNA isolation from the human immortalized podocyte cell (AB 8/13) the ZYMO Research
Kit Direct-zol™ RNA Miniprep R20 was utilized following the manufacturer's protocol. Cells
were detached by adding Tryple E and incubated for 5 min. Afterwards, a centrifuging step of
4 mins 1000 g and the cell pellets processed following manufacturer’s protocol. The RNA was
eluted by adding 35 pL of DNase/RNase-free water to the column and centrifuging for 1 minute
at 16,000 g. The eluted RNA samples were immediately placed on ice, and concentrations

measured with a Nanodrop device.

Real-Time PCR based gene expression quantification of pro-inflammatory and kidney

injury-associated genes.

RMA samples were run in triplicate on a 384-well reaction plate with Power Sybr Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) using Step One Plus Real-Time PCR
systems. The amplification conditions were denaturation at 95 °C for 13 min followed by 35
cycles of 95 "C for 50 s, 60 °C for 45 s, and 72 °C for 30 s. To normalize the quantitative real-
time PCR, the ribosomal encoding gene-RPLO was used. The primer sequences are listed in

Supplementary Table S1. The results were analyzed using the 2-AACT method and specified
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by fold change expression. The samples were run in independent experiments three times.
The mean value of these experiments was used for the calculations. The statistical significance
was calculated using the Two-Sample test assuming unequal variances [40] with a

significance threshold p = 0.05.

Results
Comparison of kidney injury markers between SCD with and without Proteinuria

We pooled urine samples from SCD_PU, SCD without proteinuria and healthy controls and
analyzed these on the Human Kidney Biomarker Array. Figure 1A shows the cluster
dendrogram with separate clusters of SCD with PU (SCD_PU), SCD without PU (SCD} and
healthy control (Ctrl). The analysis revealed distinct kidney protein signatures of SCD_PU,
SCD and ctrl. The heatmaps in Figure 1B-D distinguish expression of differentially expressed
proteins between SCD and Ctrl (B), between SCD_PU and Ctrl (C) and between SCD_PU and
SCD (D). Resistin, IL1RA, RAGE, TFF3 and uPA (PLAU) are up-regulated in SCD_PU vs SCD
while DPPIV, FABFP1, Angiotensinogen, PSA (KLK3), MMP9, Adiponectin, ANPEP and
Clusterin are down-regulated. Clusterin had lower expression in SCD_PU than in SCD, in line
with reports of Clusterin attenuating kidney disease [41]. We therefore followed-up this protein
with ELISA measurements which confirmed higher expression of Clusterin in SCD than in
control but lower expression in SCD_PU than in control (Figure 1E). Figure 1F provides a
global view of the expression of all proteins under the three conditions on the Kidney Injury

Array.
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Figure 1: Pooled urine samples of SCD with and without Proteinuria (PU) have distinct
kidney protein signatures. Pooled urine samples of SCD with and without Proteinuria were
analyzed on the Human Kidney Biomarker Array. (A) The cluster dendrogram shows separate
clusters of SCD with PU (SCD_PU), SCD without PU (SCD) and healthy control (Ctrl). (B} The
heatmap shows expression of differentially expressed proteins between SCD and Ctrl. (C) The
heatmap shows expression of differentially expressed proteins between SCD_PU and Ctrl. (D)
The heatmap shows expression of differentially expressed proteins between SCD_PU and
SCD. Resistin, IL1RA, RAGE, TFF3 and uPA (PLAU) are up-regulated in SCD_PU while
DPPIV, FABP1, Angiotensinogen, PSA (KLK3), MMP9, Adiponectin, ANPEP and Clusterin are
down-regulated. (E) The bar chart of ELISA measurements confirms higher expression of
Clusterin in SCD than in control but lower expression in SCD_PU than in control. (F) The bar

plot shows the absolute expression of all proteins on the Human Kidney Biomarker Array.

Comparison of kidney injury markers between SCD with and without Proteinuria

Furthermore, we set out to compare expression of cytokines between SCD_PU, SCD and
healthy control. Again, we pooled urine samples of SCD_PU, SCD and control and analyzed
them - this time on a Human Cytokine XL array. The heatmaps in Figure 2A and B show
expression of differentially expressed proteins between SCD and ctrl and between SCD_PU
and ctrl. The heatmap in Figure 2C shows expression of differentially expressed proteins
between SCD_PU and SCD. Emmeprin, IL1RA, SerpinE1, SHBG, Osteopontin, CD31, IL-18-
Bpa and IL-17A are up-regulated in SCD_PU while RBP4, DPPIV, Vitamin-D-BP,
Complement-Component-C5-C5a, BAFF, MCP-1, IL-8 and M-CSF are down-regulated. The
bar plot in Figure 2D provides an overview of the absolute expression of all proteins on the

Human XL cytokine Array for the three conditions Ctrl, SCD_PU and SCD.
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Figure 2: Pooled urine samples of SCD with and without Proteinuria (PU) have distinct
cytokine signatures. Pooled urine samples of SCD with and without Proteinuria were
analyzed on a Human XL cytokine array. (A) The heatmap shows expression of differentially
expressed proteins between SCD and ctrl. (B) The heatmap shows expression of differentially
expressed proteins between SCD_PU and Ctrl. (C) The heatmap shows expression of
differentially expressed proteins between SCD_PU and SCD. Emmprin, IL1RA, SerpinE1,
SHBG, Osteopontin, CD31, IL-18-Bpa and IL-17A are up-regulated in SCD_PU while RBP4,
DPPIV, Vitamin-D-BP, Complement-Component-C5-C5a, BAFF, MCP-1, IL-8 and M-CSF are
down-regulated. (D) The bar plot shows the absolute expression of all proteins on the Human

XL cytokine Array.

In order to assign functional annotations associated with the development of proteinuria in
SCD we performed a Metascape analysis of up-, down- and not-regulated cytokines by
comparing SCD_PU vs SCD (Figure 3). Figure 3A depicts the Reactome pathways
“Extracellular matrix organization" and “Integrin cell surface interactions” over-represented in
cytokines up-regulated in SCD_PU . Figure 3B lists the Gene Ontologies "negative regulation
of leukocyte chemotaxis”, “regulation of leukocyte chemotaxis™ and "regulation of granulocyte
chemotaxis™ over-represented in cytokines down-regulated in SCD_PU. The gene ontology
“cellular component disassembly” was over-represented in not-regulated cytokines but
expressed in both conditions (Figure 3C). Figure 3D shows a heatmap and Figure 3E a protein
interaction network resulting from the Metascape analysis of up-, down- and not-regulated

cytokines.
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Figure 3: SCD_PU vs SCD Metascape analysis. Up-, down- and not-regulated cytokines
when comparing SCD_PU vs. SCD were subjected to metascape analysis. (A) Reactome
pathways "Extracellular matrix organization” and “Integrin cell surface interactions” were over-
represented in cytokines up-regulated in SCD_PU. (B) Gene ontologies “negative regulation
of leukocyte chemotaxis”, “regulation of leukocyte chemotaxis™ and "regulation of granulocyte
chemotaxis” were over-represented in cytokines down-regulated in SCD_PU. (C) The gene
ontology “cellular component disassembly” was over-represented in cytokines not-regulated
but expressed in both conditions.(D} shows a heatmap and (E) a protein interaction network

resulting from the combined Metascape analysis of up-, down- and not-regulated cytokines.

Comparison of Proteinuria in genotypes SS and SC

Pooled urine samples of genotypes SS and SC from SCD patients with and without Proteinuria
were analyzed on Human XL cytokine and kidney biomarker arrays (Figure 4). The heatmaps
in Figure 4A and B show expression of differentially expressed kidney injury marker proteins
(Figure 4A) and cytokines (Figure 4B) between SCD_PU patients with the genotypes SS and
SC. The bar plots in Figure 4C and D show expression of differentially expressed kidney injury
marker proteins (Figure 4C) and cytokines (Figure 4D) between SCD_PU patients with the
genotypes SS and SC. The kidney injury markers Lipocalin-2 (LCN2 / NGAL), MMP9, CCN1
and IL1RN (IL1RA) are up-regulated in SS_PU while ANPEP, CLU (Clusterin), IL6, KLK3,
RETN and SERPINA3 are down-regulated in SS_PU (Figure 4C). Amongst the up-regulated
cytokines in SS_PU (Figure 4D), LCN2 and MMP9 levels were also upregulated in the kidney
injury analyses. (E) Up-regulation of the established kidney injury marker LCN2 (NGAL)
between SS_PU and SC_PU (C) was confirmed by ELISA measurements in SCD_PU vs SCD

(Figure 4E) and between SS_PU and SC_PU (Figure 4F).
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Figure 4: Comparison of Proteinuria in genotypes S5 and SC on Human cytokine XL
and kidney arrays . Pooled urine samples of genotypes SS and SC from SCD patients with
and without Proteinuria were analyzed on the Human XL cytokine and kidney biomarker arrays.
(A) The heatmap shows expression of differentially expressed kidney injury marker proteins
between SCD_PU patients with the genotypes SS and SC. (B The heatmap shows expression
of differentially expressed cytokines between SCD_PU patients with the genotypes SS and
SC. (C) The bar plot shows expression of differentially expressed kidney injury marker proteins
between SCD_PU patients with the genotypes SS and SC. Lipocalin-2 (LCN2 / NGAL), MMP9,
CCN1 and IL1RN (IL1RA) are up-regulated in SS_PU while ANPEP, CLU (Clusterin), IL6,
KLK3, RETN and SERPINA3 are down-regulated in SS_PU. (D) The bar plot shows
expression of differentially expressed cytokines between SCD_PU patients with the genotypes
5SS and SC. Amongst the cytokines up-regulated in SS_PU, the increased levels of LCN2 and
MMP9 were also confirmed in the kidney biomarker array. (E) Up-regulation of the established
kidney injury marker LCN2 (NGAL) between SS_PU and SC_PU (C) was confirmed by ELISA

in SCD_PU vs SCD and between SS_PU and SC_PU (F).

The effects of urine-secreted cytokines from SCD, SCD_PU and healthy individuals on

human podocytes.

For this investigation, human immortalized podocytes (AB8/13) were cultured for 14 days in
advanced RPMI medium supplemented with 30 uM retinoic acid (RA) on collagen type |-coated
plates. The cells were then exposed for an additional five days with pooled urine samples from
healthy controls, SCD and SCD_PU patients Following the treatment, light microscopy
revealed no morphological changes in podocytes exposed to urine from all groups (Figure 5A).
The podocyte specific marker Podocin (NPHS2) served as a positive control demonstrating
successful podocyte differentiation whilst Phalloidin served to show the morphology of the
cytoskeleton (Figure 5B). Immunofluorescence staining showed increased TP53 protein

expression in podocytes treated with SCD_PU urine, thus implying activation of cell cycle
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arrest due to stress responses (Figure 5B). Quantitative real-time PCR analysis demonstrated
a downregulation in the expression of the podocyte-specific markers Nephrin (NPHS1) and
upregulation of CD2-associated protein (CD2AP). Both mRNA and protein levels of TP53 were
upregulated (Figure 5C). Furthermore, transcripts of kidney injury markers- Cystatin C (CysC)
and Meutrophil gelatinase-associated lipocalin (NGAL), and pro-inflammatory markers- Tumor
necrosis factor alpha (TNF-a), Transforming growth factor beta (TGF-B), Vascular endothelial
growth factor (VEGF), Interleukin 6 (IL-6) and Interleukin (IL-8) were significantly elevated in
podocytes treated with SCD_PU urine, thus indicating enhanced cellular stress and injury.
Clusterin (CLU) and Dipeptidyl peptidase-4 inhibitor (DPP4) levels were downregulated in both

SCD and SCD_PU compared to the healthy control (Figure 5C).
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Figure 5: Upregulated expression of TP53, pro-inflammatory and kidney injury-associated

markers in podocytes exposed to urine from SCD and SCD_PU patients.

Human immortalized podocytes (AB8/13) were cultured at 37 °C for 14 days in Advanced
RPMI medium supplemented with 30 uM retinoic acid (RA) on collagen type |-coated plates.
The cells were then treated for five days with urine samples from healthy controls, SCD amd
SCD_PU patients. (A) Representative light microscopy images of podocytes after five days of
urine exposure. (B) TP53, NPHS2 and Phalloidin protein expression visualized by
immunofluorescence staining. (C) Quantitative real-time PCR analysis of mRNA expression
levels for podocyte markers (NPHS1, CD2AP), the regulator of cellular stress (TP53), and
kidney injury- associated genes (CysC, NGAL and CLU) and pro-inflammatory associated

genes (TNF-a, TGF-B, VEGF, IL6, IL8 and DPP4).

Discussion

In previous studies we used urine samples to identify cytokines and kidney injury- associated
biomarkers in patients diagnosed with Acute Kidney injury and Chronic kidney disease [31],

[30] .

In this study we investigated the similarities and differences between SCD_PU with proteinuria,
SCD without proteinuria and healthy individuals with respect to the secretion of cytokines and
kidney injury-associated proteins in pooled urine samples. Table 2 provides an overview of

the resulting proteins.

Resistin, IL1RA, RAGE, TFF3 and uPA (PLAU) are up-regulated in SCD_PU vs SCD while
DPPIV, FABP1, Angiotensinogen, PSA (KLK3), MMP9, Adiponectin, ANPEP and Clusterin are

down-regulated.
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Clusterin which we identified to be secreted at a lower level in SCD_PU than in SCD patients
has been reported as biomarker for microalbinuria in a consecutive cohort study of 146 type
2 diabetes mellitus (T2DM) patients [42] and additionally attenuates renal fibrosis in rodent
models [41] . Numerous studies have described an association between elevated Resistin and
Proteinuria [43], [44], thus arguing that the level of Resistin is rather connected to inflammation
and glomerular filtration impairment than to Insulin Resistance. The reported increased levels

of Resistin corroborates our finding of up-regulated levels of Resistin in SCD_PU.

IL-1Ra is a receptor antagonist of the inflammation-mediator IL-1, and the balance between
IL-1 and IL-1Ra plays an important role in several diseases including renal diseases [45]. IL-1
is involved in inflammation-associated development of diseases which can be reversed by the
antagonist IL-1Ra- this has been exploited in therapies based on recombinant IL-1Ra
(anakinra) [46] . Human immune cells can secrete IL-1Ra to compensate for IL-1-mediated
inflammation. Thus, IL-1Ra can also be a marker of diseases. This has been shown in rat
studies of glomerulonephritis with anti-glomerular basement membrane (GBM) antibodies
showing production of IL-1 and IL-1Ra within the rat kidney [47]. Descamps-Latscha described
elevated levels of IL-1Ra in patients at various stages of chronic renal failure and the

correlation of IL-I Ra with the soluble TNFA-receptor,- TNF-sR55 [48].

The receptor of advanced glycation end product (RAGE) was up-regulated in SCD_PU.
Increased levels of RAGE has been shown to induce oxidative stress in diabetic kidney disease
and ageing kidney via NAPDH (nicotinamide adenine dinucleotide phosphate) oxidase [49],
[50], [51]. In their review, Duni et al. described models of podocyte injury induced by increased
levels of reactive oxygen species (ROS) which led to ultrastructural changes in podocytes,

defective anchorage due to alteration in the adhesion molecule- a3b1-integrin [49].

Interestingly, Reactome pathway analyses revealed “Integrin cell surface interactions” as over-
represented amongst the proteins up-regulated between SCD_PU and SCD. Integrins bind
podocyte foot processes to the glomerular basement membrane (GBM) and their impairment

leads to detachment of foot processes from the GBM and glomerular filtration problems [52],
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[53]. [54], [55] . By examining the details of the Integrin pathway, we identified PECAM1, SPP1
and BSG among the SCD_PU up-regulated proteins. PECAM1 has been described to directly
interact with Integrin avB3 to mediate adhesion of leukocytes to the endothelium [56],[57].
Increased levels of PECAMT1 is considered a marker for endothelial cells and also for their
hyperplasia [58] is in line with SCD hyperplasia associated with hyperfiltration [17] Up-
regulated levels of uPA in SCD_PU samples might be further evidence supporting the report
that uPA receptor activates integrin av3 in podocytes [59]. Sheinman in his review, described
hyperfiltration as a contributing factor that induces endothelial hyperplasia and ultimately

glomerular fibrosis [60].

Levels of TFF3 was up-regulated in SCD_PU samples and interestingly increased levels have
been associated with CKD [61]. For patients with Type Il diabetes which can arise from SCD
and mediated by effects on pancreas [62] . It has been hypothesized that the increase in blood
glucose and insulin and decrease in short-chain fatty acids may lead to the elevation of serum

TFF3 [60] .

Urokinase-type plasminogen activator (uPA/PLAU),which is up-regulated in SCD_PU,
correlates with disease progression in experimental models of CKD [63]. The level of Its
receptor uPAR, decreases in podocyte injury and foot process effacement via activation of
a5B3 integrin as reported in @ mouse model of lipopolysaccharide (LPS)-induced nephropathy

[64], [59].

Comparing the genotypes SS and SC, we identified kidney injury markers Lipocalin-2 (the
gene LCNZ2 coding the protein NGAL), MMP9, CCN1 and IL1RN (IL1RA) as up-regulated in
SS_PU and ANPEP, CLU (Clusterin), IL6, KLK3, RETN and SERPINA3 down-regulated in
SS_PU. Furthermore, we could confirm the up-regulation of LCN2 / NGAL in ELISA-based
assays. Marouf et al. proposed LCN2/NGAL as a biomarker for nephropathy in sickle cell
disease by studying patients with the SS genotype and the HbS/[R0-thalassemia genotype [65]
which is also classified as severe and is more prevalent in the Eastern Mediterranean and

India [4]. The authors [65] found a correlation of NGAL with microalbuminuria and a better
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performance of urinary NGAL than serum NGAL for the prediction of vaso-occlusive crisis
(VOC) with an Area under the Receiver Operating Characteristic curve for plasma NGAL of
0.69 and for urine NGAL of 0.86. In our experiments, we also observed higher levels of LCN2
in the SC genotype with proteinuria than without in the ELISA assays and additionally higher
LCN2 (p=3.42x10%, FDR= 0,0003, ratio=1.42 below our threshold of 1.5) when comparing
SCD_PU vs. SCD. NGAL is a transmembrane protein transporting lipophilic substances [65]
and has been established as a predictive marker of acute kidney injury [66], [67] and also
found to be elevated in SCD during VOC [68]. NGAL is freely filtered through the glomerulus
and is re-absorbed by healthy proximal tubular cells and not diseased or injured cells. Lack of
re-absorption leading to increased NGAL levels in the urine of patients with kidney injury [66],
[65]. By binding to MMP9 (matrix metalloproteinase-9), NGAL inhibits the degradation of
MMP9 thus enabling its proteolytic activity and both proteins are correlated with albuminuria
in type 1 diabetes patients [69]. Muramatsu and colleagues reported that CCN1 (Cyr61) which
is up-regulated in SS_PU, was rapidly induced in rodent proximal tubules and detected in the
urine after renal ischemic reperfusion injury [70]. The authors found Cyr61 in the outer rat

medulla after ischemic events, in line with medullary YOC in SCD.

In our fluorescence staining and RT-PCR experiments we revealed increased p53 levels in
podocytes supplemented with urine from SCD_PU patients. In addition, elevated levels of pro-
inflammatory associated mRNAs such as TGFp in podocytes treated with urine from SCD-PU
patients led us to the hypothesis depicted in the scheme in Figure 6: SCD patients with severe
inflammation leading to nephropathy is manifested by elevated levels of TGFp, p53 and also
inflammation-associated cytokines RETN, IL1RA, RAGE, TFF3 and PLAU. TGFp has already
been proposed as a urinary marker of renal dysfunction in sickle cell disease [71]. Overstreet
et al. proposed that TGF@ contributes to renal injury and fibrosis and that TGFp activates p53
by phosphorylation which together with SMAD3 transcription factors induce fibrosis in several
renal cell types [72] . p53 protein responds to diverse cellular stresses to regulate expression
of target genes, thereby inducing cell cycle arrest, apoptosis, senescence and changes in

metabolism. Podocyte injury and death has been shown in the mouse by silencing p53 and its
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inhibitor MDM2 [73]. Further biological processes involved in renal injury include e-organization
of the extra-cellular matrix and Integrin cell surface interactions. Kidney injury is manifested by
increased levels of LCN2 (NGAL) and decreased levels of CLU. Both our urine SCD, SCD_PU
patient and healthy urine analyses coupled with independent analysis of the effect of secreted
proteins on human podocytes confirmed the involvement of VEGF (Wascular Endothelial
Growth Factor) in the progression of CKD and fibrosis. Interestingly numerous clinical trials
are currently exploring the role of VEGF in kidney diseases by using VEGF inhibitors to reduce
proteinuria and slow disease progression in conditions like diabetic nephropathy. There is also
research into using mesenchymal stem cells over expressing VEGF to promote renal recovery

and improve outcomes in chronic kidney disease [74], [75] .

% severe inflammation

RETN,IL1RA,RAGE,TFF3,PLAU

€5,CSF1,DPP4,CXCL8,CCL2 BSG,SERPINEL,PECAM1,5PP1

high
high
L renal injury
injury
kidney markers: CLUT, LCN2.J kidney markers: CLU.L, LCN2T*

ENG,MMP9,KLK4,DKK1

Figure 6: proposed model of how the TGFB-p53 axis induce renal injury in sickle cell
patients. In our cell culture model, we uncovered increased levels of TGFB and p53 in
podocytes supplemented with urine from SCD patients with proteinuria. We therefore
hypothesize that SCD patients with more severe inflammation which is manifested by higher

levels of TGFB and other pro-inflammation-associated cytokines RETN, IL1RA, RAGE, TFF3
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and PLAU develop nephropathy mediated by p53. Additional biological processes involved in
this include organization of the extra-cellular matrix and Integrin cell surface interactions.
Kidney injury can be further characterized by high levels of LCN2 (NGAL) and low levels of

CLU.

In conclusion, our study revealed distinct urinary kidney injury and cytokine protein profiles
between SCD patients without and SCD_PU patients with proteinuria compared to healthy
individuals. These profiles also enabled distinguishing SS and SC genotypes. We validated
up-regulation of NGAL (encoded by the gene LCN2) in SCD_PU (also in both genotypes SS
and SC) and down-regulation of Clusterin with ELISA assays. Follow-up analysis
reconstructed a network of urinary secreted proteins in SCD and up-, down or not-regulated in
the SCD_PU condition. Proteins up-regulated in SCD_PU were associated with the pathway-
“integrin cell surface interactions” which might imply that disrupting the association between
hyperfiltration, linking of and integrins to the glomerular basement membrane ultimately leads

to glomerular fibrosis.

We finally proposed model of how the TGFB and p53 axis induce renal injury in sickle cell

patients with severe inflammation.
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Tables

Table 1: Clinical features of patients whose urine samples were pooled into the SCD_PU, SCD

and control groups

AGE GENDER Genotype Stddipstick Hb Whe Platelet S-Cr GFR{CKC) S-Alb.  U-Albu. U-Cr  U-AlCr

scD_PU
7 M 55 Positive 68 149 518 31 =89 36 809,61 588 137,69
21 M sC Positive 104 133 258 72 >89 36 33,25 13,69 2,43
21 F S5 Positive 99 82 538 64 >89 40 947,21 958 98,87
29 F S5 Positive 95 79 490 28 >89 36 17633 6,29 28,03
28 F 55 Positive 69 549 461 38 =89 47 314 0,43 640,82
31 F 5C Positive 99 115 460 65 >89 43 333,15 863 38,34
192 M 5C Positive 95 163 B55 61 =E9 36 246,74 18,14 136
26 F 55 Positive 67 B2 358

28?2 F S5 Positive 65 126 616 71 >89 42 88578 1663 53,26

sco
18 M sC Negative 87 84 480 64 >BI 44 3657 7,09 5,21
45 F ss Negative 8 91 257 46 >89 44 20,15  BA49 2,37
4843 F 55 Negative 95 6l 83 G0 =89 48 5,86 9.8 0,6
18 M 5C Negative 104 144 412 55 =83 43 17,52 4,16 4,21
42 F 5C Negative 118 75 272 103 72 40 a5 6,51 0,51
a7 F S5 Negative 11,2 7,07 242 55 >89 a5 388 832 0,47
43 F S5 Negative 10,2 5,64 305 30 >89 48 556 539 1,03
232 F ss Negative 68 82 386 37 >89 46 53,98 1956 2,76
29 F S5 Negative 8 72 436 53 >89 44 33,81 1105 3,06
control

32 ] AA Negative 142 43 276 120 69 42 0,97 10,62 0,09
21 M AC Negative 148 75 213 55 >89 46 2,84 9,54 0,29
1 F AC Negative 134 57 272 60 >B9 41 523 1975 0,26
34 F LY Negative 13 62 86 58 >89 44 4,24 1254 0,34
ES M AA Negative 152 39 251 78 >89 47 4,29 1648 0,26
EL] M AR Negative 146 51 189 75 >89 41 4,6 10,33 0,45
43 M AR Negative 138 47 237 71 >89 42 6852 1456 471
] M AR Negative 141 39 149 71 >89 45 1315 1537 0,86
a0 ] AA Negative 143 62 25% B2 =89 40 43,5 14,54 2,91
7 F LY Negativa 128 92 209 53 B9 43 488 1211 0.4
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Table 2: Up- and down-regulated proteins between SCD_PU, SCD and control and SS_PU and SC_PU

protein SCD PU vs SCD SCD_PU vs_ctrl SCD vs ctrl S5 _PU_vs_SC_PU arra
_ADIPOQ._

ANPEP
AG
CLU
DPP4
FABP1
MMPS
KLK3
CccL2
_PLAU
VEGF
RETN
ILIRN
AGER
TFF3
CXCL16
IL6
SERPINA3
TMNFSF13B
C5

DPP4

kidney

MMPS
CFD
S5HBG
PECAM1

B3G

ILIRN

IL17A

IL18BP

SPPL down
SERPINE1

CD30
C5T3
RETN
APOAL
CD30
CD40LG
C5F3
MPO
TFF3
HAWVCR2
CD106
ADIPOQ
ANGPT2
CHI3L1
DKK1
BSG
LCNZ
MIF
VEGFA

human_XL




3 Publications 318

bioRxiv preprint doi: hitps:f/doi.org/10.1101/2025.08.08.66 9286, this version posted August 9, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/ffunder. All rights reserved. No reuse allowed without permission.

Supplementary Information

1% experiment seres
Pooled urine sample analyses of:
10X ctrl individuals Human XL ¢
10X SCD individuals
10X SCD_PU individuals

Urine based SCD as

kidney biomarker an

2™ expenment series
Pooled urine sample analyses of.
SCD individuals with SC
SCD individuals with 55
SCD_PU individuals with SC
SCD_PU individuals with S5

Supplementary Figure 1: Flow chart of experiment series of cytokine measurements in
urine samples from SCD patients with and without proteinuria and with SC and SS

genotypes.
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Supplementary Figure 2: Comparison of protein expression in SCD with and without
proteinuria and healthy control. (A} Kidney injury array- Pooled sample. (B) Human XL

cytokine array- Pooled samples.
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Kidney injury array- S5 vs SC
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Supplementary Figure 3 (linked to main fig 1+2): Comparison of protein in genotypes
88 and SC. (A) Heatmap depicting expression of proteins on the Kidney injury array- SS vs
SC. (B). Bar chart depicting expression of proteins on the Kidney injury array- SS wvs SC. (C)

Heatmap depicting expression of proteins on the Human XL cytokine array- SS vs SC.

Supplementary Figure 4 (figS4.pdf, linked to main fig 1, 2 and 4): Scanned cytokine arrays
of experiments in this study:(A)} Pooled urine samples of SCD_PU, SCD and Ctrl on kidney
protein array. (B) Pooled urine samples of SCD_PU, SCD and Ctrl on Human XL cytokine
array. (C) Pooled urine samples of genotypes SS and SC on kidney protein array. (D) Pooled

urine samples of genotypes SS and SC on Human XL cytokine array.

Supplementary Tables

Supplementary Table 1 (table S1.xlsx): Antibodies and primers.

Supplementary Table 2 (table52_kmembrane_SCD_PU_SCD_ctrl.xIsx): mean values
and statistical test results of (a) SCD_PU vs. control, (b) SCD vs. control and (¢) SCD_PU

vs. SCD on kidney injury marker array.

Supplementary Table 3 (tableS3_humanXL_SCD_PU_SCD_ctrl.xIsx): mean values and
statistical test results of (a) SCD_PU vs. control, (b) SCD vs. control and (¢c) SCD_PU vs.
SCD on human XL cytokine array. Corresponding metascape enrichment results are in

sheets (d-f)

Supplementary Table 4 (tableS4_SS_PU_vs_SC_PU.xlsx): mean values and statistical
test results of genotype SS and SC comparisons (a) SS_PU vs. SC_PU on kidney injury

marker array, (b) SS_PU vs. SC_PU on human XL cytokine array.
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Abstract

Cells with the characteristics of renal progenitor cells are shed in urine. The aim of this study
was to investigate whether these SIX2-positive urine-derived renal progenitor cells (UdRPC)
have therapeutic potential in treating or managing acute to chronic kidney injuries. Human
UdRPC were obtained from a woman aged 35 years, expanded, and characterized in vitro and
finally transplanted unilaterally under the renal capsule of mouse kidneys that had undergone
ischemia reperfusion injury (IRI). Analyses of blood serum from the mice revealed that the
transplanted human UdRPC transiently influenced the secretome of the animals by triggering
the release of inflammatory and angiogenic factors. Of obvious therapeutic relevance,
however, was the finding that the transplanted cells suppressed renal fibrosis resulting from
IRI. The expression of genes linked to inflammation and chronic kidney disease was also
reduced in mouse kidneys in the presence of UdRPC. Ultimately, the human UdRPC were
able to alleviate the severity of the injury through the amelioration of fibrosis but were unable
to restore complete kidney function within 21 days. Nevertheless, the findings of this study
demonstrate a significant influence of transplanted UdRPC on kidney fibrosis after acute to

chronic injury presumably via an altered secretome.
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ABSTRACT

Cells with the characteristics of renal progenitor cells are shed in urine. The aim of this study was to
investigate whether these SIX2-positive urine-derived renal progenitor cells (UdRPC) have therapeutic
potential in treating or managing acute to chronic kidney injuries. Human UdRPC were obtained from
a woman aged 35 years, expanded, and characterized in vitro and finally transplanted unilaterally
under the renal capsule of mouse kidneys that had undergone ischemia reperfusion injury (IRI).
Analyses of blood serum from the mice revealed that the transplanted human UdRPC transiently
influenced the secretome of the animals by triggering the release of inflammatory and angiogenic
factors. Of obvious therapeutic relevance, however, was the finding that the transplanted cells
suppressed renal fibrosis resulting from IRI. The expression of genes linked to inflammation and
chronic kidney disease was also reduced in mouse kidneys in the presence of UdRPC. Ultimately, the
human UdRPC were able to alleviate the severity of the injury through the amelioration of fibrosis but
were unable to restore complete kidney function within 21 days. Nevertheless, the findings of this
study demonstrate a significant influence of transplanted UdRPC on kidney fibrosis after acute to

chronic injury presumably via an altered secretome.
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INTRODUCTION

Acute kidney injury (AKI) is triggered by ischemia, hypoxia, or nephrotoxicity which initiate
inflammatory processes that can lead to a chronic progression of the disease and renal fibrosis 27,
Chronic kidney disease (CKD) is further initiated independently from AKI by diabetes or hypertension
but can also be caused by the natural ageing processes **. The prevalence of CKD is increasing
worldwide, and it has been estimated to represent the seventh leading cause of death worldwide ©. In
Europe, CKD affects one in 10 people and is therefore a serious problem for the healthcare system *.

Over the years, reports have described urine as a promising source for stem cells in clinical use . Urine
has been shown to harbor urine-derived renal progenitor cells (UdRPC). UdRPC express key kidney
transcription factors such as SIX2 &%, Furthermore, their identity as kidney progenitor cells which can
differentiate into podocytes has been reported 1°. Their capacity to differentiate into renal tubule cells
can be assumed because the UdRPC express SIX2. This transcription factor regulates self-renewal of
bipotent nephron progenitor cells during kidney organogenesis *'. Apart from their kidney specific
features, UdRPC expanded in vitro on plastic exhibit properties of mesenchymal stem cells such as a
trilineage differentiation into adipocytes, osteocytes, and chondrocytes as well as secretion of
immunomodulatory cytokines and angiogenic growth factors °. First attempts have been made by
several groups to estimate the therapeutic value of transplanted urine stem cells using rodent models
of AKI and CKD with beneficial effects on kidney function and regression of renal fibrosis 1213141516,
However, mechanisms initiated by SIX2-expressing kidney progenitor cells that contribute to the

alleviation of renal fibrosis remain largely unknown.

To explore this, AKI was performed in the present study by transient, unilateral clipping of the renal
pedicle to initiate ischemia reperfusion injury (IRI) in mice. IRI interrupts blood circulation of the
kidneys resulting in endothelial cell damage, tubular cell injury, and inflammation which can trigger
fibrosis '*. Depending on the duration of the ischemic status, the consequences of AKI can vary
between mild as well as severe forms with progression into CKD as has been shown for the well-

established model organism mouse '™, Unilateral transient clipping of the renal pedicle of mice for

3
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45 min as performed in the present study induced AK| to CKD accompanied by renal fibrosis and
impaired kidney function. Injection of human UdRPC under the capsule of IRI-injured kidneys,
however, was unable to completely restore kidney function but prevented the progression of renal

fibrosis as reported in this study.

RESULTS

Characterization and transplantation of UdRPC

Isolated human UdRPC showing a spindle-shaped cell morphology expressed CD133 and the kidney
progenitor markers SIX homeobox 2 (SIX2) and Cbp/p300 interacting transactivator with Glu/Asp rich
carboxy-terminal domain 1 (CITED) (Fig. 1A). Flow cytometry analysis revealed that UdRPC express the
well-established kidney progenitor cell surface proteins CD24 (99%), CD106 (58%), and CD133 (99%)
(Fig. 1B). UdRPC could be differentiated into both podocytes expressing NPH51 adhesion molecule
(NPHS1/nephrin), a-actinin 4, synaptopadin (SYNPO), and NPHS2 stomatin family member
(NPHS1/podocin) (Fig. 1C) as well as tubular cells expressing Na*/K*-ATPase, CLCNKB (chloride voltage-
gated channel Kb), SOX17 (SRY-box transcription factor 17), and ZO-1 (zonular occludens-1) (Fig. 1D).

Approximately 1x10° UdRPC in 20 pl PBS were injected under the capsule of the left kidney of sham
operated mice (group 1), while the vehicle PBS was injected in the same way into the contralateral
kidney (Fig. 2A). The left kidney of group 2 and 3 underwent IRl and animals of the IRI group 2 received
PBS injections in both kidneys, while mice of the IRl group 3 received 1x10° UdRPC into the clipped left
kidney and only PBS was injected into their contralateral kidney (Fig. 2A).

As indicated by the experimental timeline (Fig. 2B}, blood samples were taken and the body weights
were monitored prior to surgical intervention at day 0 as well as after surgery at day 1, 7, 14, and 21.
The body weight of mice remained unchanged during the course of the experiment which implies that
the surgery had no significant influence on the health status of the mice (Fig. 2C; supplemental Table
$2). After 21 days, the animals were sacrificed, and the kidney wet weight was determined. IRI

triggered a significant weight loss in the left kidney of mice in groups 2 and 3 in comparison to the
4
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contralateral kidneys (control I} and the left sham treated controls {control Il) (Fig. 2D). No significant
differences were observed in the kidney wet weight between the group 2 (IRI) and 3 (IRI/UdRPC) (Fig.

2D).

Renal function after IRI

The concentration of blood urea nitrogen (BUN) in the serum of mice was increased in both IRI groups
(group 2: 13 mmol/L; group 3: 10 mmol/L) on day 1 after surgery but only the BUN levels of the IRI
group 2 reached significance when compared to the sham treatment (group 1: 8 mmol/L) (Fig. 3A). A
significant increase in BUN levels was also observed for the IRl group 2 on day 7 post-surgery when
compared to the sham control (group 1}, whereas BUN levels of the group 3 (IRI/UdRPC) were elevated
but not significantly different from the sham control throughout the entire experiment (Fig. 3A),
suggesting better recovery of the kidneys after AKI in the presence of UdRPC. A similar pattern
emerged for the creatinine levels in the blood serum. Serum creatinine increased in both IRl groups up
to approximately 30 umol/L on day 1 post-surgery compared to baseline (day 0) and the sham control
(day 1), which showed a concentration of approximately 24 umol/L (Fig. 3B). On day 7 post injury,
creatinine levels of the IRI group 2 were still significantly increased, whereas in the IRl group 3 with
transplanted UdRPC no significant differences compared to baseline and sham control was observed

(Fig. 3B), thus indicating supportive effects of UdRPC on injured kidney tissue.

Proteome analyses

To gain insight into the underlying mechanisms of transplanted UdRPC on kidney function, the blood
serum of the mice was analyzed prior to surgery (day 0) and on day 14 and 21 after AKI using proteome
analyses that include kidney biomarkers (Fig. 3C-E). Proteins with an influence on vascular system were
found to be increased in the blood serum of the IRI/UdRPC group 3, particularly on day 14 (Fig. 3D).

The renin/angiotensin system capable of elevating blood pressure was more pronounced on this day
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in the UdRPC transplantation group 3. Moreover, vascular endothelial growth factor A (VEGFA), trefoil
factor 3 (TFF3), and urokinase (uPA) are factors that promote the survival and proliferation of vascular
cells or facilitate thrombolysis, were more abundant in group 3. In addition, adipokines such as resistin,
adiponectin, and serpine are known to exert effects on endothelial cells and their expression was found
to be elevated in IRI/UdRPC group 3 at day 14 (Fig. 3D). On the other hand, an increased release of
factors such as interleukine-6 (IL-6), C-C motif chemokine ligand 2 (CCL2/MCP1, monocyte
chemoattractant protein 1) and tumor necrosis factor a (TNFa), which are associated with
inflammatory processes and elevated in injured tissue, was found in the IRI/UdRPC transplant group
(Fig. 3D). In contrast, the increased expression of the immunosuppressive factors interleukine-10 (IL-
10} and interleukin-1 receptor antagonist (IL-1ra) as well as the extracellular matrix (ECM}-degrading
matrix metalloproteinase 9 (MMP9) implies potential beneficial effects of UdRPC on injured kidneys
(Fig. 3D). Unlike the situation on day 14, the serum proteome analysis on day 0 and 21 showed minor
differences between the different experimental groups (Fig. 3C, E; supplemental Fig. S1A-C),
suggesting that UdRPC transiently influenced receiving kidneys at an early stage after transplantation

as already indicated by the serum BUN and creatinine analyses (Fig. 3A, B).

Cytokines released by the UdRPC into the culture medium were investigated by a proteome array
covering 105 human cytokines to assess the origin of cytokines in the blood of mice on day 14 after
transplantation of UdRPC (Fig. 4A-D; supplemental Fig. S2). Individual factors such as colony
stimulating factor 2 (CSF2/GMCSF), growth and differentiation factor (GDF15), insulin-like growth
factor binding proteins 2/3 (IGFBP2/3), and VEGFA emerged in particular due to their quantity (Fig.
4A). The cytokines released by cultured UdRPC were subjected to GO term analysis with regard to
biclogical processes and cellular components. It was of interest that among the biological processes
“tissue homeostasis” and “wound healing” were found (Fig. 4B; supplemental Table S4), which
indicated a support of the injured kidney tissue by the detected cytokines. A comparison with the
cytokines released in the blood serum on day 14 suggested that the factors found in the blood of the

mice of the IRI/UdRPC group 3, such as IL-1ra, IL-10, MMP9, and TNFa, apparently originated from



3 Publications 331

bioRxiv preprint doi: https:/fdoi.org0.1101/2025.07.02.662781; this version posted July 3, 2025. 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 4.0 International license.

mouse cells, as these were not clearly evident in the UdRPC culture medium (Fig. 4D). In contrast,
receptor for advanced glycosylation end product-specific (RAGE) could be distinguished as a factor
associated with IRl in mouse blood. It should be emphasized that VEGFA as part of the biological
processes “tissue homeostasis” and “"wound healing” (Fig. 4B) and the majority of the GO terms
referring to cellular components (Fig. 4C; supplemental Table S4) was clearly prominent under all

conditions (Fig. 4D).

Analyses of kidney fibrosis

Matrix degrading enzymes like MMP9 detected in blood serum proteome analysis prompted us to
investigate the ECM deposition of the injured mouse kidneys by Sirius Red staining in response to
transplanted UdRPC. The animals from both control groups (control I: contralateral kidney; control II:
sham treatment with UdRPC) were combined to obtain a robust mean value as a reference value to
analyze fibrosis. This was justified because the kidneys of the animals in both controls showed no
differences in kidney weight or the molecular biology and histology analyses as described in the
following. Quantification of the Sirius Red-stained areas revealed a significant increase of matrix
protein deposition in mice of the IRl group 2 on day 21 and indicated kidney fibrosis (Fig. 5A, B). In
contrast, the transplantation of UdRPC into the injured kidney prevented excessive ECM production
(Fig. 5A, B). Furthermore, the expression of fibrosis-associated genes such as connective tissue growth
factor (Ctgf/Ccn2) remained low despite AKI when UdRPC were transplanted (Fig. 5C). Reduced kidney
fibrosis in the IRl group 3 with UdRPC was further manifested by the expression analysis of collagen
genes. The expression of the Colla2 and Col3a1 chains was significantly lower in the IRI/UdRPC group
3 than in the IRl group 2 (Fig. 5D, E) whereas the expression of the Colda1 chain and Sox9 only showed
a tendency towards reduction after transplantation of UdRPC (Fig. 5F, G). Significantly reduced
expression was observed for the inflammation-associated genes Ccl2 and intercellular adhesion

molecule 1 (lcam1) (Fig. 5H, 1) in the mouse kidneys after IRl and transplantation of UdRPC compared
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to IRl group 2. This further indicated a lower inflammation of the injured kidney tissue in the presence

of UdRPC.

Transplanted human UdRPC in mouse kidney

To detect the presence of human UdRPC in mouse kidneys, ISH of human-specific ALU repeats was
performed. The transplanted UdRPC were predominantly found in the renal cortex at low cell numbers
and mainly located between the tubules where the capillary system is located as shown for 3 mice that
received UdRPC (Fig. 5J). According to our ISH analysis only a small number of UdRPC survived in the
kidneys. It can be assumed that most of the human cells were presumably eliminated by the immune
system during the 21-day period which provides an explanation for the transiently altered blood serum
secretome on day 14 (Fig. 3D). However, the positive effect of transplanted UdRPC on prevention of

kidney fibrosis persisted (Fig. 5B).

DISCUSSION

The aim of this study was to test if urine-derived SIX2-positive UdRPC can support injured kidney and
thus establish and confirm their therapeutic value and application. Research by other groups has
already indicated this 1213141515 The present study demonstrated that UdRPC have the ability to
differentiate into podocytes and tubular cells, as expected for renal progenitor cells. Thus far, very few
attempts were made to unravel the mechanisms underlying positive effects of transplanted urine
progenitor cells on injured kidneys. For example, exosomal miRNA species such as miR-146-5p and IL-
10 have already been associated with beneficial effects of urine stem cells *'*. However, it is more
likely that there is a broad spectrum of factors released by urine progenitor cells influencing the

recovery of injured kidney tissue.

In the present study, quantification of ECM proteins in renal tissue using Sirius Red staining revealed

that the transplanted UdRPC significantly prevented the development of renal fibrosis as seen in the
8
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IRI model without transplanted cells. A possible mechanistic approach to explain this was provided by
secretome analyses in the present study. When the proteome of mouse serum and UdRPC culture
supernatant were compared, IL-1ra and IL-10, MMP3, and TNFa were found to be increased only in
the serum of mice of the IRI/UdRPC group 3. Presumably, this was a response of the mouse tissue to
factors released by the transplanted UdRPC, as these proteins were not clearly detectably released by
UdRPC into the culture medium. IL-1ra binds IL-1 and has an anti-inflammatory effect 2%, as observed
for IL-10. In line with this, a decrease in inflammation in mouse kidneys with IRl and transplanted

UdRPC was indicated by a reduced expression of the genes Cc/2 and lcam1.

VEGFA was among the factors produced by UdRPC that were also prominent in the blood serum of
mice of the group 3 (IRI/UdRPC). While VEGFA is well known to stimulate angiogenesis and able to
counteract ischemia, PDGFB secreted by endothelial cells attracts pericytes which maintain the
vasculature 2232, According to our proteome analyses, PDGFB is also released from UdRPC into the
cell culture medium and can therefore potentially influence the regenerative process. IGFBP2/3,
VEGFA, and GDF15 were also among the factors released by UdRPC. Although IGFBP bind and transport
insulin-like growth factors (IGF), IGFBP2/3 seem to promote angiogenesis, too 2%, GDF15, in turn, is
apparently secreted by senescent endothelial cells presumably to facilitate blood vessel regrowth **,
Hence, several factors released by UdRPC have an effect that promotes the vascular system. It is
interesting to note that an increase in the density of the peritubular capillary system counteracts CKD
and reduces kidney fibrosis *. CSF2 is another factor released by UdRPC. In mice with targeted deletion
of CSF2 bleomycin-induced lung fibrosis is more severe than in wild type mice apparently by lowered
prostaglandin E2 levels . This can promote immune cell but also sympathetic nervous system
activation which both contribute to fibrogenesis 2. Thus, immunomodulatory and angiogenic
mechanisms triggered by UdRPC can explain their anti-fibrotic effect reported herein. However, it
remains to be investigated whether the transplanted UdRPC have actually led to a change in the

vascular system. This requires further extensive analyses, which should include the aforementioned

cytokines.
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Limitations of the study

The sera of several animals had to be pooled in order to obtain sufficient sample material for the
proteome analyses, as only small volumes of blood serum can be obtained from living mice. This means
that individual variations between the animals in a group cannot be mapped. Furthermore, the low
number of UdRPC still present in the mouse tissue between tubules after 21 days suggests that most
of the human cells either did not engraft into the kidneys or were rejected by the immune system, as
the immunocompetent animals of the C57BI/6N strain did not receive immunosuppression. Moreover,
the limitation of the observation period to 21 days did not enable investigation of potential beneficial
long-term effects of UdRPC on mouse kidneys. It is also not clear whether the immunosuppressive IL-
10 and IL-1ra as potential modulators of inflammatory processes counteracted the effect of other pro-
inflammatory cytokines (e.g. TNFa and IL-6) or whether the elevated levels of IL-6 in blood serum even
had a favorable effect on the regenerative process via the induction of increased endothelial cell

proliferation by triggering VEGFA expression %7,

Conclusion

Despite these limitations, the present study has unveiled an anti-fibrotic effect of transplanted UdRPC
in ischemia-induced acute to chronic renal injury in mice. Anti-inflammatory and angicgenic factors
could have mediated the positive effects of UdRPC on the regenerative processes of the mouse
kidneys. Further studies are required to identify individual factors in the secretome of UdRPC that can

be used in the prevention or treatment of renal fibrosis in patients.
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MATERIALS AND METHODS

Characterization of UdRPC

Human UdRPC (UF31) were isolated from the urine of a 35-year-old healthy female donor of African
origin. Informed consent was obtained by the donor of the urine cells and ethical approval for their
use in research was given by the ethical commission of the Heinrich Heine University. All methods were
performed in accordance with the relevant guidelines and regulations. UdRPC were initially selected
from urine by their adherent growth on plastic as proposed for MSCs. The proliferating UdRPC were
expanded using culture medium composed of 50% Dulbecco's Modified Eagle Medium (high glucose)
and 50% keratinocyte medium supplemented with 5% fetal bovine serum (FBS), 0.5% non-essential
amino acids, 0.25% GlutaMAX, 0.5% penicillin/streptomycin, and basic fibroblast growth factor (5
ng/ml, Cat# 100-18B, PreproTech Germany, Hamburg, Germany) at 37°C and 5% oxygen. If not
otherwise indicated, all components of the culture medium were purchased from Gibco (Carlsbad, CA,
USA). UdRPC were fixed with 4% paraformaldehyde (PFA) and incubated with primary antibodies
directed against SIX2 (#H00010736-MO01, Abnova, Taipei City, Taiwan), CD133 (#C2514-90B, US
Biological; PA2049, Boster Biological), Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-
terminal domain 1 (CITED1, #PA5-40585, Thermo Fisher Scientific) as well as corresponding secondary
Cy3-, Alexa Fluor 555-, or Alexa Fluor 488-labelled antibodies (Thermo Fisher Scientific) and Hoechst
33258 dye (Merck, Darmstadt, Germany) using a standard protocol. The actin cytoskeleton (f-actin)
was labelled by phalloidin-FITC (#P5282, Merck). UdRPC were also subjected to flow cytometry using
the CyAn ADP (Beckman Coulter, Indianapolis, 1A, USA) to specifically detect renal progenitor cell
surface markers by using antibodies directed against CD24-FITC (#FCMAB188F, Merck), VCAM-

1/CD106-PE (#FAB5649P, R&D Systems), and CD133-APC (#FAB11331A, R&D Systems).

Differentiation of UdRPC into podocytes and tubular cells
Podocytes differentiation was initiated after culturing UdRPC on rat collagen type | coated plates to a

confluency of approximately 60-70% in advanced RPMI medium supplemented with 30 uM retinoic
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acid for 14 days . Expression of a-actinin 4 (#AB108198, Abcam, Cambridge, UK), podocin (NPHS2,
#AB50339, Abcam), nephrin (NPHS1 adhesion molecule, #AB4626861, Thermo Fisher Scientific),
synaptopodin (SYNPO, #A5-56997, Thermo Fisher Scientific) and the cytoskeletal marker phalloidin-
Alexa Fluor 488 (#A12379, Thermo Fisher Scientific) was confirmed as described *°.

Tubular cell differentiation was initiated after culturing undifferentiated UdRPC on laminin-421-coated
plates to a confluency of approximately 90% (laminin-421, #LN421-02, BiolLamina, Sundbyberg,
Sweden). The cells were induced to differentiate in renal epithelial cell growth medium (REGM)
supplemented with 10 ng/ml bone morphogenetic protein 2 (BMP2) and 2.5 ng/ml BMP7 for seven
days *. The tubular-associated markers zonular occludens-1 (ZO-1, #33-9100, Thermo Fisher
Scientific), Na'/K-ATPase (#ab76020, Abcam), chloride voltage-gated channel Kb (CLCNKB,
#AB236733, Abcam), and SRY-box transcription factor 17 (SOX17, #AF1924, R&D) were confirmed by

immunofluorescence.

UdRPC transplantation

The animal experiments were performed by Phenos GmbH (Hannover, Germany) according to our
specifications. All procedures were approved by the local authorities for animal protection
(Niedersdchsisches Landesamt fir Verbraucherschutz und Lebensmittelsicherheit; reference number
33.19-42502-04-22-00107) and were performed in accordance with the German animal welfare act
and the ARRIVE guidelines. A total of 21 male C57BI/6N mice (12-15 weeks old; Charles River, Sulzfeld,
Germany) were used for the present study (supplemental Table 51, 52). The animals received a
standard diet with free access to food and water in an enriched environment and were monitored
daily. To ensure analgesia, Buprenorphine and Metamizole were administered subcutaneously prior
to surgery. As a contralateral control (control I; n = 21), 20 pl phosphate buffered saline (PBS) were
injected under the renal capsule of the right kidney of all animals used for the study. In the sham group
(group 1; control II; n = 5), 20 pl of UdRPC suspension (1x10° cells) were injected under the renal

capsule of the left kidney. In group 2 and 3 the left renal pedicle was clamped with a microaneurysm

12



3 Publications 337

bioRxiv preprint doi: https:/fdoi.org0.1101/2025.07.02.662781; this version posted July 3, 2025. 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 4.0 International license.

clip for 45 min (IRl model). In group 2 (n = 8), 20 pl of the vehicle PBS were injected into the left kidney.
The group 3 (n = B) received also 1x10% UdRPC in 20 ul PBS under the renal capsule of the clamped left
kidney. Body weight was measured, and blood samples were taken prior to surgery (day 0) and on day
1,7, 14, and 21. On day 21 the mice were euthanized in deep isoflurane anesthesia by blood sampling
via the left ventricle. After terminal blood collection whole body perfusion was performed with ice cold
PBS via the left ventricle which results in circulatory arrest. The fresh weight of the kidneys was

subsequently determined.

Clinical chemistry and proteome analyses

For assessing renal function, s-creatinine and blood urea nitrogen (BUN) were measured in serum
samples of mice on day 0, 1, 7, 14, and 21 using the Olympus analyzer (AU400) by the Phenos
GmbH. Serum samples from mice were further analyzed on day 0, 14, and 21 using the Proteome
Profiler Human Kidney Biomarker Array Kit (ARY019; R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s recommendations. Collected blood samples were pooled from
distinct animals based on their experimental group assignment to obtain sufficient amounts of
protein. The secretome of UdJRPC UF31 was analyzed by the Proteome Profiler Human XL
Cytokine Array Kit (ARY022B; R&D Systems) in cell culture medium as specified by the
manufacturer. Image analysis including grid-finding and quantification was semi-automatically
performed using the FlII/Image) software **, normalized via the mean of the reference spotsinthe
R/Bioconductor ¥ and assessed for gene expression via detection-p-values < 0.05 as described
. GO over-representation analysis was performed via the R package GOstats * using the total
list of proteins of the Proteome Profiler Human XL Cytokine Array as background. For the Venn
diagram comparison of proteins detected in the secretome of UdRPC UF31 and in animal blood
samples only the overlap of cytokines between both array types ARY019 and ARY022B was

considered.
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Sirius Red staining

The amount of extracellular matrix protein (ECM) was quantified after Sirius Red staining of paraffin-
embedded mouse kidney sections (10 pm). The Pico-Sirius Red Stain Kit (#SCY-PSR-1, Biozol
Diagnostica GmbH, Echingen, Germany) was used according to the protocol provided by the
manufacturer. Stained areas of the kidney sections were quantified using the CellSens Dimension

software (version 1.16, Evident Europe GmbH, Hamburg, Germany).

Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)

TagMan Reverse Transcription Reagents (#N8080234, Applied Biosystems) were used to synthesize
cDNA from 1 ug total RNA per sample. For the PCR, 10 ng cDNA, 0.6 uM from each primer set
(supplemental Table S3), and the Takyon No Rox SYBR Green MasterMix dTTP Blue (#UF-NSMT-B0701,
Eurogentec, Seraing, Belgium) were mixed. The PCR products were amplified by applying a standard
protocol. The CT values were analyzed by the 2(-AACt) method and normalized against the

housekeeping gene hypoxanthine-guanine-phosphoribosyl transferase 1 (Hprt1).

In-situ hybridization of ALU repeats

To identify transplanted UdRPC, in-situ hybridization (I1SH) of human-specific ALU repeat seguences
was performed on paraffin-embedded mouse kidney sections after target retrieval through Tris-EDTA
buffer (10 mM Tris base, 1 mM EDTA solution, 0.05% Tween 20, pH 9.0) treatment for 30 min at 85°C
and blocking of peroxidase activity (Dual Enzyme block; #52003, Dako-Agilent, Santa Clara, CA, USA).
The tissue sections were permeabilized using proteinase K (10 pg/ml, #P2308, Merck) diluted in
digestion buffer (2x saline sodium citrate buffer/SSC, 2.5% sodium dodecy! sulfate). The ZytoFast DNA
(+) control probe with digoxigenin (#T-1053-100; ZytoVision GmbH, Bremerhaven, Germany) was
directly layered onto each section, denatured at 75°C for 5 min, and hybridized at 37°C for 2 hours.
DIGX rabbit anti-digoxigenin antibody (#ENZ-ABS303; Enzo Biochem Inc., Long Island, NY, USA), anti-

rabbit antibody coupled with horseradish peroxidase/HRP (#K4010, Dako-Agilent), and 3,3'-
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diaminobenzidine (SIGMAFAST DAB, #D4293, Merck) was applied to stain the bound probes. The cell

nuclei were counterstained by diluted hematoxylin solution (#1.05175.0500, Merck).

Statistics

Statistical analyses were performed using GraphPad Prism software version 10.4.1 (GraphPad

Software, San Diego, CA, USA). Statistical significance was tested by one way analysis of variance

(ANOWA). Significant differences were indicated by asterisks. Results are presented in scatter plots and

the arithmetic mean as well as standard error of mean (SEM) is indicated.
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FIGURES AND FIGURE LEGENDS

A Characterization of transplanted UdRPC by immunofluorescence staining

B Characterization of transplanted UdRPC by FACS

CD24: 99% CO133: 99% CD1086: 8%

Aoda

Differentiation of IJ:IRPC mto podocytes

Differemtiation of UWdRPT into tubular cells

Figure 1: Characterization of UdRPC by immunofiuorescence and flow cytometry. (A) Transmission
light microscopic image of UdRPC showing spindle-shaped cell morphology (insert).
Immunafluorescence staining of UdRPC using antibodies against the kidney progenitor cell markers
€D133, 5IX2, and CITED (red). The cell nuclei were stained with Hoechst 33258 (blue) and the actin
cytoskeleton was labelled by phalloidin (green). Scale bars represent 50 um. (B) The renal progenitor
cell markers CD24, €D106 (VCAM1), and CD133 were detectable as cell surface proteins on UdRPC by
flow cytometry. Dark blue histograms indicate the fluorescence-labelled antibodies against CD24,
CD106, or CD133, respectively, whereas light blue histograms represent antibody isotype controls. (C)
Podocytes differentiated from UdRPC expressed characteristic podocyte markers NPHS1, a-actinin 4
(insert), SYNPO, and NPHS2 (red). The cytoskeletal marker phalloidin is shown in green. (D) UdRPC
differentiated into tubular cells showed tubular-associated markers Na'/K*-ATPase, CLCNKB (insert),
SOX17, and Z0-1 (red) at protein level, along with phalloidin. Scale bars indicate 50 and 100 pm.
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Figure 2: Experimental procedure and health status of mice as indicated by body and kidney weight.
(A). Group 1 was sham operated and received UdRPC injection into the left kidney. IRI-induced AKI was
triggered by unilateral transient clipping of the left renal pedicle in group 2 and 3. The injured left kidney
of the group 3 received an injection of UdRPC whereas only the vehicle PBS was injected into the left
kidney of group 2. The contralateral (right) kidneys always received the vehicle in all groups. (B)
Timeline of the experimental procedure. (C) Body weight af mice was determined prior to surgery {day
0) and on day 1, 7, 14, and 21. (D) Kidney wet weight on day 21. Data are indicated as mean + SEM.
Statistical significance was tested by one way ANOVA. Significant differences were ***p<0.001.
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Figure 3: Blood serum analyses. (A) Blood-urea-nitrogen (BUN) and (B) creatinine concentrations as
indicators of kidney injury were measured in the blood serum prior to surgery (day 0) and on day 1, 7,
14, and 21. Data are shown as mean + SEM (n = 5-8). Statistical significance was tested by one way
ANOVA. Significant differences were *p<0.05, **p<0.01, ***p<0.001. {C-E) Proteome Profiler Human
Kidney Biomarker Arrays have been used to monitor cytokines and growth factors associated with
kidney diseases in the blood serum of mice at day 0, 14, and 21. The serum samples were pooled from
different animals according to their experimental group assignment to receive sufficient protein
amounts. The bars indicate mean values, and the dots represent individual values of double
measurements.
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Figure 4: Secretome analysis of UdRPC. (A) Cytokines released by UdRPC into the culture medium were
analyzed by the Proteome Profiler Human XL Cytokine Array covering 105 cytokines. Only the expressed
cytokines that have a detection-p-value below a threshold of 0.05 are shown. The bars indicate mean
values, and the dots represent individual values of double measurements. GO over-representation
analysis was performed to identify gene ontology (GO) terms of (B) biological processes and (C) ceflular
components associated with the cytokines released by UdRPC as indicated by the aforementioned
proteome array. {D) Matching cytokines from the Proteome Prafiler Human Kidney Biomarker Array Kit
(ARY019), which was used to analyze the blood serum of the mice 14 days after IRI, and the Proteome
Profiler Human XL Cytokine Array Kit (ARY022B), which was applied to identify the cytokines released
by UdRPC into the culture medium, were compared in a Venn diagram. In addition to the UdRPC culture
medium, the blood sera of mice after IRl were illustrated with and without transplanted UdRPC for day
14 after kidney injury.
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4 Discussion

Kidney diseases describe the condition of the kidney in which its function is restricted or even

inoperable. Their mortality rate has risen in recent years. Globally, deaths attributed to kidney
disease increased by 50% between 2000 and 2019%%°.

Common kidney diseases are chronic and acute kidney failure, degenerative kidney diseases,
various kidney inflammations, kidney stones, renal cell cancer and genetic kidney diseases
such as familial cystic kidneys or rare inherited kidney diseases such as Bartter syndrome.
However, since the human body is a complex and far-reaching system, kidney diseases are
closely linked to other organs such as the heart or the brain. It is known that a damaged and
non-functioning kidney stops the elimination of waste products from the blood and therefore
an enormous amount of fluid collects in the blood vessels, causing e.g. high blood pressure®?,

The harmony and balance of the system and the cooperation of the organs is essential.

In the past, disease modelling of the kidney has been extremely difficult due to the challenge
of obtaining cells derived from the kidney. Although relatively few kidney cells are shed under

healthy compared to dysfunctional conditions??7:22¢

, we were able to isolate, cultivate and
expand urine cells from healthy donors'®. Previous studies of ours have described a protocol
by which they have found urine to be a reliable, non-invasive, robust, and cost-effective source
of kidney stem cells, as opposed to amniotic fluid or kidney biopsies'®?'>217:22°  Ethijcal
perspective should also not be ignored regarding the positive properties of the use of urine.
Urine provides as a non-invasive source a variety of renal cells e.g. podocytes which is a
promising means to study the biology of podocytes and renal disease.

Renal progenitor cells called UdJRPCs are one cell type that can be isolated from urine and
express self-renewal markers as well as typical mesenchymal markers such as SIX2, SSEA4,
and vimentin, but not the essential pluripotency regulating transcription factors OCT4, SOX2
and NANOG. The expression of surface markers like CD106, CD24, and CD133 decisive for
their renal origin. For instance, cells that express CD106 are only found in the renal capsule,
while cells expressing CD24 and CD133 are found in both the renal capsule and the tubules®°.
SIX2-positive UdRPCs have the potential to differentiate into various renal cell types, including
podocytes®*'?%2. Podocytes are a specialized and highly differentiated epithelial cell type of the
glomerulus. They are situated on the exterior of the glomerular capillaries and extend into the
urinary space of Bowman's capsule. These cells feature a sizable cell body from which many

foot processes extend and taper around the glomerular capillaries. Isolating of UdRPCs
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facilitates the harvesting of the cells, as these podocytes are usually obtained from iPSC or
harvested from the glomeruli®®,

However, primary UdRPCs proliferation capacity is also limited by the Hayflick phenomenon
in vivo and the cell culture environment. As these cells are very rare and have a limited
cultivation potential, their use in long-lasting experiments is limited. One way of circumventing
this issue is the immortalization of those cells to unlock unlimited proliferation capacity by the

cost possible of genomic alterations.

4.1 Generation and characterization of immortalized podocytes

derived from human urine

Immortalization of cells refers to the process by which normal somatic cells acquire the ability
to divide and proliferate indefinitely without undergoing age associated changes and/or
senescence. This often occurs through genetic changes that affect cell cycle control or through
the introduction of oncogenes that promote cell growth and division but also rendering the cells
vulnerable to oncogenic transformation. As previous studies have shown, the division potential
of primary cells is not only explicitly limited in the kidney®**?*. The use of kidney-specific cell
types is essential for the investigation and further training of kidney diseases. Podocytes are
specialized cells located in the glomerulus of the kidney, where they play a crucial role in blood
filtration. Since mature podocytes are terminally differentiated and unable to divide in
vivo?® establishing podocyte cell cultures presents a considerable challenge. One approach
to cell moralization is the ectopic expression of the telomerase reverse transcriptase protein
(TERT)®72%_ This protein is inactive in most somatic cells, but when hTERT is exogenously
expressed, cells are able to avoid replicative senescence. Studies have shown that
overexpression of hnTERT can efficiently extend the lifespan of immortalized cells and maintain

a stable genotype and important phenotypic characteristics®®.

We also showed the successful immortalization of a human podocyte precursor cell line,
UM51-PrePodo-hTERT, derived from UdRPCs isolated directly from the urine of a man of
African descent®®. UM51-PrePodo-hTERT was cultured for one year with over 100 passages
and demonstrated high proliferative capacity. The immortalization of this cell line was achieved
by overexpressing hTERT, which resulted in chromosomal aneuploidies and alterations in
gene expression®*'?*2_ While UM51-PrePodo-hTERT exhibits a hypertriploid karyotype, the

cells maintain contact inhibition and express and activate p53, suggesting that they have not
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lost cell cycle checkpoints or undergone malignant transformation. Despite exhibiting
characteristics typically associated with cancer cells, such as predominantly short telomeres
and telomerase activity, which is observed in 85-90% of human cancers®*?*, these cells do

not appear to have undergone oncogenic transformation.

In parallel, another nephron progenitor cell line was successfully immortalized by transfecting
two plasmids containing the reprogramming factors OCT4, SOX2, NANOG, cMyc, KLF4
(OSKM) and the SV40 LT. Thereby we were able to achieve a human podocyte progenitor cell
line UM30-OSN, where the primary cells were isolated directly from the urine of a 30-year-old
male. UM30-OSN was cultured over one year within 100 passages with high proliferation
capacity. The plasmids were successfully excreted over the passages. During cellular
reprogramming is driven by epigenetic restructuring, reorganisation of chromatin state, erasure
of somatic identity and finally, expression of the pluripotent gene regulatory network?*>-247,
During cellular reprogramming, all age-related defects are restored when the cell identity is
reset, so that adult somatic cells are reset to a young state and have, among other things, an
increased telomere length?*®249. In 2006, this process was made possible by Shinya
Yamanaka, who analyzed 24 genes associated with embryonic stem cell identity and
discovered four transcription factors to be sufficient to induce pluripotency - Oct4, Sox2, Kif4
and cMyc'®. These four transcription factors induce pluripotency in any cell type. Partial
reprogramming does not result in complete reprogramming, which means that the cell identity
is not completely reset. During the reprogramming process into iPSC, cells undergo a
"transgene-dependent period," during which the presence of transgenic factors is essential for
reprogramming progression®*’. Once these transgenes are lost, the cells typically achieve a
stable pluripotent state. The reprogramming process marks the time window during which cells
activate endogenous pluripotency loci and transition to a state of transgene independence,
accompanied by the mesenchymal-to-epithelial transition (MET)?*°. However, in the case of
UM30-OSN cells, which lose the introduced plasmids at an earlier stage, this stable pluripotent
phase is not reached. This suggests that the SV40 Large T antigen plays a critical role in the

immortalization of these cells and may be essential for completing the reprogramming process.

Immortalizing cells by using the SV40 LT antigen, leads to inactivation of tumour suppressor
genes®® and induction of telomerase activity?®®. The conferral of unlimited cell division is
likewise as the hTERT overexpression, associated with chromosomal alterations and genomic

instabilities®*'2*2, In the UM30-OSN, these are also present, whereby P53, P21, as well as
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PCNA and KI67 expression and their activation and downregulation indicate intact cell cycle
checkpoints. At the same time, they show no cancerous transformation, even though they
share some characteristics such as shortened telomeres or increased telomerase
activity?43244,

Both cell lines were tested for their potential to differentiate into a kidney-associated cell types,
such as podocytes®*!2%2240 Thjs protocol has also been successfully and reproducible applied
to urine-derived cells immortalized with hTERT from a 51-year-old African man (UM51
hTERT)?* and via two plasmids including an SV40-T-antigen and OSKM from a 30-year-old
man (UM30-OSN?'. Nephron progenitor cells can be associated as renal progenitor cells, as
they express in their undifferentiated stage the renal stem cell markers SIX2, CITED1, CD24,
and CD106'%2°2, The markers CD133, CD24, and CD106 are of curial importance to indicate
the progenitor direction of the cells. Cells localized in Bowman's capsule express CD133",
CD24*, and CD106", whereas CD133*, CD24"*, and CD106  cells are the progenitors of
proximal tubular cells?*®. Podocytes belong to Bowman's capsule, causing their progenitor cells
to be CD24 and CD106 positive, completely differentiated podocytes upregulate the podocyte-
specific genes SYNPO, NPHS1 and NPHS2 which are required for the formation of the slit
membrane and foot processes®?. Furthermore, there is an upregulation of the podocyte-
specific marker PODXL, which regulates morphogenesis and differentiation of developing
podocytes. This occurs through the dissolution of tight and adherens junctions and the
subsequent formation of microvilli, foot processes and slit membranes, the key ultrastructural
elements that enable glomerular filtration®**?%°, The generated podocytes not only exhibit the
expression of the specific genes but also show the typical podocyte "fried egg" morphology.
Both cell lines can be considered as a suitable cell model for podocyte differentiation and can
be used to study numerous renal diseases. Nevertheless, it should be kept in mind that they
have an aberrant karyotype and thus may have deviations in e.g. gene expression compared
to the primary cells. Due to their high proliferation rate, they have far-reaching advantages,
especially in screening. The use of immortalized urine-derived podocytes can be approached
as an easily manageable cellular model, which opens a new dimension for the investigation of
renal diseases, like podocyte damage, regulation of high blood pressure, CKD, AKI and renal

tubular disorder.
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4.2 Reduction of ANGIl-induced cytoskeletal changes in human

podocytes by angiotensin receptor blockade

Globally, approximately 9.4 million deaths annually are attributed to elevated blood pressure.
The RAAS plays a critical role in regulating blood pressure as well as maintaining electrolyte
and fluid balance in the body. ANG II, the primary effector of the RAAS, is central to the
regulation of blood pressure and fluid balance. ANG Il can activate two receptors AGTR1 and
AGTR2. ANG II exerts its effects predominantly through AGTR1 and, to a lesser extent,
AGTR2%%25 AGTR expression has been widely observed across various segments of the
nephron, including the distal tubule, collecting duct, and renal vasculature?*®=2%3, Thereby,
AGTR1 is expressed 8 — 10-fold higher at the mRNA level than AGTR2 in the human kidney®**.
In the kidney, elevated levels of circulating and intracellular ANG Il have been implicated in a
range of deleterious effects, including vasoconstriction, inflammation, fibrosis, and
hypertrophy?®°. The persistent activation of AGTR1 by ANG Il induces renal vasoconstriction,
impairing sodium excretion due to reduced medullary blood flow?®. This leads to podocyte
damage and eventual loss, which compromises the structural integrity of the glomerular
filtration barrier. Our study showed a ANG llI-mediated cytoskeletal remodeling results in the
deformation of podocytes, characterized by a transition from their typical fried-egg morphology
to a rounded and contracted form?*224°_ This study confirmed the downregulation of podocyte-
specific genes, including NPHS1 and SYNPO, following 24-hour ANG Il treatment, consistent

with findings by Rister and Wolf?’

. The detrimental effects of ANG Il also include triggering a
pro-fibrotic and inflammatory milieu, promoting podocyte dysfunction through cytoskeletal
disarray and slit diaphragm disruption®®®2%°. Moreover, ANG II's role in podocyte injury is
closely linked to an upregulation of AGTR1 expression, further amplifying its pathological
effects such as nephrosclerosis, endothelial dysfunction, and vascular hypertrophy®®. By
contrast, AGTR2 activation has been linked to beneficial effects, including vasodilation, tissue
repair, and cell differentiation®®. It remains unclear whether podocytes can adapt their
phenotype and whether the observed morphological changes become chronic under

prolonged ANG Il stimulation.

Clinically, ARBs and ACEls are widely used to treat various renal disorders. In the follow-up
study, the use of losartan, an ARB, highlighted the importance of AGTR1 in ANG ll-induced
damage®'. Losartan acts as an antihypertensive agent by blocking AGTR1 through a

competitive and reversible binding, thereby counteracting ANG Il effects. ANG Il signaling via



4 Discussion 354

AGTR2 has been linked to vasodilation, development, cell differentiation, tissue repair, and

apoptosis®

. We demonstrated that losartan effectively mitigates ANG ll-induced cytoskeletal
changes, preserving podocyte architecture and restoring nephrin and synaptopodin
expression. Interestingly, a receptor switch from AGTR1 to AGTR2 was observed upon
losartan treatment, suggesting that ANG Il might preferentially bind to AGTR2 when AGTR1
is blocked. This receptor switch appears to facilitate the re-differentiation of podocytes and the
re-expression of podocyte-specific genes. Beyond that, we suggest that ANG Il has sex- and
age-dependent effects, with variability in response observed among cell models. The results
indicate that ANG Il and losartan have varying effects depending on the sex and age of the
cells studied. This variability suggests a high degree of individuality in the selected cell models,
potentially making them more representative of in vivo conditions or revealing inherent
differences among them. For instance, a study involving female mice reported a significant
correlation between hypertension and AGTR1 expression. Genetic variants that enhance
AGTR1 expression were found to influence blood pressure and gene expression, whereas no
such correlation was observed in male mice?”°. The findings underscore the importance of

considering sex-specific differences in experimental and clinical outcomes.

These studies presented by our lab not only show the importance of different cell modelling
approaches but also the essential connection between the organs and their consequences.
The study described above successfully elucidated critical links between the RAAS and the
AGTR signaling pathways, providing valuable insights into the mechanisms underlying the
function of angiotensin type Il receptors. These findings hold significance for advancing
nephrotoxicity research and for understanding the mechanisms and signalling cascades
involved in various kidney diseases. It may provide far-reaching insights for possible

therapeutic approaches to be used in the future.

4.3 Secreted urinary cytokines in AKI and CKD patients as

diagnostic and prognostic tools for kidney diseases

Acute kidney injury and chronic kidney disease are among the most common and significant
kidney diseases worldwide. Both conditions are not only clinical challenges but are also closely
related pathophysiological conditions. AKI can significantly increase the risk of developing
CKD, while CKD patients are at higher risk of acute deterioration of their kidney function °2.

The global impact of these diseases is enormous. It is estimated that around 13 million people



4 Discussion 355

worldwide are affected by AKI each year, 85% of whom live in low- and middle-income
countries. In addition, more than 10% of the world's population suffers from CKD, with rising
incidence rates due to an aging population and an increase in chronic diseases such as
diabetes and hypertension?"'272,

The importance of research into AKI and CKD lies primarily in the need to understand the
mechanisms that lead to the progression from AKI to CKD. This includes the investigation of
inflammatory processes, fibrosis formation, and epigenetic changes that can cause long-term
damage after AKI?"3, Findings from such studies could contribute to the development of new
therapeutic approaches to prevent the transition from AKI to CKD. However, as acute kidney
injury can also occur without signs or symptoms?™* , the identification of cytokines is beneficial
as a tool for early diagnosis. Since the increase in plasma levels of pro-inflammatory cytokines
predicts mortality in patients with AKI>”®. Therefore, the secretome of urine from an AKI patient
cohort was analyzed using a commercially available renal biomarker cytokine assay. In
addition, we analyzed the effect of patient and healthy urine on human podocytes. Nowadays,
it can be concluded that biological processes can produce variations depending on gender and
age. As we only had access to a limited sample pool for this study, we tried to exclude
individual variations by pooling the samples. Sex-specific analyses were performed to avoid
variations due to the influence of sex hormones such as testosterone and oestradiol on the

modulation of SIRT1 expression?’®-278,

In our study, we identified Adiponectin (ADIPOQ), Epidermal Growth Factor (EGF), and
SERPIN3A as potential early biomarkers that could detect AKI as early as 24 hours after
surgery. ADIPOQ is of special interest since it has been described to directly regulate the
expression of three of the identified cytokines that were upregulated 72 hours after surgery,
namely C-X-C Motif Chemokine Ligand 1 (CXCL1), Vascular Endothelial Growth Factor
(VEGF), and Renin (REN). Adiponectin exerts its effect via multiple pathways, leading to the
suppression of endothelial inflammatory signaling and inhibition of apoptosis in tubular
epithelial cells?’®. Inhibition of the renin-angiotensin system has been reported to significantly

elevate adiponectin levels?®°

. We hypothesize that the upregulation of secreted renin observed
in AKI urine samples 72 hours post-surgery may be responsible for the downregulation of
secreted adiponectin. In contrast, the early upregulation of adiponectin appears to activate
angiogenesis-related genes, such as CXCL1 and VEGF, signaling the initiation of nephron

281

repair processes?®'?8 VEGF has been recognized as a critical mediator in both early and late

phases of renal protection following AKI, particularly in the context of stem cell-based
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therapies?®*. Furthermore, EGF was found to be upregulated 24h post-surgery and its known
for its pivotal role in tissue repair and regeneration®®®. Experimental models of AKI have
demonstrated that exogenous administration of EGF can enhance tubular regeneration and
reduce fibrosis, improving renal function outcomes. Moreover, endogenous EGF levels are
often reduced during AKI, suggesting a potential therapeutic window for intervention®®,
Moreover, studies have shown that EGF can modulate the immune response by attenuating
the release of pro-inflammatory cytokines and reducing oxidative damage, further supporting

its protective role in AKI?'.

In the context of biomarker discovery, urinary EGF levels have been investigated as a potential
diagnostic and prognostic indicator for AKI®”. Lower urinary EGF concentrations are often
associated with more severe injury and poorer recovery, highlighting its potential utility in

clinical settings?®®,

The EGFR promoter is known to harbor p53-responsive elements, linking its activity to p53-
mediated pathways?°. Renal fibrosis, a key complication in kidney disease, has been
associated with the activation of EGFR and p532*°. Supporting this, the FDA-approved test
"NephroCheck®" predicts moderate to severe AKI risk within 24 hours. It measures tissue
inhibitor of metalloproteinase 2 (TIMP-2) and insulin-like growth factor binding protein 7
(IGFBP7), biomarkers secreted by renal tubular cells under stress®®'. These factors induce
G1-phase cell-cycle arrest by activating p27 via TIMP-2 and p53/p21 via IGFBP7, emphasizing
the role of TP53 in AKI's clinical progression?°2%®_ A study by Montero et al. further correlated
VEGF and p53 expression, highlighting their potential as independent prognostic factors®“.
Our findings demonstrate that secreted EGFR and VEGF can elevate TP53 mRNA and protein
levels in immortalized podocytes, though further verification is needed®®. Pierzchalski et al.
also noted that p53 can induce apoptosis through the RAAS?%, a pathway we have shown to
detrimentally affect podocyte morphology and function in our previous research®'232240 Thys,
we propose that EGFR and VEGF secretion primarily drives angiogenesis, p53 activation, and

RAS stimulation, which could explain the transition from AKI to CKD.

Interestingly, our study of CKD patients from Ghana revealed decreased secretion of EGFR
and VEGF in CKD progression®’. This suggests that EGFR and VEGF may act as initiators in
AKI and diminish during CKD progression. VEGF, in particular, has shown potential in

facilitating renal recovery after AKI, although the mechanisms remain unclear®®’. Post-AKI
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kidney tissue often exhibits impaired endothelial proliferation and mesenchymal transition,
t273.

leading to vascular attrition and CKD advancemen
The combination of the identified cytokines represents a promising strategy to accurately
diagnose the development of AKI within 24 to 72 hours after surgery. Our results show that
the cytokines present in high concentrations in the urine of AKI patients can trigger repair
processes in the damaged nephron. These processes activate TP53 and SIRT1, among

others, to maintain a balance between cell proliferation, angiogenesis, and cell cycle arrest.

Finally, the current, AKI and CKD diagnosis relies on urea and creatinine clearance, which
only detects nephron damage after filtration impairment. A cytokine-based diagnostic
approach could offer earlier detection, as evidenced by our finding of ADIPOQ accumulation
in urine 24 hours post-surgery in AKI patients. Early detection of such cytokines could enable
timely interventions to prevent filtration barrier breakdown, potentially yielding significant
patient benefits. Moreover, cytokine-based tests are non-invasive, cost-effective, and easily
conducted using urine samples and flow-cell detection devices, presenting a promising
alternative for AKI and CKD monitoring. However, further studies are needed to validate these
findings and their clinical applicability. The use of urine-derived stem cells shows the far-

reaching potential in research of kidney diseases.

4.4 JAK1/JAK2-Inhibition reduces IFN-y-induced APOL1

expression and fibrotic markers in human podocytes

APOLA1 play a privotal role in podocyte injury and the development of CKD over the JAK/STAT
signaling pathway. JAK1-mediated signaling has been identified as a key driver of
inflammatory and fibrotic processes, both of which are recognized as major contributors to
CKD progression'?. Within this context, APOL1 risk variants are of particular clinical
importance, as they exert a toxic gain-of-function effect in podocytes, leading to in cellular

117,137,138,221

damage and nephron loss . Numerous studies have demonstrated that APOL1

expression is upregulated by pro-inflammatory cytokines such as IFN-y, a process that is
directly mediated through the JAK-STAT signaling cascade''?"14136.140-144 " Thjs highlights
targeted modulation of this pathway as a promising therapeutic strategy, as preclinical studies

112,118,136,145

have shown . The avaible functional studies of APOL1 have important limitations.
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Much of the mechanistic understanding of APOL1 biology stems from overexpression models
in mice or HEK293 cells expressing the GO, G1, or G2 variants''2126:136.137.221-224 "\l these
systems have provided crucial insights into pathogenic mechanisms, they fail to fully
recapitulate the unique physiology of human podocytes and the native regulatory context of
APOL1. Future studies should therefore prioritize human podocyte-based systems to enhance
the translational relevance of preclinical findings and to more effectively assess targeted
therapeutic strategies.

Based on this, in this study, UJRPCs from a West African donor (UM30-OSN) were
immortalized and used to investigate the effect of APOL1 expression and renal injury markers
using IFN-y and the JAK1/JAK2 inhibitor baricitinib in podocytes®”.

IFN-y stimulation for 24 h resulting in increased phosphorylation of STAT1, activation of
APOL1, upregulation of pro-inflammatory and fibrotic markers such as, IL-6, TGF-3, Vimentin,
Fibronectin, and morphological changes indicative of cell stress.

Morphologically, IFN-y stimulation resulted in an increase in rounded, detached cells
compared to the untreated control, as observed by light microscopy. This cytoskeletal change
has also already been demonstrated by the use of ANGII?"232240_ This suggests that not only
the RAAS play a crucial role in podocyte injury and the development of CKD, but also the
JAK/STAT signalling pathway.

In addition to the morphological changes, there was a significant increase in APOL1
expression and consequently also an increase in pro-inflammatory and fibrotic markers such
as, IL-6, TGF-B, vimentin, fibronectin. As is already known, inflammation and fibrosis are
crucial for the progression of kidney disease and show the dependence of APOL1 risk variants
and the progression of kidney disease. Due to the West African origin coupled to the APOL1
risk variants, a permanent activation of the JAK/STAT signalling pathway marked by
phosphorylation of STAT1 followed by increased APOL1 expression seems to lead to an
increase in inflammation and fibrosis associated markers. These observations are conistent
with previous studies in overexpressing models, such as HEK293 cells, demonstrating that
APOL1 risk variants can trigger cytotoxic responses under pro-inflammatory
Conditions112,114,136,140—144.

Our results support the notion that APOLA1 risk variants confer a toxic gain-of-function effect in
human podocytes. In individuals of West African ancestry, constitutive or cytokine-induced
JAK/STAT activation appears to drive sustained APOL1 expression, leading to an

inflammatory and profibrotic microenvironment. These processes are well-recognized
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mediators of CKD progression and underscore the clinical relevance of targeting the
JAK/STAT/APOL1 axis.

Importantly, co-treatment with Baricitinib effectively mitigated IFN-y-induced morphological
and molecular alterations in human urine-derived podocytes. Baricitinib significantly preserved
podocyte morphology, reduced the number of detached cells, and normalized the APOL1 and
downstream inflammatory and fibrotic markers. This protective effect is consistent with
observations in human kidney biopsies and podocyte models, where Baricitinib has been
shown to reduce APOL1-driven cytotoxicity under pro-inflammatory conditions'®. The
translational significance of these findings is further supported by the Phase 2 JUSTICE trial,
which evaluated Baricitinib in patients with high-risk APOL1 genotypes and reported
reductions in proteinuria, highlighting the therapeutic potential of JAK inhibition in APOL1-
associated nephropathies'®.

In conclusion, our study provides a valuable additional model for investigating kidney-
associated diseases such as APOL1 high-risk variants and mechanistic evidence linking IFN-
y—induced JAK/STAT activation to APOL1-mediated podocyte injury and identifies Baricitinib
as a promising candidate for therapeutic intervention. By interrupting the cycle of inflammation
and fibrosis, JAK1/2 inhibition may represent a targeted strategy to slow CKD progression in

individuals carrying APOLA1 risk variants.

4.5 Understanding the effects of RAAS overactivation in the aging

process using sodium-wasting models

Every person encounters the progressive biological process of aging, recognized as a major
risk factor for widespread chronic diseases. Aging is driven among others by factors such as
oxidative stress, cellular senescence, and the accumulation of ROS. The RAAS plays a central
role in regulating blood pressure, which can be disrupted by electrolyte imbalances. During
RAAS activation, ANG Il binds to the AGTR1, stimulating intracellular NADPH oxidase. This
process generates superoxide anions, promotes the uncoupling of endothelial nitric oxide (NO)
synthase, reduces NO availability, and increases ROS production. The oxidative stress and
DNA damage induced by ANG Il are tightly regulated. In individuals with sodium-wasting
conditions such as BS, inflammatory processes are downregulated, resulting in lower levels of

oxidative stress and ROS.
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In 1962, Bartter et al. identified the so-called Bartter syndrome'®’. BS is a rare hereditary renal
tubular disorder characterized by impaired salt reabsorption in the thick ascending limb (TAL)
of the loop of Henle. This condition leads to a variety of electrolyte imbalances, including
hypokalemia, hypochloremia, salt wasting, metabolic alkalosis, and hyperaldosteronism, all
occurring without elevated blood pressure. Additionally, hyperplasia of the juxtaglomerular
apparatus (JGA) is commonly observed's"'€0162163 BS is g polygenic disorder caused by
homozygous or compound heterozygous mutations in one of several genes, including
SLC12A1, KCNJ1, CLCNKB, BSND, or CASR'%%2%,

In regards to the previous studies, Bartter syndrome has an interesting angle, by looking at
hypertension and aging-related processes, as revised in Thimm et. al.’®. The RAAS involves
several systematic processes to regulate blood pressure. Dysregulation in blood pressure can
be caused by electrolyte imbalance.

Saltintake is a critical factor influencing hypertension and plays a significant role in determining
sensitivity to hypertensive responses. Salt-sensitive individuals exhibit stronger hypertensive
reactions compared to patients with BS?*°*%_ Magnesium deficiency, commonly associated
with conditions like BS, further highlights the interplay of these syndrome with electrolyte
imbalances. The binding of ANGII to AGTR1 triggers ROS production, leading to cellular
senescence, mitochondrial dysfunction, hypertrophy, inflammation, and renal fibrosis®'—3%
However, BS patients, despite consuming high-salt supplements, such as potassium chloride,
sodium, or/and magnesium, do not typically exhibit these hypertensive outcomes®*4*%, These
patients demonstrate downregulation of inflammatory processes, reduced oxidative stress,
and lower ROS production. Possible explanations include decreased messenger release via
AGTR1%%, reduced Ca?* release and PKC activation®®, or elevated SIRT1 expression®”.
Moreover, SIRT1 is a critical regulator of aging and its activity decreases in age. Interestingly,
BS patients tend to have higher SIRT1 activity compared to healthy individuals of the same
age. This elevated SIRT1 expression in BS patients may reflect a protective trend toward
improved health and resistance to aging-related stressors.

There is a bidirectional relationship between aging and hypertension, in which age-related
vascular changes promote the development of hypertension and hypertension in turn
accelerates aging. For its part, high blood pressure acts as an accelerator of aging processes,
by promoting vascular and cellular damage. Chronically elevated blood pressure increases the
mechanical load on the vascular walls and intensifies oxidative stress mechanisms and
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inflammatory processes™*. With increasing age, structural and functional changes occur in the

vascular system,, such as arterial stiffening, reduced elasticity, endothelial dysfunction, and
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increased intimal thickening, which contributes to the development of hypertension®®. A
central role is played by arterial stiffness, which is caused by the loss of elasticity in large
arteries such as the aorta. This loss is primarily due to the degeneration of elastic fibers, the
accumulation of collagen and the fragmentation of elastic lamellae®'°. At the cellular level,
hypertension also influences telomere length. Studies show that patients with hypertension

have shorter telomeres, which is a marker for accelerated biological aging®'".

Another feature of vascular aging is endothelial dysfunction, which is characterized by a
reduced bioavailability of NO. NO is a key mediator of vascular relaxation, and its reduction
leads to increased vascular tension and ultimately to an increase in blood pressure'2. A better
understanding of these interactions is crucial to optimize prevention and treatment strategies

and improve quality of life in old age.

For studying the etiology of Bartter syndrome at the molecular level an iPSC of an 18-year-old
Bartter syndrome type 3 (BS3) patient within a homozygous whole gene deletion of CLCNKB

genotype was generated and characterized®'®

. At present, there is no iPSC cell line from BS3
patients available. Only cell lines derived from patients with gene mutations of the sodium-
potassium-chloride cotransporter gene (SLC12A1) or also known as Bartter syndrome type 1
(BS1)*"* or from another sodium deficiency-associated disease called Gitelman syndrome
(GS)315,316_

Given the limited data, further studies are needed to validate, the link between immune
deficiencies in salt-wasting tubulopathies, such as BS, and the protective effects against
certain aging-related conditions. Analyzing signaling pathways influenced by salt loss could
uncover novel connections between BS and resistance to aging-related effects. For this

" as well as BS patient iPSC*'*3' can be differentiated into

purpose, healthy iPSC cell lines®'
various kidney-associated cell lines, such as tubular cells, and the molecular differences can
be analyzed. In contrast to GS, Bartter syndrome is characterized by a more severe congenital
kidney damage phenotype that often manifests earlier, usually within the first year of life'°.
iPSCs revolutionize the way we approach biological research and medical treatments by
combining the ethical benefits of a non-embryonic source with the functional capabilities of

318-321 Their adaptability, patient specificity, and potential for broad applications

pluripotent cells
make them a cornerstone of modern regenerative medicine and disease research. The simple
and inexpensive procurement of stem cells from urine, which can be easily reprogrammed into

iPSCs, appears to have widespread potential in regenerative medicine.
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4.6 Urine-derived renal progenitor cells as a therapeutic approach

in an IRl mouse model

The significant potential of deriving stem cells from urine was further substantiated in a
subsequent study, which explored the therapeutic application of SIX2-positive UJRPCs in the
context of acute and chronic kidney injury®?.

Previous studies conducted only limited experiments to elucidate the mechanisms underlying
the beneficial effects of transplanted urine-derived stem cells on the regeneration of injured
kidneys.

In this study, we demonstrate that SIX2-positive UdJRPCs from a 31-year-old female donor
exert therapeutic effects in a murine model of ischemia—reperfusion injury (IRI), a widely used
model for both acute and progressive kidney damage?®#%?*. UdJRPC administration significantly
attenuated renal fibrosis, as evidenced by reduced extracellular matrix deposition and
decreased expression of profibrotic markers such as CTGF, COL1A2, and COL3A1. These
findings are consistent with previous work showing that renal progenitor cells can inhibit TGF-
B—driven fibrotic pathways and preserve tubular integrity®®?. In addition to their antifibrotic
effects, UURPCs demonstrated immunomodulatory properties. The downregulation of CCL2
and ICAM1, key mediators of monocyte recruitment and leukocyte adhesion, respectively,
suggests that UdRPCs suppress inflammatory signaling pathways known to exacerbate CKD
progression®?**%_ This aligns with recent studies reporting that progenitor cells exert anti-
inflammatory effects via paracrine signaling and exosome release®.

Interestingly, UdRPCs also appeared to transiently modulate the systemic secretome,
potentially by releasing anti-inflammatory and vasoactive mediators. Similar effects have been
reported for other stem and progenitor cell types, which can influence vascular tone and
immune responses through secretion of bioactive factors such as IL-10, VEGF, and HGF32%-
329.

However, despite these protective effects, UJRPC treatment did not fully restore renal function
within the 21-day observation period. This limitation has been observed in other progenitor-
based therapies and may reflect the need for prolonged cell survival, repeated dosing, or co-
treatment with supportive agents to achieve long-term functional recovery®*°. An important
aspect of our model is the xenogeneic transplantation of human-derived UdRPCs into
immunocompetent mice without immunosuppression. Although no overt immune rejection was
observed, the long-term survival and engraftment of UJRPCs remain unclear. Future studies

should investigate the immunogenicity and fate of transplanted cells in more detail**'.
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Although in this the aspect the R® principle-Reduce, Refine, Replace should be be taken into
consideration and could be a main aspect in the incomplete regeneration process of the mice
kidney.

All in all, our findings support the therapeutic relevance of SIX2-positive UdRPCs for kidney
injury. Their dual antifibrotic and anti-inflammatory effects, likely mediated through paracrine
mechanisms, highlight their potential as a novel, non-invasive cell source for regenerative

nephrology.
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5 Conclusion

Urine and urine-derived nephron progenitor cells represent an innovative and non-invasive
resource for regenerative medicing®’+169.231:232:240,251.205,313,322.332.333 Thgjr simple extraction from
urine samples, along with their ability to differentiate into various cell types such as bone,
muscle, nerve, and fat, opens new avenues in personalized medical applications. With their
strong proliferative capacity, genetic stability, and low immunogenicity, UJRPCs emerge as a

promising option for diverse cell-based therapies

This research successfully established immortalized UdRPC lines and highlighted their
specific potential for addressing kidney diseases. The cost-effective and accessible
procurement of these stem cells, combined with their ability to be reprogrammed into iPSCs,
underscores their versatility in regenerative applications. Additionally, the use of immortalized
urine-derived podocytes presents a practical cellular model for exploring renal diseases,
providing a valuable tool for nephrotoxicity studies and understanding signaling pathways in
kidney disorders. This knowledge lays the groundwork for innovative therapeutic strategies

and offers promising insights into future treatments.

The remarkable potential of urine-derived cells enables comprehensive investigation into a
wide spectrum of kidney-associated diseases. This study not only provides in-depth insights
into conditions such as AKI, CKD, Bartter syndromes, APOL1-mediated kidney disease, sickle
cell disease, hypertension, and the molecular parallels between the kidney and brain, but also
establishes a conceptual and methodological framework for future experimental research.
Moreover, it has been demonstrated that these cells are not limited to two-dimensional culture
systems. Further studies successfully utilized in three-dimensional models®**3%¢. This
underscores their prospective utility in advancing biomedical research across various domains,
with particular relevance to nephrology.

Figure 6 represents all my findings in a schematic figure.
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Figure 6: Therapeutic potential of urine-derived renal progenitor cells (UdRPCs).

The top center represent a light microscope picture of UJRPCs isolated from human urine. The second row shows
the different cell types, which were generated in the following thesis with representive markers. On the left side is
a light microscope picture of the Bartter syndrome type 3 induced pluripotent stem cell (BS3 iPSC) pictures showing
by immunofluorescence staining the expression of the pluripotent marker OCT4. Next to the BS iPSC are the UM51
hTERT cell lines showing expression of HA-tag and Hoechst. The second immortal cell line UM30-OSN expressing
the nephron progenitor marker SIX2 (orange). On the right side the UdJRPCs were differentiatet into podocytes
expressing podocyte specific markers Nephrin and a cytoskeleton marker Phalloidin. The miiddle row represents
the various disease models explored using UdRPCs in this thesis including: Acute kidney injury (AKI), Chronic
kidney disease (CKD), High Blood pressure, Apolipoprotein L1 (APOL1), Similarities between brain and kidney and
Sickle cell disease (SCD). The bottom row show a schematic of cell transplantation as a therapeutic approach.
UdRPCs are injected into a mouse model with IRI-induced AKI to assess regenerative effects. UdRPCs present a
versatile and promising cell source for disease modeling and regenerative therapies, particularly for kidney-related
and systemic diseases. Created in https://BioRender.com'6°.



6 References 366

6 References

1. Schmidt, R. F., Lang, F. & Heckmann, M. Physiologie des Menschen. (Springer, 2017).

2. Molina, D. K. & DiMaio, V. J. M. Normal Organ Weights in Men: Part I|I—The Brain,
Lungs, Liver, Spleen, and Kidneys. Am. J. Forensic Med. Pathol. 33, 368—-372 (2012).

3. Molina, D. K. & DiMaio, V. J. M. Normal Organ Weights in Women: Part I|—The Brain,
Lungs, Liver, Spleen, and Kidneys. Am. J. Forensic Med. Pathol. 36, 182—-187 (2015).

4, Rosenbaum, D., Korngold, E. & Teele, R. Sonographic assessment of renal length in
normal children. Am. J. Roentgenol. 142, 467-469 (1984).

5. Su, H.-A. et al. Reference ranges for ultrasonographic renal dimensions as functions

of age and body indices: A retrospective observational study in Taiwan. PLOS ONE 14,
€0224785 (2019).

6. Oxburgh, L. Kidney Nephron Determination. Annu. Rev. Cell Dev. Biol. 34, 427-450
(2018).

7. Adapted from"Kidney Anatomy" by BioRender.com. BioRender
https://app.biorender.com/biorender-templates (2024).

8. Meng, P., Zhu, M., Ling, X. & Zhou, L. Wnt signaling in kidney: the initiator or
terminator? J. Mol. Med. 98, 1511-1523 (2020).

9. Saxén, L. & Sariola, H. Early organogenesis of the kidney. Pediatr Nephrol. 1, 385-92
(1987).

10. Xu, P. X. et al. Eyal-deficient mice lack ears and kidneys and show abnormal
apoptosis of organ primordia. Nat Genet. 23, 113-7 (1999).

11. Wellik, D. M., Hawkes, P. J. & Capecchi, M. R. Hox11 paralogous genes are essential
for metanephric kidney induction. Genes Dev. 16, 1423-32 (2002).

12. James, R. G., Kamei, C. N., Wang, Q., Jiang, R. & Schultheiss, T. M. Odd-skipped
related 1 is required for development of the metanephric kidney and regulates formation
and differentiation of kidney precursor cells. Development. 133, 2995-3004 (2006).

13. Torres, M., Gdmez-Pardo, E., Dressler, G. R. & Gruss, P. Pax-2 controls multiple steps
of urogenital development. Development. 121, 4057—65 (1995).

14. Basta, J. M., Robbins, L., Kiefer, S. M., Dorsett, D. & Rauchman, M. Salll balances self-
renewal and differentiation of renal progenitor cells. Development. 141, 1047-1058 (2014).
15. Kobayashi, A. et al. Six2 defines and regulates a multipotent self-renewing nephron
progenitor population throughout mammalian kidney development. Cell Stem Cell. 3, 169—
81 (2008).

16. Rahman, M. S. et al. The FGF, TGFB and WNT axis Modulate Self-renewal of Human
SIX2 + Urine Derived Renal Progenitor Cells. Scientific Reports 10, 739 (2020).

17. Constantini, F. & Kopan, R. Patterning a complex organ: branching morphogenesis
and nephron segmentation in kidney development. Dev Cell . 18, 698—712 (2010).

18. Schumacher, A. et al. Defining the variety of cell types in developing and adult human
kidneys by single-cell RNA sequencing. npj regenerative medicine 6, 1-11 (2021).

19. Smith, H. W. The fate of sodium and water in the renal tubules H W SMITH. Bull N Y
Acad Med . 35, 293-316 (1959).



6 References 367

20. Hoenig, M. P. & Zeidel, M. L. Homeostasis, the milieu intérieur, and the wisdom of
the nephron. Clin J Am Soc Nephrol. 9, 1272-81 (2014).

21. Huber, T. B. Molekulare Pathogenese Der Proteinurie. (Thieme, 2008).

22. Reiser, J., Kriz, W., Kretzler, M. & Mundel, P. The Glomerular Slit Diaphragm Is a
Modified Adherens Junction. J Am Soc Nephrol 1-8 (2000).

23. Schnabel, E., Anderson, J. M. & Farquhar, M. The Tight Junction Protein ZO-1 Is
Concentrated Along Slit Diaphragms of the Glomerular Epithelium. The Journal of Cell
Biology 1255-1263 (1990).

24, Donoviel, D. et al. Proteinuria and perinatal lethality in mice lacking NEPH1, a novel
protein with homology to NEPHRIN. Molecular and Cellular Biology 21, 4829-36 (2001).

25. Inoue, T. et al. FAT is a component of glomerular slit diaphragms. Kidney
international 1003—-1012 (2001) doi:https://doi.org/10.1046/j.1523-
1755.2001.0590031003.x.

26. Ha, T.-S. Roles of adaptor proteins in podocyte injury. WJN 1-10 (2013)
doi:10.5527/wjn.v2.i1.1.

27. Boute, N. et al. NPHS2, encoding the glomerular protein podocin, is mutated in
autosomal recessive steroid-resistant nephrotic syndrome. Nature Genetics 349—354 (2000).
28. Li, C., Ruotsalainen, V., Tryggvason, K., Shaw, A. & Miner, J. CD2AP is expressed with
nephrin in developing podocytes and is found widley in mature kidney and elsewhere. The
American Journal of Physiology - Renal Physiology 785-792 (2000) doi:091.036.155.088.
29. Schwarz, K. et al. Podocin, a raft-associated component of the glomerular slit
diaphragm, interacts with CD2AP and nephrin. JC/ 1621-1629 (2001).

30. Martin, C. & Jones, N. Nephrin Signaling in the Podocyte: An Updated View of Signal
Regulation at the Slit Diaphragm and Beyond. frontiers in Endocrinology (2018)
doi:10.3389/fendo.2018.00302.

31. Critchley, D. R. Focal adhesions- the cytoskeletal connection. Cell Biology 133—-139
(2000) doi:0955-0647/00.

32. Sjoblom, B., Salmazo, A. & Djinovic-Carugo, K. a-Actinin structure and regulation.
Cell.Mol.Life Sci. 2688—2701 (2008) doi:10.1007/s00018-008-8080-8.

33. Shankland, S., Pippin, J., Reiser, J. & Mundel, P. Podocytes in cultue: past, present,
and future. Kidney international 26—-36 (2007).

34. Debruin, E. et al. Podocalyxin Regulates Murine Lung Vascular Permeability by
Altering Endothelial Cell Adhesion. PLoS One (2014).

35. Mundel, P. et al. Synaptopodin: An Actin-associated Protein in Telencephalic
Dendrites and Renal Podocytes. J. Cell Biol. 139, 193—-204 (1997).

36. Mottl, A. Glomerular Disease. National Institute of Diabetes and Digestive and Kidney
Diseases (2024).

37. Hall, J. E. Guyton and Hall Textbook of Medical Physiology E-Book: Guyton and Hall
Textbook of Medical Physiology E-Book. (Elsevier - Health Sciences Division, Chantilly, 2015).
38. Gasparo, M. & Unger, T. International Union of Pharmacology. XXIIl. The angiotensin
Il receptors. Pharmacological Reviews (2000).



6 References 368

39. Siragy, H. M., Howell, N. L., Virginia Ragsdale, N. & Carey, R. M. Renal Interstitial Fluid
Angiotensin Modulation by Anesthesia, Epinephrine, Sodium Depletion, and Renin
Inhibition. Hypertension 25, 1021-1024 (1995).

40. Hollenberg, N. K., Fisher, N. D. L. & Price, D. Pathways for Angiotensin |l Generation in
Intact Human Tissue Evidence From Comparative Pharmacological Interruption of the Renin
System. ahajournals (1998).

41. Schmieder, R. E., Hilgers, K. F., Schlaich, M. P. & Schmidt, B. M. Renin-angiotensin
system and cardiovascular risk. The Lancet 369, 1208-1219 (2007).

42. Bader, M. et al. Tissue renin-angiotensin systems: new insights from experimental
animal models in hypertension research. J Mol Med 76-102 (2001)
do0i:10.1007/s001090100210.

43, Siragy, H. M. AT1 and AT2 Receptor in the Kidney: Role in Health and Disease.
Seminars in Nephrology 24, 93—-100 (2004).

44, Zhuo, J., Maric, C., Harris, P. J., Alcorn, D. & Mendelsohn, F. Localization and
Functional Properties of Angiotensin Il AT1 Receptors in the Kidney: Focus on Renomedullary
Interstitial Cells. Hypertension Research 20, 233-250 (1997).

45, Ames, M., Atkins, C. & Pitt, B. The renin-angiotensin-aldosterone system and its
suppression. J Vet Intern Med. 363—-382 (2018) doi:10.1111/jvim.15454,

46. Clauser, E. et al. Angiotensin Il receptors: protein and gene structures, expression and
potential pathological involvements. European Journal of Endocrinology 403-411 (1996)
doi:https://doi.org/10.1530/eje.0.1340403.

47. Dinh, D. T., Fraumann, A., Johnston, C. & Fabiani, M. Angiotensin receptors:
distribution, signalling and function. Clinical Science 481-92 (2001).

48. GUOQ, D.-F., SUN, Y. L., HAMET, P. & Inagami, T. The angiotensin Il type 1 receptor and
receptor-associated proteins. Cell research 165-180 (2001).

49. Arima, S. & Ito, S. Angiotensin Il type 2 receptors in the kidney: evidence for
endothelial-cell-mediated renal vasodilatation. Nephrology Dialysis Transplantation 448—451
(2000).

50. Hoffmann, S., Podlich, D., Hahnel, B., Kriz, W. & Gretz, N. Angiotensin |l Type 1
Receptor Overexpression in Podocytes Induces Glomerulosclerosis in Transgenic Rats. J Am
Soc Nephrol 1475-1487 (2004) doi:10.1097/01.ASN.0000127988.42710.A7.

51. Currie, G. & Delles, C. Proteinuria and its relation to cardiovascular disease. Int J
Nephrol Renovasc Dis. 7, 13—24 (2014).

52. Macconi, D. et al. Permselective Dysfunction of Podocyte-Podocyte Contact upon
Angiotensin Il Unravels the Molecular Target for Renoprotective Intervention. American
Journal of Pathology 1073—1085 (2006) doi:10.2353/ajpath.2006.050701.

53. Suzuki, K. et al. Angiotensin |l Type 1 and Type 2 Receptors Play Opposite Roles in
Regulating the Barrier Function of Kidney Glomerular Capillary Wall. The American Journal of
Pathology 1841-1853 (2007) doi:10.2353/ajpath.2007.060484.

54. Remuzzi, G., Benigni, A. & Remuzzi, A. Mechanisms of progression and regression of
renal lesions of chronic nephropathies and diabetes. JC/ 288-296 (2006)
doi:https://doi.org/10.1172/JCI27699.



6 References 369

55. Ferrario, C. Role of Angiotensin Il in Cardiovascular Disease — Therapeutic
Implications of More Than a Century of Research. JRAAS 3-145 (2006).

56. Hernandez-Hernandez, R. et al. Angiotensin Il receptor antagonists role in arterial
hypertension. Journal of Human Hypertension 93-99 (2002).

57. Atlas, S. The Renin-Angiotensin Aldosterone System: Pathophysiological Role and
Pharmacologic Inhibition. J Manag Care Pharm. 9-20 (2007).

58. Chi-Xianggeng et al. Losartan treating podocyte injury induced by Ang Il via
downregulation of TRPC6 in podocytes. Journal of the Renin-ANgiotensin-Aldosterone
System 1118-1124 (2015) doi:10.1177/1470320315573682.

59. Mehta, R. L. et al. International Society of Nephrology’s Oby25 initiative for acute
kidney injury (zero preventable deaths by 2025): a human rights case for nephrology. The
Lancet 385, 2616-2643 (2015).

60. Coca, S. G,, Singanamala, S. & Parikh, C. R. Chronic kidney disease after acute kidney
injury: a systematic review and meta-analysis. Kidney Int. 81, 442—-448 (2012).

61. Sohaney, R. et al. In-Hospital and 1-Year Mortality Trends in a National Cohort of US
Veterans with Acute Kidney Injury. Clin. J. Am. Soc. Nephrol. 17, 184-193 (2022).

62. Silver, S. A. et al. Causes of Death after a Hospitalization with AKI. J. Am. Soc. Nephrol.
29, 1001-1010 (2018).

63. Abebe, A., Kumela, K., Belay, M., Kebede, B. & Wobie, Y. Mortality and predictors of
acute kidney injury in adults: a hospital-based prospective observational study. Sci. Rep. 11,
15672 (2021).

64. Susantitaphong, P. et al. World Incidence of AKI: A Meta-Analysis. Clin. J. Am. Soc.
Nephrol. 8, 1482-1493 (2013).

65. Radi, Z. A. Immunopathogenesis of Acute Kidney Injury. Toxicol. Pathol. 46, 930-943
(2018).

66. Makris, K. & Spanou, L. Acute Kidney Injury: Definition, Pathophysiology and Clinical
Phenotypes. Clin Biochem Rev . 37, 85-98 (2016).

67. Scope of Work KDIGO Clinical Practice Guideline for Acute Kidney Injury (AKI) and
Acute Kidney Disease (AKD) Update 2023. KDIGO https://kdigo.org/wp-
content/uploads/2023/10/KDIGO-AKI-Guideline_Scope-of-Work_250ct2023_Final.pdf.

68. Chawla, L. S., Eggers, P. W., Star, R. A. & Kimmel, P. L. Acute Kidney Injury and Chronic
Kidney Disease as Interconnected Syndromes. N. Engl. J. Med. 371, 58-66 (2014).

69. Mehta, R. L. et al. Recognition and management of acute kidney injury in the
International Society of Nephrology Oby25 Global Snapshot: a multinational cross-sectional
study. The Lancet 387, 2017-2025 (2016).

70. Finlay, S. et al. Identification of risk factors associated with acute kidney injury in
patients admitted to acute medical units. Clin. Med. 13, 233-238 (2013).

71. Jiang, Y.-J. et al. Risk factors, clinical features and outcome of new-onset acute kidney
injury among critically ill patients: a database analysis based on prospective cohort study.
BMC Nephrol. 22, 289 (2021).

72. Shozushima, T. Presepsin (sCD14-ST) as a new diagnostic biomarker of sepsis:
development of diagnostic tools using the whole blood. Crit. Care 15, P3, cc10372 (2011).



6 References 370

73. Sise, M. E., Barasch, J., Devarajan, P. & Nickolas, T. L. Elevated urine neutrophil
gelatinase-associated lipocalin can diagnose acute kidney injury in patients with chronic
kidney diseases. Kidney Int. 75, 115-116 (2009).

74. Zhang, D. et al. Tubular p53 Regulates Multiple Genes to Mediate AKI. J. Am. Soc.
Nephrol. 25, 2278-2289 (2014).

75. Megyesi, J., Udvarhelyi, N., Safirstein, R. L. & Price, P. M. The p53-independent
activation of transcription of p21 WAF1/CIP1/SDI1 after acute renal failure. Am. J. Physiol.-
Ren. Physiol. 271, F1211-F1216 (1996).

76. Pabla, N., Huang, S., Mi, Q.-S., Daniel, R. & Dong, Z. ATR-Chk2 Signaling in p53
Activation and DNA Damage Response during Cisplatin-induced Apoptosis. J. Biol. Chem.
283, 6572-6583 (2008).

77. Pabla, N., Ma, Z., Mcllhatton, M. A., Fishel, R. & Dong, Z. hMSH2 Recruits ATR to DNA
Damage Sites for Activation during DNA Damage-induced Apoptosis. J. Biol. Chem. 286,
10411-10418 (2011).

78. Jiang, M. & Dong, Z. Regulation and Pathological Role of p53 in Cisplatin
Nephrotoxicity. J. Pharmacol. Exp. Ther. 327, 300—-307 (2008).

79. Kellum, J. A. et al. Acute kidney injury. Nat. Rev. Dis. Primer 7, 52 (2021).

80. Agarwal, A. et al. Cellular and Molecular Mechanisms of AKI. J. Am. Soc. Nephrol. 27,
1288-1299 (2016).

81. Kovesdy, C. P. Epidemiology of chronic kidney disease: an update 2022. Kidney
International Supplements 12, 7-11 (2022).

82. Bello, A. K. et al. An update on the global disparities in kidney disease burden and
care across world countries and regions. Lancet Glob. Health 12, e382—e395 (2024).

83. Jankowski, J., Floege, J., Fliser, D., Bohm, M. & Marx, N. Cardiovascular Disease in
Chronic Kidney Disease: Pathophysiological Insights and Therapeutic Options. Circulation
143, 1157-1172 (2021).

84. National Kidney Foundation. K/DOQI clinical practice guidelines for chronic kidney
disease: evaluation, classification, and stratification. Am. J. Kidney Dis. Off. J. Natl. Kidney
Found. 39, S1-266 (2002).

85. Levey, A. S. et al. Definition and classification of chronic kidney disease: A position
statement from Kidney Disease: Improving Global Outcomes (KDIGO). Kidney Int. 67, 2089—
2100 (2005).

86. Levey, A. S. & Coresh, J. Chronic kidney disease. The Lancet 379, 165-180 (2012).
87. Levey, A. S. et al. National Kidney Foundation Practice Guidelines for Chronic Kidney
Disease: Evaluation, Classification, and Stratification. Ann. Intern. Med. 139, 137 (2003).
88. Stevens, P. E. et al. KDIGO 2024 Clinical Practice Guideline for the Evaluation and
Management of Chronic Kidney Disease. Kidney Int. 105, S117-5314 (2024).

89. Torino, C., Dounousi, E., Abd ElHafeez, S. & Prohic, N. Editorial: Molecular
Mechanisms in Chronic Kidney Disease. Front. Cell Dev. Biol. 9, 712834 (2021).

90. Duni, A., Liakopoulos, V., Roumeliotis, S., Peschos, D. & Dounousi, E. Oxidative Stress
in the Pathogenesis and Evolution of Chronic Kidney Disease: Untangling Ariadne’s Thread.
Int. J. Mol. Sci. 20, 3711 (2019).

91. Niwa, T. Indoxyl Sulfate Is a Nephro-Vascular Toxin. J. Ren. Nutr. 20, S2—-S6 (2010).



6 References 371

92. Mertowska, P., Mertowski, S., Smarz-Widelska, I. & Grywalska, E. Biological Role,
Mechanism of Action and the Importance of Interleukins in Kidney Diseases. Int. J. Mol. Sci.
23, 647 (2022).

93. Barreto, D. V. et al. Plasma interleukin-6 is independently associated with mortality in
both hemodialysis and pre-dialysis patients with chronic kidney disease. Kidney Int. 77, 550—
556 (2010).

94. Mantovani, A., Dinarello, C. A., Molgora, M. & Garlanda, C. Interleukin-1 and Related
Cytokines in the Regulation of Inflammation and Immunity. Immunity 50, 778-795 (2019).
95. Romanova, Y. et al. Proteomic Analysis of Human Serum from Patients with Chronic
Kidney Disease. Biomolecules 10, 257 (2020).

96. Wei, C.-C. et al. Interleukin-20 targets renal cells and is associated with chronic
kidney disease. Biochem. Biophys. Res. Commun. 374, 448-453 (2008).

97. Wruck, W. et al. Urine-Based Detection of Biomarkers Indicative of Chronic Kidney
Disease in a Patient Cohort from Ghana. J. Pers. Med. 13, 38 (2022).

98. Yuan, Q., Tang, B. & Zhang, C. Signaling pathways of chronic kidney diseases,
implications for therapeutics. Signal Transduct. Target. Ther. 7, 182 (2022).

99. O’Toole, J. F., Bruggeman, L. A., Madhavan, S. & Sedor, J. R. The Cell Biology of
APOL1. Semin. Nephrol. 37, 538-545 (2017).

100. Nichols, B. et al. Innate immunity pathways regulate the nephropathy gene
Apolipoprotein L1. Kidney Int. 87, 332—-342 (2015).

101. Madhavan, S. M. et al. APOL1 Localization in Normal Kidney and Nondiabetic Kidney
Disease. J. Am. Soc. Nephrol. 22,2119-2128 (2011).

102. Matsha, T. E., Kengne, A. P., Masconi, K. L., Yako, Y. Y. & Erasmus, R. T. APOL1 genetic
variants, chronic kidney diseases and hypertension in mixed ancestry South Africans. BMC
Genet. 16, 69 (2015).

103. Genovese, G. et al. Association of trypanolytic ApolL1 variants with kidney disease in
African Americans. Science 329, 841845 (2010).

104. Cooper, A. et al. APOL1 renal risk variants have contrasting resistance and
susceptibility associations with African trypanosomiasis. eLife 6, €25461 (2017).

105. Limou, S., Nelson, G. W., Kopp, J. B. & Winkler, C. A. APOL1 Kidney Risk Alleles:
Population Genetics and Disease Associations. Adv. Chronic Kidney Dis. 21, 426—433 (2014).
106. Kopp, J. B. et al. APOL1 Genetic Variants in Focal Segmental Glomerulosclerosis and
HIV-Associated Nephropathy. J. Am. Soc. Nephrol. 22,2129-2137 (2011).

107. Foster, M. C. et al. APOL1 variants associate with increased risk of CKD among African
Americans. J. Am. Soc. Nephrol. JASN 24, 1484-1491 (2013).

108. Kopp, J. B. et al. Clinical Features and Histology of Apolipoprotein L1-Associated
Nephropathy in the FSGS Clinical Trial. J. Am. Soc. Nephrol. 26, 1443-1448 (2015).

109. Gbadegesin, R. A. et al. APOL1 Bi- and Monoallelic Variants and Chronic Kidney
Disease in West Africans. N. Engl. J. Med. 392, 228-238 (2025).

110. Tazur, S. et al. Missense mutations in the APOL1 gene are highly associated with end
stage kidney disease risk previously attributed to the MYH9 gene. Hum. Genet. 128, 345-350
(2010).



6 References 372

111. Blessing, N. A. et al. Lack of APOL1 in proximal tubules of normal human kidneys and
proteinuric APOL1 transgenic mouse kidneys. PLOS ONE 16, €0253197 (2021).

112. Olabisi, O. A. et al. APOL1 kidney disease risk variants cause cytotoxicity by depleting
cellular potassium and inducing stress-activated protein kinases. Proc. Natl. Acad. Sci. 113,
830-837 (2016).

113. Beckerman, P. et al. Transgenic expression of human APOL1 risk variants in
podocytes induces kidney disease in mice. Nat. Med. 23, 429-438 (2017).

114. Lan, X. et al. APOL1 risk variants enhance podocyte necrosis through compromising
lysosomal membrane permeability. Am. J. Physiol.-Ren. Physiol. 307, F326—F336 (2014).
115. Wen, H. et al. APOL1 risk variants cause podocytes injury through enhancing
endoplasmic reticulum stress. Biosci. Rep. 38, BSR20171713 (2018).

116. Fu, Y. etal. APOL1-G1 in Nephrocytes Induces Hypertrophy and Accelerates Cell
Death. J. Am. Soc. Nephrol. 28, 1106-1116 (2017).

117. Wakashin, H. et al. APOL1 renal risk variants exacerbate podocyte injury by increasing
inflammatory stress. BMC Nephrol. 21, 371 (2020).

118. Vasquez-Rios, G., De Cos, M. & Campbell, K. N. Novel Therapies in APOL1-Mediated
Kidney Disease: From Molecular Pathways to Therapeutic Options. Kidney Int. Rep. 8, 2226—
2234 (2023).

119. Lee, S.-Y., Kim, S. I. & Choi, M. E. Therapeutic targets for treating fibrotic kidney
diseases. Transl. Res. 165, 512—-530 (2015).

120. Miguel, V., Shaw, |I. W. & Kramann, R. Metabolism at the crossroads of inflammation
and fibrosis in chronic kidney disease. Nat. Rev. Nephrol. 21, 39-56 (2025).

121. Humphreys, B. D. Mechanisms of Renal Fibrosis. Annu. Rev. Physiol. 80, 309-326
(2018).

122. Kuppe, C. et al. Decoding myofibroblast origins in human kidney fibrosis. Nature 589,
281-286 (2021).

123. Liu, Y. Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 7, 684—
696 (2011).

124. Huang, S. et al. Jagged1/Notch2 controls kidney fibrosis via Tfam-mediated metabolic
reprogramming. PLOS Biol. 16, 2005233 (2018).

125. Sampson, M. G. et al. Integrative Genomics Identifies Novel Associations with APOL1
Risk Genotypes in Black NEPTUNE Subjects. J. Am. Soc. Nephrol. 27, 814—-823 (2016).

126. Yang, Y.-W. et al. Antisense oligonucleotides ameliorate kidney dysfunction in
podocyte-specific APOL1 risk variant mice. Mol. Ther. 30, 2491-2504 (2022).

127. Wu, J. et al. The key role of NLRP3 and STING in APOL1-associated podocytopathy. J.
Clin. Invest. 131, (2021).

128. Freedman, B. I. & Moxey-Mims, M. The APOL1 Long-Term Kidney Transplantation
Outcomes Network—APOLLO. Clin. J. Am. Soc. Nephrol. 13, 940-942 (2018).

129. Doshi, M. D. et al. APOL1 Genotype and Renal Function of Black Living Donors. J. Am.
Soc. Nephrol. JASN 29, 1309-1316 (2018).

130. Cohen, D. M., Mittalhenkle, A., Scott, D. L., Young, C. J. & Norman, D. J. African
American Living-Kidney Donors Should Be Screened for APOL1 Risk Alleles. Transplantation
92, 722-725 (2011).



6 References 373

131. Newell, K. A. et al. Integrating APOL1 Gene Variants Into Renal Transplantation:
Considerations Arising From the American Society of Transplantation Expert Conference.
Am. J. Transplant. 17, 901-911 (2017).

132. Villarino, A. V., Kanno, Y. & O’Shea, J. J. Mechanisms and consequences of Jak-STAT
signaling in the immune system. Nat. Immunol. 18, 374-384 (2017).

133. Brosius, F. C. & He, J. C. JAK inhibition and progressive kidney disease. Curr. Opin.
Nephrol. Hypertens. 24, 88-95 (2015).

134. Kulling, P. M. et al. Dysregulation of the IFN-y-STAT1 signaling pathway in a cell line
model of large granular lymphocyte leukemia. PLOS ONE 13, e0193429 (2018).

135. Majoros, A. et al. Canonical and Non-Canonical Aspects of JAK-STAT Signaling:
Lessons from Interferons for Cytokine Responses. Front. Immunol. 8, (2017).

136. Juliar, B. A. et al. Interferon-y induces combined pyroptotic angiopathy and APOL1
expression in human kidney disease. Cell Rep. 43, 114310 (2024).

137. Datta, S. et al. Kidney Disease-Associated APOL1 Variants Have Dose-Dependent,
Dominant Toxic Gain-of-Function. J. Am. Soc. Nephrol. JASN 31, 2083—2096 (2020).

138. Ge, M. et al. APOL1 risk variants affect podocyte lipid homeostasis and energy
production in focal segmental glomerulosclerosis. Hum. Mol. Genet. 30, 182—-197 (2021).
139. Kumar, V. & Singhal, P. C. APOL1 and kidney cell function. Am. J. Physiol. Renal
Physiol. 317, F463—-F477 (2019).

140. Pollak, M. R. & Friedman, D. J. APOL1 and APOL1-Associated Kidney Disease: A
Common Disease, an Unusual Disease Gene — Proceedings of the Henry Shavelle
Professorship. Glomerular Dis. 75-87 (2023) d0i:10.1159/000529227.

141. Limou, S., Dummer, P. D., Nelson, G. W., Kopp, J. B. & Winkler, C. A. APOL1 toxin,
innate immunity, and kidney injury. Kidney Int. 88, 28-34 (2015).

142. Sana, T., Janatpour, M., Sathe, M., Mcevoy, L. & Mcclanahan, T. Microarray analysis
of primary endothelial cells challenged with different inflammatory and immune cytokines.
Cytokine S1043466605000104 (2005) doi:10.1016/j.cyt0.2004.11.003.

143. Zhaorigetu, S. et al. ApolL1, a BH3-only lipid-binding protein, induces autophagic cell
death. Autophagy 4, 1079-1082 (2008).

144. Taylor, H. E., Khatua, A. K. & Popik, W. The Innate Immune Factor Apolipoprotein L1
Restricts HIV-1 Infection. J. Virol. 88, 592—603 (2014).

145. Nystrom, S. E. et al. JAK inhibitor blocks COVID-19 cytokine—induced JAK/STAT/APOL1
signaling in glomerular cells and podocytopathy in human kidney organoids. JCI Insight 7,
(2022).

146. Olabisi, O. A. et al. Design and Rationale of the Phase 2 Baricitinib Study in
Apolipoprotein L1-Mediated Kidney Disease (JUSTICE). Kidney Int. Rep. 9, 2677-2684 (2024).
147. Al-Salama, Z. T. & Scott, L. J. Baricitinib: A Review in Rheumatoid Arthritis. Drugs 78,
761-772 (2018).

148. Rossi, M. et al. JAK Inhibitors in Atopic Dermatitis: Does Weight Matter? A Real-
World, Nationwide Retrospective Study: IL-AD (Italian Landscape Atopic Dermatitis).
Dermatol. Ther. (2025) doi:10.1007/s13555-025-01477-0.



6 References 374

149. Vignoli, C. A. et al. Baricitinib for the treatment of severe alopecia areata: results
from a 52-week multicenter retrospective real-world study. J. Dermatol. Treat. 36, 2444494
(2025).

150. Hassanien, M., Moshrif, A. & Hetta, H. OP0053 EFFICACY AND SAFETY OF BARICITINIB
IN PATIENTS WITH ACTIVE LUPUS NEPHRITIS: A DOUBLE-BLIND, RANDOMIZED, PLACEBO-
CONTROLLED PHASE 3 TRIAL. Ann. Rheum. Dis. 82, 34-35 (2023).

151. Swaminathan, R. Magnesium Metabolism and its Disorders. Clin Biochem Rev . 24,
47-66 (2003).

152. Ryan, M. F. The Role of Magnesium in Clinical Biochemistry: An Overview. Ann. Clin.
Biochem. Int. J. Lab. Med. 28, 19-26 (1991).

153. Elin, R. J. Magnesium: The Fifth but Forgotten Electrolyte. Am. J. Clin. Pathol. 102,
616—622 (1994).

154. Dietary Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and
Fluoride. 5776 (National Academies Press, Washington, D.C., 1997). doi:10.17226/5776.
155. Agus, Z. S. Hypomagnesemia. J Am Soc Nephrol . 10, 1616—22 (1999).

156. Gitelman, H. J., Graham, J. B. & Welt, L. G. A new familial disorder characterized by
hypokalemia and hypomagnesemia. Trans Assoc Am Physicians . 79, 221-35 (1966).

157. Bartter, F. C,, Pronove, P., Gill, J. R. & Maccardle, R. C. Hyperplasia of the
juxtaglomerular complex with hyperaldosteronism and hypokalemic alkalosis. A new
syndrome. Am J Med . 33, 811-28 (1962).

158. Grober, U. Magnesium and Drugs. Int. J. Mol. Sci. 20, 2094 (2019).

159. Konrad, M. et al. Mutations in the chloride channel gene CLCNKB as a cause of classic
Bartter syndrome. J Am Soc Nephrol . 11, 1449-1459 (2000).

160. Lee, B. H. et al. Genetic basis of Bartter syndrome in Korea. ndt 27, 15161521
(2012).

161. Kurtz, I. Molecular pathogenesis of Bartter’s and Gitelman’s syndromes. Kidney Int .
54, 1396-410 (1998).

162. da Silva Cunha, T. & Pfefermann Heilberg, |. Bartter syndrome: causes, diagnosis, and
treatment. Int J Nephrol Renovasc Dis. 11, 291-301 (2018).

163. Bokhari, S. R. A,, Zulfigar, H. & Mansur, A. Bartter Syndrome. (StatPearls Publishing
LLC., 2023).

164. Verberckmoes, R., van Damme, B., Clement, J., Amery, A. & Michielsen, P. Bartter’s
syndrome with hyperplasia of renomedullary cells: successful treatment with indomethacin.
Kidney Int . 9, 302-7 (1976).

165. Nascimento, C. L. P., Garcia, C. L., Schvartsman, B. G. S. & Vaisbich, M. H. Treatment
of Bartter syndrome. Unsolved issue. J Pediatr (Rio J) . 90, 512—7 (2014).

166. Nufez-Gonzale, L., Carrera, N. & Garcia-Gonzale, M. A. Molecular Basis, Diagnostic
Challenges and Therapeutic Approaches of Bartter and Gitelman Syndromes: A Primer for
Clinicians. Int. J. Mol. Sci. 22, 11414 (2021).

167. Morales, J. M. et al. Long-term enalapril therapy in Bartter’s syndrome. Nephron . 48,
327 (1988).

168. Hené, R. J. et al. Correction of Hypokalemia in Bartter’s Syndrome by Enalapril. Am J
Kidney Dis . 9, 200-5 (1987).



6 References 375

169. Thimm, C. & Adjaye, J. Untangling the Uncertain Role of Overactivation of the Renin—
Angiotensin—Aldosterone System with the Aging Process Based on Sodium Wasting Human
Models. Int. J. Mol. Sci. 25, 9332 (2024).

170. Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The Hallmarks
of Aging. Cell. 153, 1194-1217 (2013).

171. Kirkwood, T. B. L. Understanding the Odd Science of Aging. Cell 120, 437-447 (2005).
172. Lépez-Otin, C., Blasco, M. A., Patridge, L., Serrano, M. & Kroemer, G. Hallmarks of
aging: An expanding universe. Cell 186, 243-278 (2023).

173. Hayflick, L. & Moorehead, P. S. The serial cultivation of human diploid cell strains.
Experimental Cell Research 585-621 (1961) doi:10.1016/0014-4827(61)90192-6.

174. Allsopp, R. C. & Harley, C. B. Evidence for a critical telomere length in senescent
human fibroblasts. Experimental Cell Research 219, (1995).

175. Gladyshev, V. N. The Free Radical Theory of Aging Is Dead. Long Live the Damage
Theory! Antioxid. Redox Signal. 20, 727-731 (2014).

176. Chen, C., Zhou, M., Ge, Y. & Wang, X. SIRT1 and aging related signaling pathways.
Mech. Ageing Dev. 187, 111215 (2020).

177. Kim, E.-J. & Um, S.-J. SIRT1: roles in aging and cancer. BMB Rep. 41, 751-756 (2008).
178. Jeong, J. et al. SIRT1 promotes DNA repair activity and deacetylation of Ku70. Exp.
Mol. Med. 39, 8-13 (2007).

179. Solomon, J. M. et al. Inhibition of SIRT1 catalytic activity increases p53 acetylation but
does not alter cell survival following DNA damage. Mol. Cell. Biol. 26, 28-38 (2006).

180. Erichsen, L. & Adjaye, J. Crosstalk between age accumulated DNA-damage and the
SIRT1-AKT-GSK3R axis in urine derived renal progenitor cells. Aging 14, 8179-8204 (2022).
181. Darvishzadeh Mahani, F., Khaksari, M. & Raji-amirhasani, A. Renoprotective effects of
estrogen on acute kidney injury: the role of SIRT1. Int. Urol. Nephrol. 53, 2299-2310 (2021).
182. Khawar, M., Sohail, A. & Li, W. SIRT1: A Key Player in Male Reproduction. Life 12, 318
(2022).

183. Karolczak, K. & Watala, C. Estradiol as the Trigger of Sirtuin-1-Dependent Cell
Signaling with a Potential Utility in Anti-Aging Therapies. Int. J. Mol. Sci. 24, 13753 (2023).
184. Tsuchiya, T., Takei, A., Tsujikado, K. & Inukai, T. Effects of androgens and estrogens
on sirtuin 1 gene expression in human aortic endothelial cells. Saudi Med. J. 41, 361-368
(2020).

185. Yamanaka, S. & Takahashi, K. Induction of Pluripotent Stem Cells from Mouse
Embryonic and Adult Fibrolast Culture by Defined Factors. Cell 126, 663—676 (2006).

186. Kohli, R. M. & Zhang, Y. TET enzymes, TDG and the dynamics of DNA demethylation.
Nature 502, 472—-479 (2013).

187. Apostolou, E. & Hochedlinger, K. Chromatin dynamics during cellular reprogramming.
Nature 502, 462—-471 (2013).

188. Ebrahimi, B. Reprogramming barriers and enhancers: strategies to enhance the
efficiency and kinetics of induced pluripotency. Cell Regen. 4, 4:10 (2015).

189. Lin, T. et al. A chemical platform for improved induction of human iPSCs. Nat.
Methods 6, 805-808 (2009).



6 References 376

190. Folmes, C. D. L. et al. Somatic Oxidative Bioenergetics Transitions into Pluripotency-
Dependent Glycolysis to Facilitate Nuclear Reprogramming. Cell Metab. 14, 264-271 (2011).
191. Takahashi, K. et al. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts
by Defined Factors. Cell 131, 861-872 (2007).

192. Thomson, J. A. et al. Embryonic Stem Cell Lines Derived from Human Blastocysts.
Science 282, 1145-1147 (1998).

193. Malik, N. & Rao, M. S. A Review of the Methods for Human iPSC Derivation. in
Pluripotent Stem Cells (eds. Lakshmipathy, U. & Vemuri, M. C.) vol. 997 23-33 (Humana
Press, Totowa, NJ, 2013).

194. Blackburn, E. H. & Gall, J. G. A tandemly repeated sequence at the termini of the
extrachromosomal ribosomal RNA genes in Tetrahymena. Journal of Molecular Biology 120,
33-53 (1978).

195. Bodnar, A. et al. Extension of Life-Span by Introduction of Telomerase into Normal
Human Cells. SCIENCE 279, 349-352 (1998).

196. Quellette, M. & Lee, K. Telomerase: diagnostics, cancer therapeutics and tissue
engineering. Drug Discovery Today 1231-1237 (2001) doi:10.1016/s1359-6446(01)02052-9.
197. Watson, J. D. Origin of concatemeric t7dna. Nature New Biology 239, 197-201
(1972).

198. Harley, C., Futcher, A. B. & Greider, C. W. Telomeres shorten during ageing of human
fibroblasts. Nature 458—-460 (1990).

199. Nakayama, J. et al. Telomerase activation byhtrt in human normal fibroblasts and
hepatocellular carcinomas. Nature Genetics 18, 65—68 (1998).

200. Morin, G. B. The human telomere terminal transferase enzyme is a ribonucleoprotein
that synthesizes ttagg repeats. Cell 59, 521-9 (1989).

201. Wong, M. S., Wright, W. E. & Shay, J. W. Alternative splicing regulation of telomerase:
a new paradigm? Trends in genetics 30, 430-8 (2014).

202. Zhao, Y., Wang, S., Popova, E. Y., Grigoryev, S. A. & Zhu, J. Rearrangement of
upstream sequences of the hTERT gene during cellular immortalization. Genes.
Chromosomes Cancer 48, 963—974 (2009).

203. Yao, Y. & Dai, W. Genomic Instability and Cancer. J. Carcinog. Mutagen. 5, 1000165
(2014).

204. Liberti, M. V. & Locasale, J. W. The Warburg Effect: How Does it Benefit Cancer Cells?
Trends Biochem. Sci. 41, 211-218 (2016).

205. Wright, W. E., Pereira-Smith, O. M. & Shay, J. W. Reversible Cellular Senescence:
Implications for Immortalization of Normal Human Diploid Fibroblasts. Mol. Cell. Biol. 9,
3088-3092 (1989).

206. Radna, R. L. et al. Growth of immortal simian virus 40 tsA-transformed human
fibroblasts is temperature dependent. Mol. Cell. Biol. 9, 3093—-3096 (1989).

207. Neufeld, D. S., Ripley, S., Henderson, A. & Ozer, H. L. Immortalization of human
fibroblasts transformed by origin-defective simian virus 40. Mol. Cell. Biol. 7, 2794—2802
(1987).

208. Jha, K. K., Banga, S., Palejwala, V. & Ozer, H. L. SV40-Mediated Immortalization. Exp.
Cell Res. 245, 1-7 (1998).



6 References 377

209. Bartek, J., Bartkova, J. & Lukas, J. The Retinoblastoma Protein Pathway in Cell Cycle
Control and Cancer. Exp. Cell Res. 237, 1-6 (1997).

210. Wiman, K. p53: Emergency Brake and Target for Cancer Therapy. Exp. Cell Res. 237,
14-18 (1997).

211. Weinberg, R. A. The retinoblastoma protein and cell cycle control. Cell 81, 323-330
(1995).

212. Schafer, K. A. The Cell Cycle: A Review. Vet. Pathol. 35, 461-478 (1998).

213. Hubbard, K. & Ozer, H. L. Mechanism of immortalization. Age 22, 65-69 (1999).

214. Petreski, T., Varda, L., Gradisnik, L., Maver, U. & Bevc, S. Renal Proximal Tubular
Epithelial Cells: From Harvesting to Use in Studies. Nephron 147, 650-654 (2023).

215. Arcolino, F. O. et al. Human Urine as a Noninvasive Source of Kidney Cells. Stem Cells
International (2014).

216. Yu, D. etal. Urinary Podocyte Loss Is a More Specific Marker of Ongoing Glomerular
Damage than Proteinuria. American Society of Nephrology 1733-1741 (2005)
doi:10.1681/ASN.2005020159.

217. Lazzeri, E. et al. Human Urine-Derived renal progenitors for personalized Modeling of
Genetic Kidney Disorders. Journal of the American Society of Nephrology 1961-1974 (2015).
218. Rosenberg, A. Z. & Kopp, J. B. Focal Segmental Glomerulosclerosis. Clin. J. Am. Soc.
Nephrol. 12, 502-517 (2017).

219. Sagoo, M. K. & Gnudi, L. Diabetic Nephropathy: An Overview. in Diabetic
Nephropathy (eds. Gnudi, L. & Long, D. A.) vol. 2067 3—-7 (Springer US, New York, NY, 2020).
220. Robert Koch-Institut. Hypertonie. Robert Koch Institut
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Themen/Chronische_Erkrankungen
/Hypertonie/Hypertonie_node.html (2015).

221. McCarthy, G. M. et al. Recessive, gain-of-function toxicity in an APOL1 BAC transgenic
mouse model mirrors human APOL1 kidney disease. Dis. Model. Mech. 14, dmm048952
(2021).

222. Vandorpe, D. H. et al. Apolipoprotein L1 (APOL1) cation current in HEK-293 cells and
in human podocytes. Pflugers Arch. 475, 323-341 (2023).

223. Zimmerman, B. et al. Small molecule APOL1 inhibitors as a precision medicine
approach for APOL1-mediated kidney disease. Nat. Commun. 16, 167 (2025).

224. Granado, D. et al. Intracellular APOL1 Risk Variants Cause Cytotoxicity Accompanied
by Energy Depletion. J. Am. Soc. Nephrol. JASN 28, 3227-3238 (2017).

225. Francis, A. et al. Chronic kidney disease and the global public health agenda: an
international consensus. Nat. Rev. Nephrol. 20, 473-485 (2024).

226. Carey, R. M., Wright, J. T., Taler, S. J. & Whelton, P. K. Guideline-Driven Management
of Hypertension: An Evidence-Based Update. Circ. Res. 128, 827—-846 (2021).

227. Ingelfinger, J. R. Nephrogenic Adenomas as Renal Tubular Outposts. N. Engl. J. Med.
347, 684-686 (2002).

228. Mulder, J. et al. Generation of infant- and pediatric-derived urinary induced
pluripotent stem cells competent to form kidney organoids. Pediatr. Res. 87, 647—655
(2020).



6 References 378

229. Rahman, M. S. et al. The presence of human mesenchymal stem cells of renal origin
in amniotic fluid increases with gestational time. Stem Cell Res. Ther. 9, 113 (2018).

230. Lasagni, L., Lazzeri, E., Peired, A. & Romagnani, P. Evidence for Renal Progenitors in
the Human Kidney. in Kidney Development, Disease, Repair and Regeneration 395-406
(Elsevier, 2016). doi:10.1016/B978-0-12-800102-8.00029-1.

231. Thimm, C,, Erichsen, L., Wruck, W. & Adjaye, J. Unveiling Angiotensin Il and Losartan-
Induced Gene Regulatory Networks Using Human Urine-Derived Podocytes. Int J Mol Sci. 24,
10551 (2023).

232. Erichsen, L. et al. Activation of the Renin—Angiotensin System Disrupts the
Cytoskeletal Architecture of Human Urine-Derived Podocytes. Cells 11, 1095 (2022).

233. Qian, T. et al. Directed Differentiation of Human Pluripotent Stem Cells to Podocytes
under Defined Conditions. Scientific Reports 9, (2019).

234. Stewart, S. A. & Weinberg, R. A. Senescence: does it all happen at the ends?
Oncogene 21, 627-630 (2002).

235. Hayflick, L. The limited in vitro lifetime of human diploid cell strains. Exp. Cell Res. 37,
614-636 (1965).

236. Greka, A. & Mundel, P. Cell Biology and Pathology of Podocytes. Annu. Rev. Physiol.
74, 299-323 (2012).

237. Lundberg, A. S., Hahn, W. C,, Gupta, P. & Weinberg, R. A. Genes involved in
senescence and immortalization. Curr. Opin. Cell Biol. 12, 705-709 (2000).

238. Fridman, A. L. & Tainsky, M. A. Critical pathways in cellular senescence and
immortalization revealed by gene expression profiling. Oncogene 27, 5975-5987 (2008).
239. Ouellette, M. M. The establishment of telomerase-immortalized cell lines
representing human chromosome instability syndromes. Hum. Mol. Genet. 9, 403-411
(2000).

240. Erichsen, L. et al. Derivation of the immortalized cell line-UM51-PrePodo-hTERT and
its responsiveness to Angiotensin Il and activation of RAAS. Cells 12, (2023).

241. Twine, N. A. et al. Molecular Phenotyping of Telomerized Human Bone Marrow
Skeletal Stem Cells Reveals a Genetic Program of Enhanced Proliferation and Maintenance of
Differentiation Responses. JBMR Plus 2, 257-267 (2018).

242. Lindvall, C. et al. Molecular characterization of human telomerase reverse
transcriptase-immortalized human fibroblasts by gene expression profiling: activation of the
epiregulin gene. Cancer Research 63, 1743-7 (2003).

243. Shay, J. W. & Bacchetti, S. A survey of telomerase activity in human cancer. Eur. J.
Cancer 33, 787-791 (1997).

244, Kim, N. W. et al. Specific Association of Human Telomerase Activity with Immortal
Cells and Cancer. Science 266, 2011-2015 (1994).

245. Koche, R. P. et al. Reprogramming Factor Expression Initiates Widespread Targeted
Chromatin Remodeling. Cell Stem Cell 8, 96—-105 (2011).

246. Morgan, H. D., Santos, F., Green, K., Dean, W. & Reik, W. Epigenetic reprogramming
in mammals. Hum. Mol. Genet. 14, R47-R58 (2005).

247. Polo, J. M. et al. A Molecular Roadmap of Reprogramming Somatic Cells into iPS Cells.
Cell 151, 1617-1632 (2012).



6 References 379

248. Lanza, R. P. et al. Extension of Cell Life-Span and Telomere Length in Animals Cloned
from Senescent Somatic Cells. Science 288, 665—669 (2000).

249. Sinclair, K. D. et al. Healthy ageing of cloned sheep. Nat. Commun. 7, 12359 (2016).
250. Hochedlinger, K. & Jaenisch, R. Induced Pluripotency and Epigenetic Reprogramming.
Cold Spring Harb. Perspect. Biol. 7, 019448 (2015).

251. Thimm, C., Mack, R., Adjei-Aruna, O., Wruck, W. & Adjaye, J. Modelling APOL1-
mediated kidney inflammation and fibrosis using a partially reprogrammed urine derived
SIX2-positive renal progenitor cell line. Preprint at
https://doi.org/10.1101/2025.07.28.667124 (2025).

252. Angelotti, M. L. et al. Characterization of Renal Progenitors Committed Toward
Tubular Lineage and Their Regenerative Potential in Renal Tubular Injury. STEM CELLS 30,
1714-1725 (2012).

253. Huling, J. & Yoo, J. J. Comparing adult renal stem cell identification, characterization
and applications. Journal of Biomedical Science 24, 1-11 (2017).

254. Doyonnas, R. et al. Anuria, Omphalocele, and Perinatal Lethality in Mice Lacking the
Cd34-Related Protein Podocalyxin. J Exp Med. 13—28 (2001) doi:10.1084/jem.194.1.13.

255. Kim, Y. K. et al. Gene-Edited Human Kidney Organoids Reveal Mechanisms of Disease
in Podocyte Development. STEM CELLS 2366—-2378 (2017).

256. Kaschina, E. & Unger, T. Angiotensin AT1/AT2 Receptors: Regulation, Signaling and
Function. Blood Pressure 12, 70-88 (2003).

257. Crowley, S. D. et al. Angiotensin |l causes hypertension and cardiac hypertrophy
through its receptors in the kidney. Proceedings of the National Academy of Sciences of the
United States of America 47 (2006) doi:10.1073/pnas.0605545103.

258. Tojo, A, Tisher, C. C. & Madsen, K. M. Angiotensin Il regulates H(+)-ATPase activity in
rat cortical collecting duct. American Journal of Physiology 267, F1045-51 (1994).

259. Barreto-Chaves, M. L. & Mello-Aires, M. Effect of luminal angiotensin Il and ANP on
early and late cortical distal tubule HCO3- reabsorption. American Journal of Physiology 271,
F977-F984 (1996).

260. Wang, T. & Giebisch, G. Effects of angiotensin Il on electrolyte transport in the early
and late distal tubule in rat kidney. American Journal of Physiology 271, F143-9 (1996).

261. Kwon, T.-H. et al. Regulation of sodium transporters in the thick ascending limb of rat
kidney: response to angiotensin Il. American Journal of Physiology 285, F152-65 (2003).

262. Rocque, B. L. et al. Deficiency of the Planar Cell Polarity Protein Vangl2 in Podocytes
Affects Glomerular Morphogenesis and Increases Susceptibility to Injury. Journal of the
American Society of Nephrology 26, 576-586 (2015).

263. Xie, K. et al. Yes-associated protein regulates podocyte cell cycle re-entry and
dedifferentiation in adriamycin-induced nephropathy. Cell Death & Disease 10, 915 (2019).
264. Sobczuk, P., Szcylik, C., Porta, C. & Czarnecka, A. M. Renin angiotensin system
deregulation as renal cancer risk factor. Oncology Letters 14, 5059-5068 (2017).

265. Stegbauer, J. & Coffman, T. M. New insights into angiotensin receptor actions: from
blood pressure to aging. Current Opinion in Nephrology and Hypertension 20, 84—8 (2011).
266. Reiser, J. & Mundel, P. Dual effects of RAS blockade on blood pressure and podocyte
function. Current Hypertension Reports 9, 408—8 (2007).



6 References 380

267. Rister, C. & Wolf, G. Renin-angiotensin-aldosterone system and progression of renal
disease. Journal of American Society of Nephrology 17, 2985-91 (2006).

268. Liu, Y. et al. IQGAP1 regulates actin cytoskeleton organization in podocytes through
interaction with nephrin. Cell Signal 27, 867-77 (2015).

269. Yang, Q. et al. Angiotensin Il down-regulates nephrin—Akt signaling and induces
podocyte injury: roleof c-Abl. Molecular Biology of the Cell 27, 197-208 (2016).

270. Le, T.H. et al. Physiological Impact of Increased Expression of the Atl Angiotensin
Receptor. Hypertension 42, 507-514 (2003).

271. Jha, V. et al. Chronic kidney disease: global dimension and perspectives. The Lancet
382, 260-272 (2013).

272. Hill, N. R. et al. Global Prevalence of Chronic Kidney Disease — A Systematic Review
and Meta-Analysis. PLOS ONE 11, e0158765 (2016).

273. Basile, D. P., Anderson, M. D. & Sutton, T. A. Pathophysiology of Acute Kidney Injury.
in Comprehensive Physiology (ed. Prakash, Y. S.) 1303-1353 (Wiley, 2012).
do0i:10.1002/cphy.c110041.

274. Ronco, C., Bellomo, R. & Kellum, J. A. Acute kidney injury. The Lancet 394, 1949-1964
(2019).

275. Simmons, E. M. et al. Plasma cytokine levels predict mortality in patients with acute
renal failure. Kidney Int. 65, 1357-1365 (2004).

276. Bendale, D. S. et al. 17-B Oestradiol prevents cardiovascular dysfunction in post-
menopausal metabolic syndrome by affecting SIRT1/AMPK/H3 acetylation. Br. J. Pharmacol.
170, 779-795 (2013).

277. Ota, H. et al. Testosterone Deficiency Accelerates Neuronal and Vascular Aging of
SAMPS8 Mice: Protective Role of eNOS and SIRT1. PLoS ONE 7, 29598 (2012).

278. VYu, X, Zheng, J., Cai, T., Wang, Z. & Zhu, G. Testosterone antagonizes paraquat-
induced cardiomyocyte senescence via the mIGF-1/SIRT1 signaling pathway. Braz. J. Med.
Biol. Res. 53, €9849 (2020).

279. Chen, H.-H,, Lin, Y.-C., Chen, T.-W. & Lin, H. Roles of Adiponectin in Acute Kidney
Injury. J. Exp. Clin. Med. 4, 145-148 (2012).

280. Furuhashi, M. et al. Blockade of the Renin-Angiotensin System Increases Adiponectin
Concentrations in Patients With Essential Hypertension. Hypertension 42, 76—-81 (2003).
281. Cai, L. et al. Adiponectin induces CXCL1 secretion from cancer cells and promotes
tumor angiogenesis by inducing stromal fibroblast senescence. Mol. Carcinog. 55, 1796—
1806 (2016).

282. Ma, C. et al. CXCL1 stimulates decidual angiogenesis via the VEGF-A pathway during
the first trimester of pregnancy. Mol. Cell. Biochem. 476, 2989-2998 (2021).

283. Wei, Z.-W. et al. CXCL1 promotes tumor growth through VEGF pathway activation
and is associated with inferior survival in gastric cancer. Cancer Lett. 359, 335—-343 (2015).
284. Togel, F., Zhang, P., Hu, Z. & Westenfelder, C. VEGF is a mediator of the
renoprotective effects of multipotent marrow stromal cells in acute kidney injury. J. Cell.
Mol. Med. 13, 2109-2114 (2009).

285. Cao, S. et al. Epidermal growth factor receptor activation is essential for kidney
fibrosis development. Nat. Commun. 14, 7357 (2023).



6 References 381

286. Klein, J., Bascands, J.-L., Buffin-Meyer, B. & Schanstra, J. P. Epidermal growth factor
and kidney disease: a long-lasting story. Kidney Int. 89, 985-987 (2016).

287. Lee, C.-C. et al. Incidence and outcomes of acute kidney injury in extremely-low-birth-
weight infants. PLOS ONE 12, e0187764 (2017).

288. Ostermann, M. et al. Controversies in acute kidney injury: conclusions from a Kidney
Disease: Improving Global Outcomes (KDIGO) Conference. Kidney Int. 98, 294—309 (2020).
289. Sheikh, M. S., Carrier, F., Johnson, A. C., Ogdon, S. E. & Jr, A. J. F. Identification of an
additional p53-responsive site in the human epidermal growth factor receptor gene
promotor. Oncogene 15, 1095-1101 (1997).

290. Samarakoon, R. et al. Induction of renal fibrotic genes by TGF-B1 requires EGFR
activation, p53 and reactive oxygen species. Cell. Signal. 25, 2198-2209 (2013).

291. Vijayan, A. et al. Clinical Use of the Urine Biomarker [TIMP-2] x [IGFBP7] for Acute
Kidney Injury Risk Assessment. Am. J. Kidney Dis. 68, 19-28 (2016).

292. Wang, W. et al. Changes in inflammatory biomarkers after renal revascularization in
atherosclerotic renal artery stenosis. Nephrol. Dial. Transplant. 31, 1437-1443 (2016).

293. Kashani, K. et al. Discovery and validation of cell cycle arrest biomarkers in human
acute kidney injury. Crit. Care 17, R25 (2013).

294. Montero, E., Abreu, C. & Tonino, P. Relationship between VEGF and p53 expression
and tumor cell proliferation in human gastrointestinal carcinomas. J. Cancer Res. Clin. Oncol.
134, 193-201 (2007).

295. Erichsen, L. et al. Secreted Cytokines within the Urine of AKI Patients Modulate TP53
and SIRT1 Levels in a Human Podocyte Cell Model. Int. J. Mol. Sci. 24, 8228 (2023).

296. Pierzchalski, P. et al. p53 Induces Myocyte Apoptosis via the Activation of the Renin—
Angiotensin System. Exp. Cell Res. 234, 57-65 (1997).

297. Engel, J. E., Williams, E., Williams, M. L., Bidwell, G. L. & Chade, A. R. Targeted VEGF
(Vascular Endothelial Growth Factor) Therapy Induces Long-Term Renal Recovery in Chronic
Kidney Disease via Macrophage Polarization. Hypertension 74, 1113-1123 (2019).

298. Fulchiero, R. & Seo-Mayer, P. Bartter Syndrome and Gitelman Syndrome. Pediatr.
Clin. North Am. 66, 121-134 (2019).

299. Morimoto, A. et al. Sodium sensitivity and cardiovascular events in patients with
essential hypertension. Lancet . 350, 1734-7 (1997).

300. Weinberger, M. H., Fineberg, N. S., Fineberg, S. E. & Weinberger, M. Salt sensitivity,
pulse pressure, and death in normal and hypertensive humans. Hypertension . 37, 429-32
(2001).

301. Gilliam-Dauvis, S. et al. Long-term AT1 receptor blockade improves metabolic function
and provides renoprotection in Fischer-344 rats. Am J Physiol Heart Circ Physiol . 293,
H1327-33 (2007).

302. Herbert, K. E. et al. Angiotensin lI-mediated oxidative DNA damage accelerates
cellular senescence in cultured human vascular smooth muscle cells via telomere-dependent
and independent pathways. Circ Res . 102, 201-8 (2008).

303. Rajagopalan, S. et al. Angiotensin lI-mediated hypertension in the rat increases
vascular superoxide production via membrane NADH/NADPH oxidase activation.
Contribution to alterations of vasomotor tone. J Clin Invest. 97, 1916-1923 (1996).



6 References 382

304. Sartori, M. et al. Autonomic nervous system function in chronic hypotension
associated with Bartter and Gitelman syndromes. Am J Kidney Dis. 49, 330-5.

305. Harris, P.J. & Young, J. A. Dose-dependent stimulation and inhibition of proximal
tubular sodium reabsorption by angiotensin Il in the rat kidney. Pflugers Arch . 367, 295-7
(1977).

306. Calo, L. A., Davis, P. A. & Rossi, G. P. Understanding the mechanisms of angiotensin Il
signaling involved in hypertension and its long-term sequelae: insights from Bartter’s and
Gitelman’s syndromes, human models of endogenous angiotensin Il signaling antagonism. J
Hypertens. 32, 2109-19 (2014).

307. Davis, P. A. et al. SIRT1, heme oxygenase-1 and NO-mediated vasodilation in a human
model of endogenous angiotensin Il type 1 receptor antagonism: implications for
hypertension. Hypertension Research 36, 873—-878 (2013).

308. Intengan, H. D. & Schiffrin, E. L. Vascular Remodeling in Hypertension: Roles of
Apoptosis, Inflammation, and Fibrosis. Hypertension 38, 581-587 (2001).

309. Xu, X. et al. Age-related Impairment of Vascular Structure and Functions. Aging Dis. 8,
590 (2017).

310. Laurent, S., Boutouyrie, P. & Lacolley, P. Structural and Genetic Bases of Arterial
Stiffness. Hypertension 45, 1050-1055 (2005).

311. Benetos, A. et al. Telomere Length as an Indicator of Biological Aging: The Gender
Effect and Relation With Pulse Pressure and Pulse Wave Velocity. Hypertension 37, 381-385
(2001).

312. Seals, D. R., Jablonski, K. L. & Donato, A. J. Aging and vascular endothelial function in
humans. Clin. Sci. 120, 357-375 (2011).

313. Thimm, C. et al. Generation of a Bartter syndrome type 3 patient-derived induced
pluripotent stem cell line ISRM-BS3-UM18-iPSC (HHUUKDi014-A). Stem Cell Res. 87, 103760
(2025).

314. Ji, W. et al. Generation of an induced pluripotent stem cell line from a Bartter
syndrome patient with the homozygote mutation p.A244D (c.731C>A) in SLC12A1 gene.
Stem Cell Res. 52, 102228 (2021).

315. Guo, X. et al. Generation of a human induced pluripotent stem cell line (WMUi021-A)
from a Gitelman syndrome patient carrying a SLC12A3 gene mutation (c.179C > T). Stem Cell
Research 53, (2021).

316. Lim,S. W. et al. Generation of a human induced pluripotent stem cell line (CMCi002-
A) from a patient with Gitelman’s syndrome. Stem Cell Research 49, (2020).

317. Bohndorf, M. et al. Derivation and characterization of integration-free iPSC line ISRM-
UMS51 derived from SIX2-positive renal cells isolated from urine of an African male
expressing the CYP2D6 *4/*17 variant which confers intermediate drug metabolizing
activity. Stem Cell Res. 25, 18-21 (2017).

318. Konagaya, S., Ando, T., Yamauchi, T., Suemori, H. & lwata, H. Long-term maintenance
of human induced pluripotent stem cells by automated cell culture system. Sci. Rep. 5,
16647 (2015).



6 References 383

319. Braganga, J., Lopes, J. A., Mendes-Silva, L. & Santos, J. M. A. Induced pluripotent stem
cells, a giant leap for mankind therapeutic applications. World J. Stem Cells 11, 421-430
(2019).

320. Shi, Y., Inoue, H., Wu, J. C. & Yamanaka, S. Induced pluripotent stem cell technology:
a decade of progress. Nat. Rev. Drug Discov. 16, 115-130 (2017).

321. Moradi, S. et al. Research and therapy with induced pluripotent stem cells (iPSCs):
social, legal, and ethical considerations. Stem Cell Res. Ther. 10, 341 (2019).

322. Kordes, C. et al. Human Urine-derived SIX2-positive renal progenitor cells improve
kidney injury in an IRl mouse model. Preprint at https://doi.org/10.1101/2025.07.02.662781
(2025).

323. Bruno, S. et al. Mesenchymal Stem Cell-Derived Microvesicles Protect Against Acute
Tubular Injury. J. Am. Soc. Nephrol. 20, 1053—-1067 (2009).

324. Anders, H.-J. & Ryu, M. Renal microenvironments and macrophage phenotypes
determine progression or resolution of renal inflammation and fibrosis. Kidney Int. 80, 915—
925 (2011).

325. Lin, S.-L. et al. Macrophage Wnt7b is critical for kidney repair and regeneration. Proc.
Natl. Acad. Sci. 107, 4194-4199 (2010).

326. English, K. Mechanisms of mesenchymal stromal cell immunomodulation. Immunol.
Cell Biol. 91, 19-26 (2013).

327. Kinnaird, T. et al. Marrow-Derived Stromal Cells Express Genes Encoding a Broad
Spectrum of Arteriogenic Cytokines and Promote In Vitro and In Vivo Arteriogenesis Through
Paracrine Mechanisms. Circ. Res. 94, 678—685 (2004).

328. Nakamura, T. & Mizuno, S. The discovery of Hepatocyte Growth Factor (HGF) and its
significance for cell biology, life sciences and clinical medicine. Proc. Jpn. Acad. Ser. B 86,
588-610 (2010).

329. Lai,R.C., Yeo, R. W.Y. & Lim, S. K. Mesenchymal stem cell exosomes. Semin. Cell Dev.
Biol. 40, 82—-88 (2015).

330. Togel, F. & Westenfelder, C. Adult bone marrow—derived stem cells for organ
regeneration and repair. Dev. Dyn. 236, 3321-3331 (2007).

331. Phinney, D. G. & Pittenger, M. F. Concise Review: MSC-Derived Exosomes for Cell-
Free Therapy. Stem Cells 35, 851-858 (2017).

332.  Wruck, W., Thimm, C. & Adjaye, J. Evidence for conserved gene expression and
biological processes operative in human podocytes and adult brain. Preprint at
https://doi.org/10.1101/2025.03.17.643629 (2025).

333.  Wruck, W. et al. Urinary proteins from Sickle Cell patients induce inflammation and
kidney injury via the TGFB-p53 axis in a podocyte cell culture model. Preprint at
https://doi.org/10.1101/2025.08.08.669286 (2025).

334. Nguyen, L., Wruck, W., Erichsen, L., Graffmann, N. & Adjaye, J. The Nephrotoxin
Puromycin Aminonucleoside Induces Injury in Kidney Organoids Differentiated from Induced
Pluripotent Stem Cells. Cells 11, 635 (2022).

335. Ding, H. et al. 3D Spheroids of Human Primary Urine-Derived Stem Cells in the
Assessment of Drug-Induced Mitochondrial Toxicity. Pharmaceutics 14, 1042 (2022).



6 References 384

336. Guo, H. et al. 3-D Human Renal Tubular Organoids Generated from Urine-Derived
Stem Cells for Nephrotoxicity Screening. ACS Biomater. Sci. Eng. 6, 6701-6709 (2020).



7 Appendix 385

7 Appendix

7.1 Poster presentations

Lars Erichsen, Wasco Wruck, Lea Doris Friedel Kloss, Chantelle Thimm, Martina
Bohndorf, Kira Schichel and James Adjaye.Derivation of the Immortalized Cell Line
UMS51-PrePodo-hTERT and Its Responsiveness to Angiotensin Il and Activation of the
RAAS Pathway. 2022 IMB conference: Epigenetics of Aging: Responses to Adversity

across Scales, Mainz.

Wasco Wruck, Chantelle Thimm and James Adjaye. Evidence for conserved gene
expression and biological processes operative in human podocytes and adult brain.

2025 15" International podocyte conference and ISGD meeting, Hamburg.



8 Declaration of independence 386

8 Declaration of independence

| declare that | have written the enclosed thesis completely by myself, and have not used
sources or means without declaration in the text. Any thoughts from others or literal
quotations are clearly marked. The thesis was not used in the same or in a similar version to
achieve an academic grading or is being published elsewhere.

Ort, Datum Chantelle Thimm



