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Parts of the present thesis are published in:

Reichardt C, Brandt S, Bernhardt A, Krause A, Lindquist JA, Weinert S, Geffers R, Franz T,
Kahlfuss S, Dudeck A, Mathew A, Rana R, Isermann B, Mertens PR. DNA-binding protein-A
promotes kidney ischemia/reperfusion injury and participates in mitochondrial function. Kidney
Int. 2024 Aug;106(2):241-257. doi: 10.1016/j.kint.2024.05.009. Epub 2024 May 29. PMID:
38821446.
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ca?
CD
cDNA
CD-PC
CKD
Cdk4
Cdk5
CLDN5

2-deoxy-glucose
2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Desoxyglucose
4-hydroxynonenal

alpha-smooth muscle actin

mitochondrial membrane potential

adenosine diphosphate

anion exchanger 1
5-aminoimidazole-4-carboxamide-1-B-d-ribofuranoside
acute kidney injury

5' adenosine monophosphate-activated protein kinase alpha
ammonium persulfate

aquaporin 1

aguaporin 2

activating transcription factor 4

adenosine triphosphate

ATP synthase lipid-binding protein

ATPase H+ transporting V1 subunit B1
Bcl-2-associated X protein

B-cell lymphoma 2

bone marrow-derived macrophages

B-cell ymphoma 2/adenovirus E1B 19 kDa protein-interacting protein 3
base pairs

boronophenylalanine

bovine serum albumin

blood urea nitrogen

mouse proximal tubule-derived cell line

cortex

carbonic anhydrase 2

calcium ions

cluster of differentiation

complementary deoxyribonucleic acid

collecting duct-principal cell

chronic kidney disease

Cyclin dependent kinase 4

Cyclin dependent kinase 5

claudin-5
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CO;
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CoQ
CoQ10
CPTla
CSA
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CSPs
CspA
cytc

dl

d28
DAB
DAMPs
DbpA
DbpA_a
DbpA_b
DbpC
DCT
DNA
DPBS
DPI
DRP1

EC
ECAR
EDTA
EGF
ECMO
ER
ERK 2
ESRD
ETC
EtOH
ExX/Em

connecting tubule

carbon dioxide

coenzyme A

ubiquinone/coenzyme Q10

coenzyme Q10 MitoQ (mitochondrial coenzyme Q)
carnitine palmitoyl transferase 1a
cyclosporine A

cold shock domain

cold shock proteins

cold shock protein A

cytochrome C

day(s)

day one

day 28

diaminobenzidine

damage-associated molecular patterns
DNA-binding protein-A

DNA-binding protein-A isoform a
DNA-binding protein-A isoform b
DNA-binding protein-C

distal convoluted tubule
deoxyribonucleic acid

Dulbecco's phosphate-buffered saline
2,4-dihydroxy-5-pyrimidinyl imidothiocarbomate
dynamin related protein 1

electron(s)

endothelial cell

extracellular acidification rates
ethylendiamintetraacetat

epidermal growth factor
extracorporeal membrane oxygenation
endoplasmic reticulum

extracellular signal-regulated kinase 2
end-stage renal disease

electron transport chain

ethanol

fluorescence excitation/emission
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FACS
FADH,
FAO
FBS
FCCP
FELASA
FeS

Fl
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FMO
fwd
GAPDH
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GFR
GPX4
GSK3pB
GTPase
h

H

H20

HC
HEK Lenti X
HIF 1o
HKC-8
HMOX1
HO-1
HR

IC

IC-A
IC-B
IgA

IMM
IRI
ITS

fluorescence-associated cell sorting

flavin adenine dinucleotide hydroquinone form
fatty acid oxidation

filtrated bovine serum

carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
Federation of European Laboratory Animal Science Association
iron-sulfur

fluorescence intensity

mitochondrial fission 1

fluorescein isothiocyanate

fluorescence minus one

forward

glyceraldehyde 3-phosphate dehydrogenase
glycine amidinotransferase

Guanine nucleotide exchange factor
glomerular filtration rate

glutathione peroxidase 4

glycogen synthase kinase 3B
guanosintriphosphatase

hours

proton(s)

water

hydrocortisone

human embryonic kidney cells
hypoxia-inducible factor-1 alpha
human-derived renal proximal tubular cell line
heme oxygenase 1

heme oxygenase 1

hypoxia and reoxygenation

intercalated cells

intercalated cell type A

intercalated cell type B

immunoglobulin A

inner medulla

inner mitochondrial membrane
ischemia/reperfusion injury

insulin, transferrin, selenious acid
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JAK
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LC3
LCFAs
LH(AL)
LH(DL)
Mo
MA-5
MAMs
MC
M-CSF
Mdivi-1
MFN
MHC
min
miR
MitoQ
mPTP
mROS
MTCO1
MtDNA
MW

N2
NAC
NADH
NaHCO3
NBR1
NDNA
NET
NGAL
NH4CI
nr.
NRF1
NRF2
02
OCR
OGD

janus kinase

Kidney Disease: Improving Global Outcomes
microtubule-associated protein 1 light chain 3 beta
long chain fatty acids

loop of Henle (ascending loop)

loop of Henle (descending loop)
macrophage

mitochonic acid 5
mitochondrial-ER-associated membranes
mesangial cell

macrophage colony-stimulating factor
mitochondrial division inhibitor 1

mitofusins

major histocompatibility complex

minutes

microRNAs

mitochondrial coenzyme Q

mitochondrial permeability transition pore
mitochondrial reactive oxygen species
mitochondrially encoded cytochrome c oxidase 1
mitochondrial DNA

molecular weight

nitrogen

N-acetyl-L-cysteine

nicotinamide adenine dinucleotide hydrogen
sodium hydrogen carbonate

neighbor of breast cancer type 1

nuclear DNA

neutrophil extracellular trap

neutrophil gelatinase-associated lipocalin
ammonium chloride

number

nuclear respiratory factors 1

nuclear respiratory factors 2

oxygen

oxygen consumption rates

oxygen-glucose deprivation
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OM

OMM
OPAl
OXPHOS
pAMPKa

PAS
PC
PCNA
PCR
PDGF
Pen/Strep
PFA
PGC-1a
PI
PINK1
Pod
PPARy
PT
PTEN
QH2
gPCR
RAAS
RalA
Rev
RNA
RNA-seq
RNS
ROS
Rot+AA
rpm
rRNA
RT
SDHB
SDS
sec
SGLT2

outer medulla

outer mitochondrial membrane

optical atrophy

oxidative phosphorylation

phosphorylated 5' adenosine monophosphate-activated protein
kinase alpha

periodic acid-Schiff

principal cells

proliferating cell nuclear antigen

polymerase chain reaction

platelet-derived growth factor
penicillin-streptomycin

paraformaldehyde

peroxisome proliferator-activated receptor gamma coactivator 1 alpha
propidium iodide

phosphatase and tensin homolog-induced kinase 1
podocyte

peroxisome proliferator-activated receptor gamma
proximal tubule

phosphatase and tensin homolog

ubiquinol

guantitative polymerase chain reaction
renin-angiotensin-aldosterone system

Ras-related protein Ral-A

reverse

ribonucleic acid

ribonucleic acid sequencing

reactive nitrogen free radicals

reactive oxygen species

rotenone + antimycin A

rounds per minute

ribosomal ribonucleic acid

room temperature

succinate dehydrogenase complex iron sulfur subunit B
sodium dodecyl! sulfate

seconds

sodium-glucose cotransporter-2

17



Abbreviations

shRNA
SIRT 1
SIRT 3
SKQR1
SLC5A4B

SLC6A5
SLC7A13
SLC7A14
SLC36A2
SOD2
SPF
SQSTM1
SS-20
SS-31

T3

TCA
TDZD-8
TECs
TEMED
TFAM
TIM23
TLR9
TMRE
tRNA

UK

Ub
UQCRC2
Uuo
VDAC1
WIF1
WNT
XBP1s
YB-1
Ybx2
Ybx3
Z0O-1

small hairpin RNA

sirtuin-1

sirtuin-3

10-(6’-plastoquinonyl) decylrhodamine 19

solute carrier family 5 (neutral amino acid transporters, system A),
member 4b

solute carrier family 6 member 5

solute carrier family 7 member 13

solute carrier family 7 member 14

solute carrier family 36 member 2

superoxide dismutase 2

specific pathogen-free

sequestosome-1

Szeto-Schiller peptide 20

Szeto-Schiller Peptide 31

3,3%,5 trilodothyronine

tricarboxylic acid
4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione
tubular epithelial cells

tetramethylethylendiamin

mitochondrial transcription factor A

translocase of inner mitochondrial membrane 23
toll-like receptor 9

tetramethylrhodamine, ethyl ester

transfer ribonucleic acid

United Kingdom

ubiquitin

ubiquinol-cytochrome c reductase core protein 2
unilateral ureteral obstruction
voltage-dependent anion-selective channel 1
WNT inhibitory factor-1

Wingless/intl

X-box binding protein 1

Y-box binding protein-1

Y-box binding protein-2

Y-box binding protein-3

zonula occludens-1
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Z0-2 zonula occludens-2
Z0-3 zonula occludens-3
ZONAB zonula occludens-1-associated nucleic acid-binding protein
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Abstract

Abstract

DNA-binding protein-A (DbpA; gene: Ybx3) belongs to the cold shock protein family with known
functions in cell cycling, transcription, translation, and tight junction communication. In chronic
nephritis, DbpA is upregulated. However, its activities in acute kidney injury models, such as
renal ischemia/reperfusion injury (IRI), are unclear.

To study this, mice harboring Ybx3**, Ybx3*" or Ybx3" genotype were characterized over 24
months and following experimental kidney IRI. Mitochondrial function, number and integrity
were analyzed by mito/glycolysis stress tests, MitoTracker staining, Western blot and electron
microscopy. RNA-sequencing, immunohistochemistry, Western blot and flow cytometry were
performed to quantify tubular cell damage, tissue scarring and immune cell infiltration.

DbpA was found to be dispensable for kidney development and tissue homeostasis under
healthy conditions. Furthermore, endogenous DbpA protein localizes within mitochondria in
primary tubular epithelial cells (TECs). Genetic deletion of Ybx3 elevates the mitochondrial
membrane potential, the lipid uptake and metabolism, the oxygen consumption rates (OCR)
and glycolytic activities of TECs. Ybx3” mice demonstrated protection from IRl with less
immune cell infiltration, endoplasmic reticulum (ER) stress, tubular cell damage and fibrosis.
A presumed protective mechanism was identified via upregulated antioxidant activities and
reduced ferroptosis, when Ybx3 was deleted.

Thus, our studies reveal DbpA acts as a mitochondrial protein with profound adverse effects
on cell metabolism and highlights a protective effect against IRl when Ybx3 is genetically
deleted. Hence, preemptive DbpA targeting in situations with expected IRI, such as kidney

transplantation or cardiac surgery, may preserve post-procedure kidney function.
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Zusammenfassung

Zusammenfassung

Das DNA-bindende Protein-A (DbpA; Gen: Ybx3) gehdrt zur Familie der Kélteschockproteine
und hat bekannte Funktionen beim Zellzyklus, der Transkription, der Translation und der tight
junction Kommunikation. Bei der chronischen Nephritis ist DbpA hochreguliert, jedoch sind die
Aktivitaten von DbpA bei akuten Krankheitsmodellen wie der renalen Ischamie/Reperfusion
ungeklart.

Um dies zu untersuchen wurden Mause mit dem Genotyp Ybx3*"*, Ybx3"" oder Ybx3" Uiber
einen Zeitraum von 24 Monaten und nach einer experimentellen Ischamie/Reperfusion der
Nieren charakterisiert. Die mitochondriale Funktion, Anzahl und Integritat wurden durch
Mito/Glykolyse-Stress-Tests, MitoTracker-Farbung, Western Blot und Elektronenmikroskopie
analysiert. RNA-Sequenzierungsanalysen, immunhistochemische Farbung, Western Blot und
Durchflusszytometrie wurden durchgefiihrt, um die Schadigung der Tubuluszellen, die
Vernarbung des Gewebes und die Infiltration von Immunzellen zu quantifizieren.

Es wurde festgestellt, dass DbpA fiir die Nierenentwicklung und die Gewebehomdéostase unter
gesunden Bedingungen entbehrlich ist. DarUber hinaus ist das endogene DbpA-Protein in
primaren Tubulusepithelzellen in Mitochondrien lokalisiert. Die genetische Deletion von Ybx3
erhdht das mitochondriale Membranpotenzial, die Lipidaufnahme und den Lipidstoffwechsel,
die Sauerstoffverbrauchsrate und die glykolytische Aktivitat der primaren Tubulusepithelzellen.
Ybx3" M&use zeigen einen Schutz vor Ischamie-/Reperfusionsschéadigungen der Nieren mit
einer geringeren Immunzellinfiltration, Stressantwort des Endoplasmatischen Retikulums,
Tubuluszellschadigung und Fibrose. Ein mutmallicher Schutzmechanismus wurde durch eine
erhdhte antioxidative Aktivitdt und einer verminderten Ferroptose identifiziert, wenn Ybx3
deletiert wurde.

Zusammenfassend lasst sich sagen, dass DbpA als mitochondriales Protein fungiert, das
tiefgreifende negative Auswirkungen auf die mitochondriale Aktivitdt hat. Zudem wird eine
schutzende Wirkung bei Ischamie/Reperfusion hervorgerufen, wenn Ybx3 genetisch entfernt
wird. Daher kann eine praventive DbpA-Fokussierung in Situationen mit zu erwartender IRI,
wie z. B. bei Nierentransplantationen oder Herzoperationen, die Nierenfunktion nach dem

Eingriff erhalten.
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Introduction

1 Introduction
1.1 Cold shock proteins (CSPs): Nucleic acid guardians with pleiotropic functions

CSPs are evolutionarily conserved, with all members sharing the eponymous cold shock
domain (CSD), which have nucleic acid binding properties.>? This enables these proteins to
perform pleiotropic functions, such as regulating transcription, translation and splicing.>* CSPs
were first identified in bacteria, where a drop in temperature (from 37°C to 10°C) triggered an
immense increase in the expression of cold shock protein A (CspA) within minutes.>® This
rapid induction is conserved between species.’

The predominant group of CSPs is the Y-box protein family.® This subgroup includes: Y-box
binding protein-1 (YB-1, encoded by the gene Ybx1 on chromosome 1), DNA-binding protein-
C (DbpC, encoded by the gene Ybx2 on chromosome 17) and DNA-binding protein-A (DbpA,
encoded by the gene Ybx3 on chromosome 12).13

1.1.1 Essential roles and compensation dynamics of CSPs during embryogenesis

YB-1 is ubiquitously expressed and essential for embryogenesis, as whole body Ybx1
knockout mice die at embryonic day 18.5.8° However, an inducible conditional whole body
murine knockout of Ybx1l shows normal lifespan and phenotype.!! In contrast to YB-1, its
homolog DbpA is described to be restricted in its expression predominantly during
embryogenesis and down-regulated after birth'2, except in smooth muscle cells, heart, skeletal
muscle, blood vessels and testis.®'314 DbpA is dispensable for development and survival, but
adult mice have slightly reduced fertility.® Interestingly, embryos with a deficiency of DbpA and
YB-1 are not viable and die early on E8.5 to E11.5.° In whole body Ybx1 knockout embryos,
DbpA can compensate the absence of YB-1 in early stages of embryonic development,
however, at later time points during embryogenesis, YB-1 is indispensable, which cannot be

compensate by DbpA.*°

1.1.2 DbpA isoforms: Structural variants and nucleic acid binding dynamics

DbpA exists in two differential isoforms (DbpA_a, DbpA_b), which differ by an alternatively
spliced exon of 69 amino acids (Figure 1).>'%1” The DbpA isoforms were first described by
Sakura et al., where two cDNAs encoding new DNA-binding proteins have been cloned using
a human placenta Agt11 recombinant cDNA library and DNA fragments as probes.*®

The DbpA isoforms have an N-terminal alanine-proline-rich domain.*®* Common to all CSPs is
the presence of one or more CSD, which are highly conserved and identical. These contain
two nucleic acid binding motifs, ribonucleoprotein 1 and 2!°, which are responsible for the

nucleic acid binding activities of DNA and RNA?°-23, to regulate transcription, translation and
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cell-cell communication.'?* The extended C-terminal domain contains positively and negatively

charged clusters of amino acids.*®

| Human | | Mouse ‘
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Figure 1. Structure of human and murine cold shock proteins DbpA_a and DbpA_b.

Two isoforms of DbpA exist, due to alternative splicing of a 69 amino acid domain on exon 6 (green). Both DbpA
isoforms contain a conserved CSD (blue). The N- and C-terminal domains are mainly unstructured (yellow). The
human and murine structures of these proteins are similar, however, there are a few differences in the amino acid
sequences. 3D structures were generated by AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/).

1.1.3 DbpAinrenal dynamics: Junctional regulation, nuclear translocation and protein

interactions

There is a long tradition of analysis of DbpA in the kidney, which were mainly performed by
Maria S. Balda and Karl Matter in the past years. They described DbpA as a component of
tight junctions, due to its interaction with the submembrane protein Zonula occludens-1 (ZO-
1). Therefore, DbpA is also called ZO-1-associated nucleic acid-binding protein (ZONAB).?®
However, the subcellular localization and activity of DbpA are not regulated by ZO-1 alone, but
instead the three ZO proteins (ZO-1, ZO-2 and Z0O-3) redundantly control the junctional
retention and stability of DbpA.%¢ Interestingly, it was shown, that the stretched conformation
of ZO proteins promotes the junctional localization of DbpA.?” When cells lose their cell-cell
contacts, DbpA is released from the plasma membrane and translocates to the nucleus, where
it initiates cell proliferation via its regulation of proliferating-cell-nuclear-antigen (PCNA) and
cyclin D1.283° DbpA levels are high in the nucleus in proliferating cells when ZO-1 expression
is low. An increase of ZO-1 expression levels and cell confluence result in cytoplasmic
sequestration and recruitment of DbpA to the tight junctions.?® Furthermore, DbpA also
interacts with the small guanosintriphosphatase (GTPase) Ras-related protein Ral-A (RalA),

which localizes along the lateral membrane, including tight junctions. The RalA-DbpA
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interaction results in a transcriptional repression of a DbpA-regulated promoter.3 Further

protein/protein interactions are summarized in Table 1.

Table 1. Protein/protein interactions of DbpA.

Interaction partner Function Localization References
within the cell
Z0-1 Interaction prevents Tight junctions | 2

translocalization of DbpA
to the nucleus

Z0-1, Z0-2, Z0O-3 Control the junctional Tight junctions | 2627
retention and stability of
DbpA
RalA Transcriptional repression | Tight junctions | 3t
of a DbpA-regulated
promoter
Guanine nucleotide Mediation of cyclin D1 Tight junctions | %2
exchange factor (GEF)-H1 promoter activation and
expression
Symplekin Regulation of Tight junctions | 3334
transcription, epithelial or nucleus

proliferation and
differentiation

Cyclin dependent kinase 5 Cell cycle regulation Cytoplasm 3%

(Cdk5) and Cdk4

AKT Positive regulator of Cytoplasm 36
proliferation

Extracellular-signal Repression of the human | Cytoplasm 37

regulated kinase 2 (ERK2) VEGF promoter
and glycogen synthase
kinase 3 B (GSK3pB)

1.1.4 Importance of CSPs in kidney diseases and therapeutic perspectives

The best known and characterized member of the cold shock protein family is YB-1.%8 In the
last years, the focus has been on cold shock protein activities within the cancer field involving
molecular processes in terms of cell transformation, matrix invasion and excessive
proliferation. As a multifunctional oncoprotein in a variety of different cancer forms, YB-1
regulate cancer cell behavior including cell cycle progression, migration, invasion, DNA repair
and drug resistance, as summarized recently.®*® The molecular functions of
YB-1 were analyzed in detail in breast cancer®#, prostate cancer*? and multiple myeloma.*®
Recent findings link janus kinase/extracellular signal-regulated kinase (JAK/ERK) signaling
with YB-1 in myeloproliferative neoplasia, suggesting YB-1 as a potential therapeutic target in

JAK2-mutated neoplasms.*
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In addition, based on the RNA-binding activities, YB-1 regulates complex inflammatory steps
in kidney diseases.?*

YB-1 is described to be involved in the progression of diabetic kidney disease®,
tubulointerstitial ~ fibrosis*®,  glomerulosclerosis*’*°, mesangioproliferative  glomerulo-
nephritis®®! and AKI (acute kidney injury).525% Recently it was shown, that YB-1 is a part of the
neutrophil extracellular trap (NET) mediation of ischemic kidney damage and cross organ
fibrosis.>> NET formation and hypoxia trigger the release of YB-1, which subsequently acts as
a mediator of kidney tubular damage. Prophylactic administration of neutralizing antibodies
against YB-1 in an IRl mouse model significantly reduces tubular damage.*?

The expression of cold shock protein YB-1 is an appropriate biomarker for diverse
disease.®*® Therefore, the presence of YB-1 or its fragments can serve for diagnostic
purposes.! Several intervention strategies for YB-1 are described. For example, HSc025
promotes nuclear translocation of YB-1 and therefore reducing fibrosis by suppressing the
gene collagen type | alpha 2 chain (Col1A2).5"%8 The natural flavonoid fisetin was described to
block the AKT-mediated phosphorylation of Serine®? within the CSD of YB-1 and therefore its
nuclear translocation, thus fisetin was identified as an inhibitor of its activation.>® Furthermore,
successful approaches of targeting YB-1 to alleviate diseases are described for Uncaria
tomentosa®®, 2,4-dihydroxy-5-pyrimidinyl imidothiocarbomate (DPI)®* and neutralizing YB-1
antibodies.%?

Due to the sequence homologies and already described similarities in their cellular function, it
is important to not only focus on YB-1 alone, but also to give more attention to the cold shock
protein DbpA. Unlike YB-1, there is less information on DbpA and its contribution and activity
to kidney diseases. Previous work by our group identified DbpA as a key regulator of platelet-
derived growth factor (PDGF)-induced mesangial cell proliferation in rodent models of
immunoglobulin A (IgA) nephritis.®? Furthermore, Festa et al. and Raggi et al. described an
involvement of DbpA during lysosomal storage disease such as nephropathic cystinosis and
epithelial dysfunction in the kidney. Lysosomal dysfunction results in impaired clearance of
damaged mitochondria. The generation of oxidative stress leads to a phosphorylation of ZO-
1, which triggers a signal cascade including DbpA, which finally results in cell proliferation and
transport defects.®3%* It was recently described, that in podocytes a loss of the tight junction
integral membrane protein claudin-5 (CLDN5) contributes to kidney disease in a murine
diabetic nephropathy model and fibrosis model following unilateral ureteral obstruction
(UUO).%* A deletion of CLDN5 decreases ZO-1 expression and induces the nuclear
translocation of DbpA. There, DbpA leads to a transcriptional downregulation of (Wingless/int1)
WNT inhibitory factor-1 (WIF1), resulting in an activation of WNT signaling pathway. In
addition, podocyte-derived WIF1 has paracrine functions on tubular epithelial cells. Animals

with podocyte-specific deletion of Cldn5 or Wifl demonstrated enhanced kidney fibrosis after
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UUO, which can be reversed by systemic administration of WIF1.%° Recent findings of our
group confirm the data that DbpA orchestrates tubular cell damage and interstitial fibrosis in
inflammatory kidney disease.®® DbpA expression is induced within the renal interstitium
following UUO, whereas kidneys from Ybx3-deficient mice are protected from tissue injury with
a significant reduction in the number of infiltrating immune cells as well as in extracellular matrix
deposition.5®

These examples clearly demonstrate the up-regulation and contribution of DbpA during chronic
kidney disease (CKD), however its activities in AKI models are unclear. In addition, targeting
strategies from DbpA are not available so far. The development of targeted therapies requires
insights into the pathologies and molecular pathways of the underling disease.

1.2 Renal physiology: Orchestrating vital functions and nephron complexity

The kidneys consume 10% of the body's oxygen (O.) to perform their functions.®” They consist
of multiple cell populations involved in several vital processes, including orchestration of the
excretion of metabolic wastes in the blood, regulation and maintenance of acid-base and
electrolyte balance, blood pressure regulation, nutrient reabsorption and hormone secretion.®®
In humans, blood filtration by the kidneys generates on average 1 liter of urine per day.58

The human adult kidney consists of approximately 1 million up to 2.5 million nephrons, whose
primary functions and structures are divided into a glomerular filtration unit and different tubular
segments.®” ¢ The glomerular function is to filter the bloodstream, retaining circulating cells as
well as beneficial and valuable macromolecules, resulting in primary urine with a small amount
of proteins.®® The primary urine is collected in the Bowman’s capsule and passes through
epithelial tubules: starting from the proximal tubules, the loop of Henle, the distal tubules and
the collecting duct. The renal tubules and the collecting ducts express various ion and water
channels and transporters to concentrate the composition of the urine by reabsorption and

secretion (Figure 2).%8

Kidneys Cortex and medulla Nephron

Distal convoluted tubule

Renal atery Bowman's capsule

Renal vein Glomerulus

Capsule Proximal convoluted tubule

Pyramid Connecting tubule
Cortex

Pelvis

Loop of Henle

Collecting duct
Ureter
Medulla

A

Figure 2. Anatomical overview of the kidney and nephron.

The nephron is the functional unit of the kidney. Blood vessels supply the kidneys with oxygen. The glomerulus and
convoluted tubules are located in the kidney cortex, while collecting ducts are located in the pyramids of the medulla.
Each nephron is composed of a glomerulus and a tubule. The glomerulus is located at the proximal end and is
connected through a series of renal tubules, in which the composition of the urine is refined by reabsorption and
secretion. This figure was created using the Servier Medical Art.
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Due to the vital roles of the kidneys in body homeostasis, kidney dysfunctions can lead to
diseases with systemic complications, which are currently a global health concern.”® Kidney
diseases are classified into AKI and CKD. Whereas AKI is characterized by rapid renal function
impairment, CKD is associated with a gradual loss of kidney function over time.”

1.3  Acute kidney injury (AKI): Clinical complexities, global impact and emerging

insights into molecular pathogenesis

AKI is defined by a rapid renal dysfunction in a variety of clinical contexts.” It includes multiple
clinical syndromes: specific kidney diseases (acute interstitial nephritis, acute glomerular
nephritis, vasculitis), non-kidney specific diseases (IRI, toxic injury), as well as extra-renal
diseases (prerenal azotemia, acute postrenal obstructive nephropathy).”? It is possible that
more than one of these conditions coexist in the same patient. AKI occurs in up to 18% of
patients admitted to intensive care units.”® In most cases, recovery of renal function occurs,
however, the risk of recurrence of renal impairment is increased.’® In addition, with 13.3 million
patients per year, AKl is a global public health issue.” Even mild, reversible AKI has significant
clinical consequences, including increased costs, morbidity and mortality, with 1.7 million
deaths per year.”>"’

Long-term outcomes of AKI in patients can include the development of a CKD and end-stage
renal disease (ESRD), which are associated with a poor life quality and high costs.”®”®
Furthermore, in less developed countries, inadequate health care systems and underutilization
of diagnostic testing and dialysis further contribute to the underestimation of the prevalence of
AKI.”> Here, AKI often develops in response to a single illness or infections (e.g. malaria,
leptospirosis) and in younger, otherwise healthy individuals. This is in contrast to more
developed countries, where AKI occurs predominantly in urban intensive care units and is
associated with multiorgan failure, sepsis, high mortality and occurrence in older patients.&
Therefore, treatments are needed to reduce morbidity, mortality and costs in context of AKI.
However, due to etiology and the variety of clinical causes of AKI, it is challenging to find
pharmacological agents.”” The underlying pathomechanisms that occur at the molecular level
in the kidney during AKI are incompletely understood. However, recent studies using single
cell sequencing analysis in mice®-82 and human® show promising insights and results into the

molecular and cell-specific pathogenesis of AKI.

1.3.1 Clinical relevance of AKI

From a clinical perspective, AKI is defined as a creatinine increase of at least 50% compared
to baseline creatinine value within 7 days, an absolute serum creatinine increase of 0.3 mg/dl
above baseline within 48 h, or oliguria (>0.5 ml/kg/h) of at least 6 h.2* According to Kidney

Disease: Improving Global Outcomes (KDIGO) guidelines, AKI is divided into 3 stages
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(Table 2).8* The standard AKI-defining parameters are serum creatinine levels and urine
output, which are used to assess renal function in the clinic. Disadvantages in their low
sensitivity and specificity are well known.® Therefore, a variety of alternative biomarkers have
been shown to detect AKI earlier and are more sensitive®®’, but until now these biomarkers

are not able to replace serum creatinine levels and urine output in the definition of AKI.

Table 2. KDIGO AKI stages

KDIGO AKI
stage

Serum creatinine level Urine output

Increase by =20.3 mg/dl (26.5 pmol/l)
1 <0.5 ml/kg/h for 6-12 h
Increase to 1.5-1.9 times to the baseline level

2 Increase to 2-2.9 times to the baseline level <0.5 ml/kg/h for 212 h

Increase to 23 times to the baseline level

Increase to 24 mg/dl (353.6 umol/l) <0.3 ml/kg/h for 224 h

3 Initiation of renal replacement therapy anuria for 212 h

In patients younger than 18 years: decrease in
eGFR to <35 ml/min/1.73 m?)

1.3.2 Diverse etiology of AKI

The main causes of AKI are divided into 3 categories: prerenal, intrinsic renal and postrenal
(Figure 3).88 Classic triggers of AKI are linked with dehydration or increased water uptake of
the patient with an increase or decrease in urine volume. Predisposing factors for AKI may
include past or current infections (sepsis), surgeries or pre-existing conditions such as heart
failure, hypertension, diabetes mellitus or liver cirrhosis.®° Clinical contexts in which AKI may
occur include autoimmune diseases with renal involvement (collagenoses, glomerulo-
nephrides, vasculitides), urinary calculi, postrenal obstruction or intestinal nephritis.®* Other
causes of AKI are intoxications (alcohol or drugs) or toxic responses to medications such as
diuretics, anti-infectives, renin-angiotensin-aldosterone system (RAAS)-inhibitors and
chemotherapeutic agents. Toxins like radiocontrast agents or nonsteroidal anti-inflammatory
drugs can directly injure renal tissue or cause ischemic injury.”’

Moreover, AKI and CKD are closely linked. AKI can lead to CKD due to inadequate or
maladaptive tissue repair.”* Hypoxia, mitochondrial dysfunction, cell cycle arrest, chronic
inflammation and epigenetic changes may all play a role in the progression of AKI to CKD.%2:%
Furthermore, also the presence of CKD itself predisposes to the occurrence of AKI.%

The most common form of AKI relates to transient oxygen-deficiency with low blood pressure

(prerenal AKI) or impaired blood supply (e.g. vasoconstriction following ingestion of non-
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steroidal anti-inflammatory drugs; ischemia due to kidney transplantation).®® Therefore, it is

justified to give high priority to the prophylaxis, detection and treatment of AKI.

Prerenal: Postrenal:
Sudden reduction in blood pressure Causes and risk factors for Sudden obstruction of urine flow

Blood loss AKI Prostatic hyperplasia
Dehydration Cervical cancer
Heart failure i Meatal stenosis

Sepsis Direct '.':1 t_rl:nsz:frt?neall‘::_ dnevs Retroperitoneal fibrosis
Vascular occlusion ! injury ! ¥ Prostate cancer
. . . Drugs . -
Liver cirrhosis Toxi Urinary calculi
oxins

Prolonged hypotension
Autoimmune disease
Infections
Small-vessel vasculitis

Figure 3. Causes of AKI divided into prerenal, intrinsic renal and postrenal.

Prerenal risk factors for AKI are characterized by a rapid reduction in blood pressure. Direct injuries of the kidneys
are called intrinsic renal risk factors, whereas postrenal risk factors are characterized by a sudden obstruction of
urine flow. Adapted from Thongprayoon et al.%

1.3.3 Renal IRI dynamics, vascular implications and long-term consequences

The renal vasculature system assumes a key function in the pathophysiology of AKIL.®" The
kidneys have a high-energy demand for reabsorption and secretion processes.® However, the
oxygen supply to the outer medulla (OM) is quite low and the vascular architecture is highly
susceptible to impairment of vascular perfusion and oxygenation.®® IRI is characterized by an
impaired microcirculation with deficiency of oxygen and nutrients over a certain period of time
causing hypoxia, oxidative stress, mitochondrial dysfunction, release of cytochrome C (cyt c)
and reactive oxygen species (ROS).%°

Reperfusion leads to rapid influx of oxygen-rich blood into the ischemic tissue and is
characterized by increased epithelial and endothelial cell damage.®® Injury of the vascular
endothelium leads to its activation with increased expression of cell surface markers, that
promote leukocyte and platelet recruitment, adhesion and immune cell infiltration, resulting in
further changes in oxygen supply, epithelial and endothelial cell injury, cell death, vascular
permeability and inflammation.'® Long-term consequences of reduced oxygen supply and
vascular injury are a reduction in peritubular capillary density, which contributes to persistent
hypoxia and impaired organ function leading to fibrosis.”* The tubular epithelial cells are
directly and especially affected under hypoxic and reperfusion conditions, because of their
cellular function and high metabolic activity. These cells undergo programmed cell death,

however they have the potential to regenerate from a stem cell pool.10%:102
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1.4 Mitochondrial dynamics and functionality in the kidney

Mitochondria are especially important in organs with a high metabolic activity, including the
heart, muscles and kidneys. These complex, dynamic and heterogeneous cellular power
plants are organized within a mitochondrial network and have the essential task of generating
the majority of adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHQOS),
which is required for cellular viability and function.'®® In addition, mitochondria are substantial
in metabolic signaling such as pyrimidine, heme biosynthesis, tricarboxylic acid (TCA) cycle,
fatty acid B-oxidation, calcium ion homeostasis, thermogenesis, proliferation and regulating
intrinsic apoptotic pathway (Figure 4).5’

The primary energy sources in living cells include glucose, glutamine and fatty acids. The
utilization of these fuel reservoirs by mitochondria significantly influences various biological
processes.% Fatty acid metabolism, also known as lipid metabolism, refers to the processes
involved in the synthesis, B-oxidation and modification of fatty acids. During B-oxidation fatty
acids are broken down in the mitochondria to generate acetyl coenzyme A (CoA), which enters
the TCA cycle for further energy production.% Glycolysis is a fundamental metabolic pathway
that occurs in the cytoplasm of cells and is crucial for the breakdown of glucose to produce
energy.% Glutaminolysis is a metabolic process in which the amino acid glutamine is
converted into glutamate that enters the TCA cycle.®” The TCA cycle is the central component
of cellular respiration in which acetyl CoA, derived from glycolysis and the B-oxidation, is
oxidized to produce energy. The cycle occurs in the mitochondria.'®® OXPHOS is a critical
process in cellular respiration where cells generate the majority of their ATP through the

electron transport chain (ETC) (Figure 4).104

e fatty acids Va glucose e glutamine
fatty acids glucose-6- R]
2 | phosphate 2
2 2
5 £
g k’ ATP _f_%
2| pyruvate % glutamate

A

Figure 4. Cellular metabolism.

Cell metabolism refers to the sum of all reactions that occur
within a cell to maintain life. These metabolic processes are
essential for the growth, maintenance and reproduction of cells.
Cells rely on glucose, glutamine and fatty acids as their main
sources of energy.

Mitochondrial size, mass, metabolic activity and membrane potential differ for various cell
types, due to their dynamics, including permanently changing shape and turnover.109110

Multiphoton imaging reveals significant differences in mitochondrial function, density and
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distribution in the various nephron segments. Based on their different energy demands,
proximal tubular epithelial cells contain the largest ratio of mitochondrial volume to nuclear
volume, to maintain reabsorption and secretion processes.!'! The differences in comparison
to distal tubular epithelial cells may explain the vulnerability of proximal tubular epithelial cells
to mitochondrial toxicity or dysfunction.!?

In addition, other epithelial cells in the kidney, the podocytes, are also rich in mitochondria
density. These highly differentiated, strongly branched cells form the outer layer of the
glomerular filtration barrier.!® Studies on bioenergetic profiles of mitochondrial function
revealed that podocytes are highly susceptible to energy disruption under stress conditions.'4
A variety of processes including mitochondrial biogenesis, mitophagy, bioenergetics and
dynamics regulate the health and functionality of mitochondria (Figure 5).6711%

1.4.1 Mitochondrial turnover

Mitochondrial turnover is dynamic, coordinated process, where damaged or dysfunctional
mitochondria are selectively eliminated (mitophagy) and replaced (mitochondrial biogenesis)
(Figure 5).571% To maintain an adequate supply of energy, mitochondrial clearance
encompasses several steps. First, damaged or excess mitochondria are isolated from the
mitochondrial tubular network via fragmentation. The loss of mitochondrial membrane potential
(A¥m) and the depolarization of the mitochondrial membranes leads to a stabilization of
phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1) and the recruitment of the
E3 ligase Parkin, which attaches ubiquitin (Ub) to proteins of the outer mitochondrial
membrane (OMM).11® This enables the recruitment of autophagy adapter proteins (neighbor of
breast cancer type 1 (NBR1) or sequestosome-1 (p62/SQSTM1)), which have an Ub binding
domain and interacting regions for the microtubule-associated protein 1 light chain 3 beta (LC3)
to generate the proximity of autophagosomal membranes and the labeled mitochondria.!t’:118
The damaged mitochondria are encapsulated into autophagosomes, transported, fused and
degraded in autolysosomes (Figure 5 - mitophagy).'*>!° The alternative mitophagy pathway
involves the direct interaction of B-cell lymphoma 2 (Bcl2) and Bcl2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3) family proteins to prevent ROS accumulation and cell
death.'?°

Mitochondrial biogenesis is a coordinated process between nuclear (nuclear DNA, nDNA) and
mitochondrial (mitochondrial DNA, mtDNA) genomes to compensate the amount of
mitochondria, which were degraded during mitophagy.'** Peroxisome proliferator-activated
receptor gamma (PPARYy) coactivator 1 alpha (PGC-1a) is the key regulator of mitochondrial
biogenesis. The main modulators of energy metabolism 5 adenosine monophosphate-
activated protein kinase (AMPK) and sirtuin-1 (SIRT 1) positively regulate PGC-1a through

posttranslational modification (phosphorylation and deacetylation).®” PGC-1a regulates the
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expression of nuclear respiratory factors 1 and 2 (NRF1 and NRF2).122 NRF1 and NRF2 are
transcription factors that control the expression of transcription factor A, mitochondrial (TFAM),
which is responsible for the expression of mitochondrial genes, including transfer ribonucleic
acid (tRNA), ribosomal ribonucleic acids (rRNA) and subunits of the respiratory chain (Figure
5 - biogenesis). 115117

AMPK helps maintain the energy balance of the cell by stimulating pathways that produce ATP
and inhibiting those that consume it.1?* Due to its role in regulating metabolic processes such
as glucose and lipid homeostasis, AMPK has become a significant therapeutic target for
metabolic disorders.'** AMPK is composed of an afy heterotrimer and achieves its maximum
activity through the phosphorylation of Threonine 172 (Thr'’2) in the activation loop of its kinase
domain.®

Impairment of mitophagy is associated with the pathogenesis of AKI, as it leads to the release
and accumulation of damage-associated molecular patterns (DAMPs) and ROS that contribute
to inflammation and pathogenesis.!*>126 Mitochondrial dysfunction is known to appear long
before renal dysfunction is detectable by an increase in serum creatinine levels that occurs
approximately 12 h after the onset of AKI.1?” Therefore, maintaining mitochondrial homeostasis

is an important strategy to prevent or cure acute organ failure.'?®

1.4.2 Mitochondrial bioenergetics

More than 90% of the cellular energy production takes place within the mitochondria.?® The
process of energy production that generates ATP is called OXPHOS (Figure 5 — OXPHOS
bioenergetics).®”1> Furthermore, key enzymes for other metabolic pathways (fatty acid -
oxidation, TCA cycle, urea cycle) are also present within the mitochondria.**°

The mitochondrial ETC consists of 5 protein complexes, where electrons (e”) and protons (H)
are transferred across the inner mitochondrial membrane to generate an electrochemical
gradient for ATP synthesis.’*! The enzymatic reactions involved in TCA result in the formation
of nicotinamide adenine dinucleotide hydrogen (NADH) and flavin adenine dinucleotide
hydroquinone form (FADH,), two important players that are required for the transfer of
electrons into the respiratory chain.’*> The e from NADH are passed in complex | (NADH
ubiquinone oxidoreductase) to ubiquinone/coenzyme Q10 (CoQ) through a chain of cofactors,
followed by seven iron-sulfur (FeS) clusters arranged from low to high potential to enter the
Q cycle, in which CoQ is reduced to Ubiquinol (QH.).**® This induces the pumping of H* from
the matrix into the intermembrane space of the mitochondria by complex 1.13* The succinate
dehydrogenase (complex Il) is a component of the TCA cycle and the ETC, which serves as a
link between these two metabolic processes. The e from FADH; are transferred to CoQ via
the FeS cluster of complex Il, similar to complex I. However, no H" were translocated to the

intermembrane space.’*® From the Q cycle, electrons carried by QH, are transferred to
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complex lll, also known as CoQ-cytochrome c reductase and afterwards to cyt c. During this
process H* are pumped into the intermembrane space.’®! Cyt c transfers single e from
complex Il to complex IV (cytochrome ¢ oxidase), to bind to O» and generate H,O. During this
process, H* are transferred to the intermembrane space. This oxygen-consuming process is
called mitochondrial respiration.'*® In total 10 H* are pumped into the intermembrane space,
they accumulate and generate the AWm. Protons from the intermembrane space enter the
matrix via complex V (ATP synthase) to break down the proton gradient. The proton movement
through the Fo subunit of the ATP synthase is coupled to a rotation process leading to the
addition of a phosphate to adenosine diphosphate (ADP), resulting in the synthesis of ATP at
the F1 subunit.*®’

Notably, during normal electron transfer, < 4% of the oxygen is transformed into superoxide
radicals such as ROS and reactive nitrogen free radicals (RNS) via electron leakage.'*®
Furthermore, following ischemia, increased calcium ions (Ca?*) influx into the mitochondria
exacerbate ROS production. Reactive radicals lead to modification of DNA and proteins,
resulting in lipid peroxidation, the opening of the mitochondrial permeability transition pore
(mPTP) and loss of AWm.**° In addition, the release of cyt C initiates the cell intrinsic apoptosis
pathway.4°

In summary, imbalance of bioenergetics, due to an increased oxidative stress accumulation,
can result in mitochondrial dysfunction with an important contribution to the pathogenesis of

kidney diseases.

1.4.3 Mitochondrial dynamics

Mitochondria are highly dynamic in changing their size and location. Coordinated fission and
fusion enables them to switch between an elongated, connected mitochondrial network and
fragmented single mitochondria (Figure 5 - dynamics).'*® These processes are essential for
the maintenance of cellular function and viability.}** Mitochondrial dynamics are regulated by
fission proteins (e.g. dynamin related protein 1 (DRP1), mitochondrial fission 1 (Fis1)) and
fusion proteins (e.g. mitofusins (MFN), optical atrophy (OPA1)).°” The key regulator of
mitochondrial dynamics is sirtuin-3 (SIRT3). Through deacetylation and activation of the
mitochondrial fusion protein OPA1 the mitochondrial function can be improved under stress
conditions of AKIL? In addition, an impairment of mitochondrial dynamics leads to

dysfunctions and is associated with aging, organ damage and human disease.'*?

1.5 Mitochondrial damage in AKI

Mitochondrial damage and dysfunction is closely related to the pathogenesis of kidney
diseases, including AKI. The common link is the generation of ROS or RNS during kidney

injury, generated due to impaired mitochondrial biogenesis, ATP energetics, mitophagy or
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following hypoxic conditions (Figure 5).6”15 Stress can change mitochondrial function and
dynamics by disrupting the mitochondrial membrane integrity, which leads to a release of pro-
apoptotic factors, loss of membrane potential as well as the production and elevated ROS
release, which induce cell injury and death.**4> Therefore, extensive investigations of
mitochondrial biology and pathology are required to discover effective therapeutic strategies
to protect kidneys from AKI, including an improvement of prevention, kidney repair and
recovery.

For instance, Suzuki et al. identified mitochonic acid 5 (MA-5) as a kidney cell protective agent
in IRI and mutant mice, which carry deleted mtDNA, resulting in a respiration defect. MA-5 is
able to increase the ATP production and reduces ROS generation, without decreasing the
activity of the ETC.#¢ Furthermore, in another AKI model Tsuiji et al. demonstrated, that mtDNA
is essential for the activation of inflammation and kidney injury during septic AKI via toll-like
receptor 9 (TLR9). Therefore, it is suggested, that an extensive removal of damaged
mitochondria is an effective therapeutic strategy to prevent and treat AKI.'*” Moreover,
mitochondrial dysfunction is described to be involved in the development of kidney fibrosis.**
As an example, patients with autosomal dominant renal Fanconi syndrome revealed mutations
in the glycine amidinotransferase (GATM) gene, which is key mitochondrial enzyme in the
creatine biosynthesis pathway in proximal tubular cells. Abnormal GATM aggregates-
containing mitochondria were elongated, resulting in an increased ROS production and an
activation of inflammation, cell death, as well as fibrosis.'*® Therefore, mitochondrial changes
initially lead to development of tubular cell damage and later on fibrosis. These studies support
the concept, that mitochondria are effective therapeutic targets in regard of AKI.

Biogenesis Dynamics
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Figure 5. Mitochondrial health and dysfunction.

Several processes regulate the health and disease state of the mitochondria, cells and kidneys. Mitochondrial
biogenesis requires the coordinated expression of nDNA, mtDNA, several transcription factors and co-activators.
-Figure legend continued on the next page-
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-continued- Mitochondrial dynamics is responsible for the balance between fusion and fission processes. Mitophagy
is an important process to clear dysfunctional mitochondria within the cell with the help of lysosomes. During
OXPHOS bioenergetics an electrochemical gradient is maintained and ATP is synthesize which depends on the
ETC (complexes I-V). Disturbance in any steps of the processes will cause ROS overproduction, decrease in ATP
generation, loss of AWm, mPTP opening and cyt ¢ release. The oxidative stress lead to cell injury and death.
Damaged mtDNA could stimulate innate immune response through TLR9 and inflammation. Together these mito-
chondrial dysfunctions can result in AKI or CKD. See text for details/abbreviations. Adapted from Duann et al.*'5

1.6 Mitochondria-targeted therapeutics

The study of mitochondrial dysfunction has become an extensive new field to find therapies
for AKI. Mitochondria-targeting therapeutics to maintain the structure and function have been
performed in several AKI models in animals and partly in clinical trials.

A prominent example for this is Szeto-Schiller Peptide 31 (SS-31), also known as MTP-131,
Bendavia or Elamipretide. It was revealed, that administration of SS-31 before IRI in rats has
protective effects on the kidney.2#*%° Due to the binding of SS-31 to cardiolipins on the inner
mitochondrial membrane (IMM), structural damage and electron leakage are prevented.
Therefore, tubular cell death, oxidative stress and inflammation are reduced.4%15°
Furthermore, regular treatment before the injury decreases peritubular capillary loss, interstitial
inflammation and fibrosis 4 weeks after ischemia.’®! In addition to ischemic animal models,
SS-31 recently shows promising results for a variety of further preclinical kidney disease
models.’5#1%" However, the transition into the clinic is still limited, due to an insufficient
chemical and physical stability as well as a short circulating plasma half-life.1581%° At the
moment, 25 clinical trials on SS-31 are running, of which 2 include patients with kidney
diseases (NCT02436447: patients with renal impairment; NCT01755858: percutaneous
transluminal renal angioplasty.'®®) SS-31 is potentially a suitable molecule for patients with
kidney disease. Hence, further preclinical and large-scale clinical studies are necessary to
reduce particular disadvantages.

Another example for mitochondria-targeted therapeutics is the biogenesis activator and
antioxidant resveratrol. In diabetic mice, it decreases renal pathological changes.®° To prevent
potential renal IRl during resuscitation, the treatment of resveratrol revealed enhanced
mitochondrial respiration whereas ROS levels and lipid peroxidation was reduced.®* Currently
192 clinical trials, including 6 studies related to kidney diseases (NCT02433925,
NCT03352895, NCT03597568, NCT03815786: chronic kidney disease; NCT02704494.
diabetic kidney disease; NCT03946176: hemodialysis patients) take place.’®® Unfortunately,
only one study has reported their results, which probably means an absence of positive
results.'®? Further potential compounds that target mitochondria in relation to AKI and CKD are
summarized in Figure 6. Although there are several promising findings regarding the effects
of mitochondria-targeted therapeutics, additional studies and investigations are required to
understand the pathophysiological role of mitochondria in kidney disease and to improve the

clinical use.1%°
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Figure 6. Mitochondria as promising targets for kidney disease.

Potential compounds that target mitochondrial dysfunction in AKI and CKD including mitochondrial structure,
fragmentation, biogenesis, mPTP and ROS. Abbreviations: SS-31: Szeto—Schiller peptide 31, SS-20: Szeto—
Schiller peptide 20, Mdivi-1: mitochondrial division inhibitor 1, CSA: cyclosporine A, TDZD-8: 4-benzyl-2-methyl-
1,2,4-thiadiazolidine-3,5-dione, MitoQ: mitochondrial coenzyme Q, SKQR1: 10-(6’-plastoquinonyl) decylrhodamine
19, AICAR: 5-aminoimidazole-4-carboxamide-1-3-d-ribofuranoside, CoQ10: Coenzyme Q10 MitoQ (mitochondrial
coenzyme Q). Adapted from Zhang et al.®?

1.7 Aims of the thesis

Given the connection of DbpA with cell cycling and reactivation of developmental cell
programs, which are observed during regeneration following tissue damage!?2163 we
hypothesized that DbpA orchestrates tubular cell regenerative responses in AKI. In order to

test this hypothesis, 4 specific aims were addressed within this thesis:

1. To phenotype genetically modified animals harboring a homozygous or heterozygous
Ybx3 knockout up to 2 years of age.

2. To determine the cell specific expression and localization of DbpA in kidneys of healthy
adult mice.

3. To analyze the mitochondrial structure, mass, number and AWm, as well as the
metabolic function and antioxidant activity of primary TECs.

4. To implement a well-defined experimental renal IRl model in genetically modified
animals harboring a homozygous or heterozygous Ybx3 knockout, with comprehensive

analyses of short (1 day) and long term (28 days) consequences following IRI.
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2 Material

21 Devices

Table 3. Devices
Device Company
-80°C Forma Ultra Low Temperature Freezer Thermo Fisher Scientific
Advanced Fluorescence Imager Intas

Autoclave

H&P Laboratory Technology

Advia 120 hematology analyzer

Siemens Healthcare

Bio-Plex System Bio-Rad

Cages Tecniplast
Centrifuge 4-16K Sigma

Centrifuge 5417R Eppendorf

Cobas ¢501 module Roche Diagnostics
Dounce tissue grinder Sartorius

Flow cytometer fluorescence-associated cell sorting
(FACS) Canto Il

BD Bioscience

and Fluorescence camera DFC340 FX)

Flex Cycler Analytik Jena
Fridge and freezer (4°C, -20°C) Liebherr

Gel electrophoresis system Bio-Rad
Heating plate Hi1220 Leica
Herolab UV transilluminator Herolab
Leica microscope DM6000 B (with camera DFC420 Leica

IKA ROCKER 2D BASIC

Thermo Fisher Scientific

lllumina NovaSeq 6000 Sequencing System lllumina
Magnetic stirrer RCT classic IKA
Metabolic cages Tecniplast
Microplate Reader Infinite 200 PRO Tecan

Mini blot transfer chamber Bio-Rad

NanoDrop-1000 spectrophotometer

Thermo Fisher Scientific

NIC-kidney device

Mannheim Pharma & Diagnostics

Phase contrast microscope Axiovert 40CFL

Zeiss

pH-Meter Calimatic

Pipettes Eppendorf

Pipetus pipetting aid Hirschmann Laborgeréte
PowerPac HV Bio-Rad

Roller mixer Bibby Scientific Limited
Rotary microtome RM 2135 Leica

Seahorse XFe96 Analyzer

Agilent Technologie

Shaker vortex

VWR International

Spectrophotometer Infinite200 PRO Tecan

Tabletop centrifuge VWR International
ThermoMixer Comfort Eppendorf

Tissue Ruptor Qiagen

Ultra-pure water plant MilliQ

Merck Millipore

UV spectrometer Ultrospec 2100 Pro

Healthcare Bio-Sciences

UV transilluminator Luormat Vilber

Vortex IKA Vortex 1

Water bath P-D Industriegesellschaft mbH
Xcell Sure Lock Mini Cell Elektrophorese System Invitrogen

Zeiss Axiovert 200M inverted fluorescence microscope | Zeiss
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2.2 Consumables

Table 4. Consumables

Consumable

Company

5 ml syringe BD Bioscience
6-well plate Greiner Bio-One
12-well plate Greiner Bio-One
40 um cell filter Corning

70 ul cell filter Corning

96 well V-bottom plate

Life Technologies

96 well white/clear bottom plate

Thermo Fisher Scientific

100 pl cell filter

Greiner Bio-One

Eppendorf tubes (1.5 ml and 2 ml) Eppendorf
Falcon tubes (15 ml and 50 ml) Eppendorf
FACS tubes BD Bioscience
Roti nitrocellulose membrane Carl Roth
Nobistrip Hitado
NuPAGE 4-12% Bis Tris gel Invitrogen
Parafilm ,M" Bemis
Pasteur pipettes Carl Roth
Pipette tips epT.I.P.S Eppendorf
PVDF membrane Carl Roth
scapel Feather

Seahorse XF96 cell culture microplates

Agilent Technologies

Seahorse XFe96 sensor cartridges

Agilent Technologies

Serological pipettes

TPP

Whatman paper

GE

23 PCR primers

Table 5. Polymerase chain reaction (PCR) primer sequences

Allele Primer name Primer sequence
B-actin Forward (fwd) | AGAGAGGTATCCTGACCCTGAAGT
Reverse (rev) CACGCAGCTCATTGTAGAAGGTGT
Aqp2 fwd ATGTGGGAACTCCGGTCCATA
rev ACGGCAATCTGGAGCACAG
Atp6vibil fwd TGCTCTACCTGGAGTTCCTGCAGAAGTTTGAGAAG
rev TCATGCTCTGCGGAATGCGCTTCAGCATCTCTTTC
B2m fwd AGCAAAGAGGCCTAATTGAAGTC
rev GAAGTAGCCACAGGGTTGGG
mtl fwd TGAACGGCTAAACGAGGGTC
rev AGCTCCATAGGGTCTTCTCGT
mt2 fwd CAGTCCCCTCCCTAGGACTT
rev ACCCTGGTCGGTTTGATGTT
mt3 fwd TAATCGCACATGGCCTCACA
rev GAAGTCCTCGGGCCATGATT
Tubala fwd CCGCGAAGCAGCAACCAT
rev CCAGGTCTACGAACACTGCC
Ybx3 fwd CAGACTCAGAAAATGAAGGGCA
rev AGATGGGCAAGATTCTCAAGTC
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24 Antibodies

Table 6. Primary and secondary antibodies used for Western blot
Antibody Species | Company Catalog nr. | Dilution
aSMA Rabbit Abcam ab5694 1:1000
B-actin Mouse Sigma A1978 1:1000
AE1l Rabbit Merck Millipore AB3500P 1:500
AMPKa Rabbit Cell Signaling Technology | 2532 1:1000
Aqpl Rabbit | AlPha diagnostic | Apqq 1:1000

international

Aqp2 Rabbit Abcam ab199975 | 1:500
ATF4 Rabbit Cell Signaling Technology | 11815 1:500
Atp6vlibl Rabbit Invitrogen PA5-56878 | 1:500
CA2 Rabbit Abcam ab191343 | 1:1000
DbpA C-terminal Rabbit Eurogentec ED19016 1:1000
GAPDH Goat GenScript Biotech A00191-40 | 1:1000
GPX4 Mouse Santa Cruz Biotechnology | sc-166120 | 1:500
HIF1a Rabbit Cell Signaling Technology | 14179 1:1000
HO-1 Rabbit Abcam ab13243 1:1000
KIM1 Rabbit Abcam ab47635 1:1000
NGAL Goat R&D Systems AF1757 1:500
Parkin Rabbit Cell Signaling Technology | 2132 1:1000
PCNA Mouse Santa Cruz Biotechnology | sc-56 1:1000
Phospho-AMPKa (T*73) Rabbit Cell Signaling Technology | 2535 1:1000
PINK1 Mouse Santa Cruz Biotechnology | sc-517353 | 1:1000
SOD2 Mouse Santa Cruz Biotechnology | sc-137254 | 1:500
Tenascin-C Rabbit Abcam ab108930 | 1:1000
Total OXPHOS Rodent )
WB Antibody Cocktail Mouse Abcam ab110413 | 1:250
VDAC1 Rabbit Abcam ab15895 1:1000
Vinculin Mouse Santa Cruz Biotechnology | sc-59803 1:1000
XBP1s Mouse BioLegend 658802 1:1000
YB-1 Rabbit Eurogentec EP085177 | 1.1000
Sggt ant-mouse  19G | . Southern Biotech 1031-05 | 1:5000
Goat anti-rabbit IgG HRP | Goat Southern Biotech 4050-05 1:5000
Donkey anti-goat 1gG 705-035- )
HRP Donkey Jackson ImmunoResearch 147 1:5000

Table 7. Primary and secondary antibodies used for immunohistochemistry
Antibody Species | Company Catalog nr. | Dilution
4HNE Rabbit Abcam ab46545 1:500
Atp6vlbl Rabbit Invitrogen PA5-56878 | 1:50
Agp2 Mouse Santa Cruz Biotechnology | sc-515770 | 1:50
Calbindin D-28K Chicken | Novus Biologicals glc?olazé 1:100
DbpA Rabbit Eurogentec ED15001 1:500
NGAL Rabbit Boster Immunoleader PB9609 1:500
SGLT2 Mouse Santa Cruz Biotechnology | sc-393350 | 1:50
Goat anti-rabbit IgG HRP | Goat | DAKO! | PO448 1:200

AgilentTechnologies

Goat anti- mouse IgG 115-026- .
TRITC Goat Jackson Immno Research 003 1:100
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Goat anti-rabbit IgG Goat | Thermo Fisher Scientific | A11070 | 1:100
Alexa Fluor 488
Goat anti-chicken Ig¥ Goat Thermo Fisher Scientific A-21449 1:100
Alexa Fluor 647

Table 8. Antibodies used for flow cytometry
Antibody Fluorochrome Company Catalog nr. | Dilution
CD3 APC eBioscience 17-0031 1:100
CD11c APC Biozol 117309 1:200
CD11b APC-Cy7 BioLegend 101226 1:200
CD45 BV510 BioLegend 103138 1:500
CD64 PE BioLegend 139304 1:100
Ly6C BVv421 BioLegend 128032 1:200
Ly6G PE-Cy7 BioLegend 127618 1:1000
MHC-II FITC BioLegend 107606 1:200

25 Kits

Table 9. Kits
Kits Company Catalog nr.
ATP determination kit Thermo Fisher Scientific | A22066
DC Protein Assay Kit I Bio-Rad 5000112
E?{nabeads MRNA DIRECT Micro Purification Thermo Eisher Scientific | 61021
ECL Prime Western Blotting Detection GE Healthcare 12316992
Reagent (Amersham)
FlexiGene DNA kit Qiagen 51206
FOXP3 Fix/Perm buffer set BioLegend 421403
MaX|ma_H Mlnus First Strand cDNA Thermo Fisher Scientific | K1652
Synthesis Kit
Mitochondria/cytosol fractionation kit Abcam ab65320
l;lrEeIIBJngid Ultra Il Directional RNA Library New England BioLabs E7765
NovaSeq 6000 S1 Reagent Kit lllumina 20028319
PCR Mastermix Kit Qiagen 201445
Pierce ECL Western Blotting Substrate Kit Thermo Fisher Scientific | 32106
Quick Start Bradford Protein Assay Kit Bio-Rad 5000201
Seahorse XF Cell Mito Stress Test kit Agilent Technologies 103015-100
Seahorse XF Glycolysis Stress Test kit Agilent Technologies 103020-100
XF Palmitate Oxidation Stress Test Kit Agilent Technologies 103693-100
Transcriptor High Fidelity cDNA Synthesis Kit | Sigma-Aldrich 5081955001
Tgtramethy_lrhodamme, ethyl es'ger (TMRE)_ | Abcam ab113852
mitochondrial membrane potential assay kit

26 Chemicals and Reagents

Table 10. Chemicals and reagents
Chemicals and reagents Company Catalog nr.
0.05% Trypsin-EDTA Gibco 14190169
2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4- . S
yI)Amino)-2-Desoxyglucose (2-NBDG) Thermo Fisher Scientific | N13195
3,3',5 Triiodothyronine (T3) Sigma-Aldrich BCBP6441
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4x LDS sample buffer Invitrogen NPO0007
4% paraformaldehyde (PFA) Otto Fischar 27279
6x DNA-loading Thermo Fisher Scientific | R0O611
20x NuPAGE transfer buffer Invitrogen NP00061
30% Hydrogen peroxide Carl Roth CP26.5
100 bp DNA ladder Thermo Fisher Scientific | SM0241
B-Mercaptoethanol Carl Roth 4227.3
Acetic acid Carl Roth 6755.2
Acryl-/bisacrylamide 30% Serva 10688.01
Agarose Carl Roth 3910.3
Alexa Fluor 488 phalloidin Thermo Fisher Scientific | A12379
Ammonium chloride (NH4ClI) Riedel-de Haen 31107
Ammonium persulfate (APS) Carl Roth 9592.2

. , DCS Innovative
Antibody diluent Diagnostik-Systeme AL120R500
Aqua dest. nuclease free Thermo Fisher Scientific | R0581
BODIPY FL C16 Invitrogen D-3821
BODIPY FL complex Invitrogen L3483
Boric acid Carl Roth P010.1
Bovine serum albumin (BSA) Carl Roth 8076.3
Bromphenol blue Merck 1.081.220.005
C1-BODIPY 500/510 C12 Invitrogen D-3823
Chloroform Sigma-Aldrich 3313.2
Collagenase D Roche Diagnostics 1088866
Complete Mini Protease Inhibitor Cocktalil Sigma-Aldrich 11836153001
Direct PCR Lysis Reagent Ear Viagen Biotech 402-E
Direct Red 80 Sigma 365548
DMEM Thermo Fisher Scientific | 21063-029
DNase Sigma-Aldrich D-5025
DNA Stain G Serva 39803.01
DreamTaq Green PCR Master Mix Thermo Fisher Scientific | K1081
?Sjllgb;;;:o s phosphate-buffered saline Thermo Fisher Scientific | 14190-094
(D[;‘I'Db;g)c‘(ﬂfc";hcfﬁﬁéiE;”fered saline Thermo Fisher Scientific | 14040-091
Ethanol (EtOH) Otto Fischar 27698
Ethylendiamintetraacetat (EDTA) Bio-Rad 161-0729
Filtrated bovine serum (FBS) PAN-Biotech P40-39500
FcR Blocking Reagent, mouse Miltenyi Biotec 130-092-575
Glycerol Carl Roth 3783.2
Glycine Carl Roth 3790.3
GoTag Flexi DNA Polymerase Promega M8291
Hematoxylin solution, Gill No. 3 Sigma-Aldrich GHS316
Hemalum solution acid acc. to Mayer Carl Roth T865.1
Hydrocloric acid (37%) Carl Roth 4625.2
Hydrocortisone (HC) Sigma-Aldrich H6909
Insulm, trgnsferrln, selenious acid (ITS) Thermo Fisher Scientific | 41400045
premix universal culture supplement
Isoflurane Baxter International HAGG9623
Isopropanol (2-Propanol) Carl Roth CP41.3
Liquid diaminobenzidine (DAB) Substrate Dako K3468

Chromogen System
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Macrophage colony-stimulating factor

(M-CSF) R&D Systems 216-MC
Methanol Carl Roth CP43.3
Milk powder Carl Roth T145.3
MitoTracker Red CMXRos Thermo Fisher Scientific | M7512
MitoTracker Green Thermo Fisher Scientific | M7514
MthSOX Red Mitochondrial Superoxide Thermo Eisher Scientific | M36008
Indicator

MOPS Sigma-Aldrich M1254
NBD-cholesterol Invitrogen N1148
Nonidet P40 (NP-40) Thermo Fisher Scientific | J60766.AP
Roticlear (xylene substitutes) Carl Roth A538.5
ROTI Mount Carl Roth HP68.1
RPMI 1640 medium Thermo Fisher Scientific | 21875091
PagerRuler Plus Pre-Stained Protein Ladder | Thermo Fisher Scientific | 26619
Penicillin-Streptomycin (Pen/Strep) Gibco 15144-122
Periodic acid solution Sigma-Aldrich 395132
PhosStop Sigma-Aldrich 4906845001
Picric acid (1.2%) Hollborn & S6hne P09-1000
Prostaglandin E1 Sigma-Aldrich P7527
Proteinase K Roche Diagnostics 03115879001
ProLong Gold Antifade mountant with DAPI Thermo Fisher Scientific | P36930
éeég;nbmant murine epidermal growth factor PeproTech 3154-09
Schiff's reagent Sigma-Aldrich 3952016
Seahorse XF Calibrant Solution Agilent Technologies 100840-000
Seahorse XF DMEM medium, pH 7,4 Agilent Technologies 103680-100
Seahorse XF 1.0 M glucose solution Agilent Technologies 100840-000
Seahorse XF 100 mM pyruvate solution Agilent Technologies 103578-100
Seahorse XF 200 mM glutamine solution Agilent Technologies 103579-100
Sodium chlorid (NaCl) Carl Roth 3957.2
Sodium dodecyl sulfate (SDS) Carl Roth CN30.3
Sodium hydrogen carbonate (NaHCO3) AppliChem A3590,1000
SYBR Green gPCR MasterMix Thermo Fisher Scientific | A46012
SYTOX Green Thermo Fisher Scientific | S7020
Tetramethylethylendiamin (TEMED) Carl Roth 2367.3
Transcription Factor Buffer Set (Fixation/

permeabilization buffer, diluent buffer, perm/ BD Bioscience 562574
wash buffer)

TriFast reagent Peglab 30-2010P
Tris Carl Roth 4855.3
Tris-HCI AppliChem A1087,1000
Triton X-100 Carl Roth 3051.2
Trizol Thermo Fisher Scientific | 15596026
Tween 20 AppliChem A4974,0250

2.7 Buffers and solutions

Table 11. Buffers and solutions

Buffer/solution Composition

0.01 N HCI 829 ul HCI (37%), add to 1000 ml dH.O

1x NuPAGE transfer 20x NuPAGE transfer buffer 50 ml, methanol 200 ml, add to
buffer 1000 ml dH20O
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1x TBE buffer

100 ml 10x TBE buffer, add to 1000 ml dH,O

5x sample buffer

1,18 g Tris-HCI, 15 ml Glycerol, 6 ml SDS, 12 ml 3-Mercapto-
ethanol, 1 Spatula tip Bromphenol Blue, add to 50 ml dH.0

10x TBE buffer

107,8 g Tris, 55 g boric acid, 7,4 g EDTA, add to 800 ml dH-0,
adjust pH 8.3, add to 1000 ml dH,O

10x TBS stock solution

9 g Tris, 68.5 g Tris-HCI, 87.8 g NaCl, add to 1000 ml dH.O

20x NuPAGE MOPS
SDS running buffer

MOPS 104.6 g, Tris 60.6 g, SDS 10 g, EDTA 3 g, add to 500
ml dH,0, adjust pH 7.7

APS (10%)

10 g APS, add to 100 ml dH.O

Blocking buffer

100 pl FcR Blocking Reagent, add to 10 ml perm/wash buffer

Blocking solution (5%)

5 g milk powder/BSA, add to 100 ml TBST

BSA stock solution

BSA 10 mg, add to 1 ml dH>O

Citrate stock solution

29.42 g Tri-sodium citrate dihydrate, add to 1000 ml dH,O

Citric acid stock solution

6.13 g citric acid, add to 200 ml dH,O

Citrate buffer

75 ml citrate stock solution, 25 ml citric acid stock solution, add
to 1000 ml dH20O

Digestion buffer

10 mg BSA, 200 pl Collagenase D, 100 pl DNase, add to 10 ml
RPMI-medium

DNA Ladder

100 bp DNA Ladder (100 pl, 0.5 pg/ul, 50 pg), 100 pl 6x DNA
Loading, 400 pl sterile distilled water

Erythrocyte lysis buffer

0.8401 g NaHCOs, 8.29 g NH.Cl, 200 pl EDTA, add to 1000 ml
dH,0

FACS buffer

50 ml 20x PBS, 50 ml FBS, 5 g BSA, 1 ml 10% sodium azid,
add to 1000 ml dH,O

Lysis buffer

100 plI Direct PCR Lysis Reagent Ear, 1.25 pl Proteinase K for
each sample

Methacarn

600 ml methanol, 300 ml chloroform, 100 ml acetic acid

Resolving buffer

Tris 90.86 g, add to 500 ml dH,0O, adjust pH 8.8

RIPA lysis buffer

Tris 3.03 g, NaCl 4.38 g, ad to 75 ml dH20, adjust pH 7.4, NP-
40 50 ml, Sodium desoxycholate 12.5 ml, EDTA 1 ml, ad to
500 ml dH20, Complete Mini, PhosStop

Running buffer (10x)

144 g Glycine, 30 g Tris,10 g SDS, add to 1000 ml dH-0,
adjust pH 8.6

Proteinase K

90 mg Lyophilisate, 4.5 ml sterile distilled water

SDS (10%)

10 g SDS, add to 100 ml dH.0

Sirius-Red solution

0,25 g Direct Red 80, add to 250 ml Picric acid

Stacking buffer

Tris 30.29 g, add to 500 ml dH,0O, adjust pH 6.8

TBS

50 ml 1 M Tris (pH 8.0), 60 ml 5 M NaCl, add to 2000 ml dH.O

TBST

50 ml 1 M Tris (pH 8.0), 60 ml 5 M NaCl, 1 ml Tween 20, add
to 2000 ml dH20O

Transfer buffer

6 g Tris, 28.8 g Glycine, 400 ml Methanol (20 %), add to 2000
ml dH,0, adjust pH 8.2

Tubular cell culture
medium

450 ml DMEM, 50 ml FBS, 5 ml Pen/Strep, 5 ml ITS premix,
500 pl HC, 850 ul T3, 10 ul Prostaglandin E1, 12.5 yl EGF

2.8 Software

Table 12. Software

Name Version Company

Chemostar 0.4.14.0 Intas Science Imaging Instruments
Endnote X7 Clarivate Analytics

FACS Diva Software 6.1.3 BD Bioscience

FlowJo 7.6.4 FlowJo
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GraphPad Prism 8 8.3.0 GraphPad Software

ImageJ 1.52a National Institutes of Health

Labimage 1D 4.1 Kapelan Bio-Imaging GmbH

MPDlab 1.0 Mannheim Pharma & Diagnostics GmbH
Servier Medical Art 3.0 Servier

Wave 2.6.1.53 Agilent Technologies
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3 Methods
3.1 Animals

Animal studies were performed with genetically modified mice on a C57BL/6N background.
Ybx3" mice were provided by Timothy J. Ley (Washington University School of Medicine, St.
Louis, USA). Equal numbers of males and females were analyzed for phenotyping. Animals
were maintained according to the FELASA guidelines (Federation of European Laboratory
Animal Science Association) in a 12 h/12 h light dark cycle at 22°C in the animal facility of the
Otto-von-Guericke University Magdeburg under specific pathogen-free (SPF) conditions using
individual ventilated cages with free access to food and water. All procedures were performed
in accordance with the German National Guidelines for the use of Experimental Animals
(Animal Protection Act) and approved by the state of Saxony-Anhalt (AZ UniMD 42502-2-1634
UniMD)_164,165

3.2 Genotyping

Ear biopsies were lysed with 100 pl DirectPCR Lysis Reagent Ear containing 25 pg of
proteinase K. PCR primer pairs are listed in Table 5. Following conditions were used for PCR:
95°C for 5 min, 35 cycles at 95°C for 30 sec, 58°C for 30 sec, 72°C for 1 min and 72°C for
10 min. The products were separated on 1% agarose-DNA stain G gels. The expected sizes
were 419 bp for Ybx3"* mice and 627 bp for the Ybx3™" genotype. Heterozygous animals show
both PCR products.165166

3.3 Renal ischemia/reperfusion injury (IRl) model

IRI was performed with male 9 to 14 weeks old mice. All mice were anesthetized and placed
on a 37°C operating platform. Through an abdominal incision, the renal arteries and veins were
occluded bilaterally with surgical clamps for 25 min. The clamps were removed and the kidneys
were examined to ensure renal perfusion. The abdomen was closed with continuous
polypropylene sutures. All animals received a subcutaneous analgesic at the end of the
procedure and were placed on a heating plate adjusted to 37°C until they awake from
anesthesia to prevent cooling down with internal body temperature controlled by thermometer
(BIO-TK8851, BIOSEB). Mice were placed in a temperature-controlled environment during the
recovery phase and returned to their cages with free access to food and water. Littermates
that did not undergo this procedure served as control animals. Animals were sacrificed 24 h
(d1) or 28 days (d28) following renal IRI to obtain blood and tissue samples. Both kidneys were

harvested for preparation of RNA, protein lysates, immunohistochemistry and flow cytometry.
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3.4 Organ perfusion

Animals were placed under deep, irreversible anesthesia by Rompun and Ketamine at the end
of the experiments. The thorax of the mouse was opened, a cannula was inserted into the left
ventricle and the animal was exsanguinated and thus killed. After opening the right ventricle,

the animal was perfused with 50 ml DPBS via the same cannula.

35 Blood and plasma analyses

Blood samplings by heart puncture were subjected to a complete blood cell count (ADVIA 120,
Bayer Diagnostics Munich). Renal function was assessed by measuring plasma creatinine
using an enzymatic creatinine assay kit (Abcam) and blood urea nitrogen (BUN) with a kinetic
urease assay (Roche Diagnostics, Cobas ¢501 module) according to the manufacturer’s

instructions.8”

3.6 Urine measurements

Urine samples from mice were collected individually in metabolic cages. Mice were placed in
cages for 24 h with access to pelleted and water ad libitum. The metabolic parameters albumin
and pH were determined using NobiStrip U10 test strips according to the manufacturer’'s
instructions. Urine osmolality was measured according to the manufacturer’s instructions
(Roche Diagnostics, Cobas ¢501 module). Protein content was determined using the Quick

Start Bradford protein assay.%®

3.7  Transcutaneous measurement of glomerular filtration rate (GFR)

GFR (normalization to body weights (b.w.) of mice) was measured in 3-months old mice by the
transcutaneous clearance of fluorescein isothiocyanate (FITC)-sinistrin using a NIC-kidney
device. Animals were anesthetized and the miniaturized fluorescence detector was attached
to a depilated area on the back of the mice using a double-sided adhesive patch and an
adhesive tape. The measurements were started with activation of the device before FITC-
sinistrin (70 mg/kg b.w.) was injected into the tail vein, to detect the background signal. Data
acquisition lasted 2 h from the time of injection. At the end of the recording period, the mice
were anesthetized and the device removed. The data were analyzed using NIC-kidney device
partner software. The half-life (t2) of the FITC-sinistrin was used to calculate the GFR using
the formula GFR (ul/min per 100 g b.w.) = 14616.8 ul/100 g b.w. per half-life of FITC-sinistrin

(mln) . 168,169
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3.8 Tissue lysate preparation and Western blot analysis

Tissues were mechanically homogenized in RIPA buffer containing complete protease inhibitor
cocktail at 4°C for 30 min. Protein content was determined using the DC Protein Assay Kit 1.
Denatured protein samples were separated using 10% SDS-PAGE and blotting on
nitrocellulose membranes. Membranes were blocked with 5% dry milk in TBST and incubated
with primary antibodies diluted in TBST overnight at 4°C, followed by incubation with HRP-
conjugated secondary antibody for 1 h at room temperature (RT). After washing, Super Signal
chemiluminescence substrate Pierce ECL was added and emitted light measured using an
Intas imaging system. The primary and secondary antibodies used for Western blot are listed
in Table 6. The NUPAGE system from Invitrogen was used to detect DbpA according to the
manufacturer’s instructions. For denaturation, tissue or cell lysates were incubated for 30 min
at RT in NUPAGE loading buffer,165167

3.9 Immunohistochemistry

Formalin-fixed, paraffin-embedded 2-4 pm tissue sections were used for immune-
histochemistry (avidin-biotin complex method). Sections were deparaffinized in xylene,
dehydrated and boiled for 20 min in 10 mM sodium citrate buffer (pH 6) for antigen unmasking.
Endogenous peroxidase was inactivated by incubation in 3% hydrogen peroxide. After
washing, the sections were incubated overnight at 4°C with primary antibodies diluted in
antibody diluent. After washing, the sections were incubated with peroxidase-labeled
secondary antibodies for 45 min at RT. Sections were developed with diaminobenzidine
substrate and counterstained with hematoxylin solution to visualize nuclei. Subsequent
dehydration was achieved by an ascending alcohol series. Embedding was performed with
ROTI Mount according to the manufacturer’s instructions. For immunofluorescence staining,
secondary antibodies conjugated with fluorescent dyes were incubated for 45 min at RT.
Coverslips were mounted using ProLong Gold Antifade mountant with DAPI. Tissue sections
were imaged with a Leica DM6000B microscope using Leica application suite advanced
fluorescence software and ImageJ for image acquisition. The primary and secondary
antibodies used for immunohistochemistry are listed in Table 7.11164

For mitochondrial reactive oxygen species (MROS) measurement renal tissues from mice
were immediately frozen. 5 um cryo-sections were incubated with 5 uM MitoSOX Red (Thermo
Fisher Scientific) and Hoechst at 37°C for 30 min. Section were washed twice with DPBS and

images were acquired by fluorescence microscope.’®
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3.10 Periodic acid-Schiff (PAS) staining and Picro Sirius Red staining

Formalin-fixed, paraffin-embedded 2 um tissue sections were deparaffinized and rehydrated.
Sections were stained in periodic acid solution, washed several times and incubated in Schiff’s
reagent. Tubular injury was scored on a scale of 0-4: 0=none; 1=0-25%; 2=25-50%; 3=50-
75%; 4=more than 75% affected tubules. Tubulointerstitial injury was defined as inflammatory
cell infiltrates, tubular dilation and/or atrophy or interstitial fibrosis. The morphological study
was done in blinded fashion. The total score is the calculated average of all tubular scores.
Two investigators assessed the tubular score.'®*

For Picro Sirius Red staining the sections were incubated with 0.1% Sirius Red in saturated
picric acid and were destained with 0.01 N hydrochloric acid. Counterstaining, dehydration,
embedding and imaging were performed as described above.!54

3.11  Transmission electron microscopy

Fixed kidneys were post-fixed with osmium tetroxide and embedded in epoxy resin. Ultra-thin
sections (70 nm) were stained with uranyl acetate.

3.12 Flow cytometry

Single cell suspensions of kidney tissue samples were labeled with antibodies directed against
surface receptors/proteins. Fixation and cell membrane permeabilization were performed
using the FOXP3 Fix/Perm buffer set. Non-specific binding was minimized with 5% mouse
serum. Flow cytometry was performed with a FACS Canto Il. Data acquisition and analysis
were performed using FlowJo software. Spectral spillover was corrected by creating a
compensation matrix generated with the help of single antibody stainings and fluorescence

minus one (FMO) control samples. Antibodies used for Flow cytometry are listed in Table

8 164,166

3.13 Isolation of total RNA and quantitative PCR

Total RNA was extracted from kidney tissue samples using TriFastTM reagent according to
the manufacturer’s instructions. RNA was reverse transcribed using the Transcriptor High
Fidelity cDNA kit. PCR was performed using the PCR Mastermix kit. The standard temperature
profile included initial denaturation for 2 min at 95°C, followed by 35 cycles of denaturation at
95°C for 15 seconds, annealing at 56°C to 63°C for 30 seconds or 1 min (primer dependent),
and extension at 72°C for 1 min. Products were separated on 2% agarose gels. The expected
product sizes are 137 bp for aquaporin 2 (Agp2) and 158 bp for ATPase H+ transporting V1
subunit B1 (Atp6vlbl). Relative gene expression values were normalized to S-actin (105 bp).

Primers are listed in Table 5.166
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3.14 Transcriptome analysis using RNA-seq

RNA was quantified using a NanoDrop-1000 spectrophotometer. The quality and integrity of
total RNA was monitored using an Agilent Technologies 2100 Bioanalyzer. The RNA
sequencing library was prepared from 500 ng of total RNA using the Dynabeads mRNA
DIRECT Micro Purification Kit for mRNA purification followed and thr NEBNext Ultra II
Directional RNA Library Prep Kit according to the manufacture’s protocol. Libraries were
sequenced on Illumina NovaSeq 6000 using NovaSeq 6000 S1 Reagent Kit (100 cycles,
paired-end run) with an average of 3x10’ reads per RNA sample. Each FASTQ file receives a
quality report generated by the FASTQC tool. Before alignment to the reference genome, each
sequence in the raw FASTQ files was trimmed for base call quality and sequencing adapter
contamination using the Trim Galore! wrapper tool. Reads shorter than 20 bp were removed
from the FASTQ file. Trimmed reads were aligned to the reference genome using the open-
source short read aligner STAR (https://code.google.com/p/rna-star/) with the settings
according to log file. Feature counts were determined using the R package “Rsubread”. Only
genes that had a value greater than 5 at least twice in all samples were considered for further
analysis (data cleaning). Gene annotation was performed using the R package “bioMaRt”.
Before starting the statistical analysis steps, expression data were log2 transform and
normalized according to TMM normalization using “edgeR* package. Differential gene
expression was calculated using the R package “edgeR”. RNA-seq data have been deposited

in the Gene Expression Omnibus database accession number GSE264448,164167.171

3.15 Bioinformatic analysis

Each list of differentially expressed genes derived from the respective comparisons was
subjected to functional and biochemical pathway analysis using g:Profiler, a web server for
functional enrichment analysis and conversions of gene lists. Enrichment blots were generated

in Python using the Matplotlib library and the Spyder programming environment.164

3.16 Isolation of primary TECs from mice

Kidneys were isolated, mechanically crushed and incubated in digestion buffer containing
1 mg/ml collagenase for 30 min at 37°C. Tissue lysates were resuspended in DBPS and
passed through cell filters. Tubular cells were resuspended in DMEM supplemented with 10%
bovine calf serum, 50 U/ml penicillin, 50 mg/ml streptomycin, and a hormone mixture (1.25
ng/ml prostaglandin E1, 34 pg/ml triiodothyronine, 50 nM hydrocortisone, and 25 ng/ml
epidermal growth factor, insulin-transferrin-selenium) and transferred into a cell culture flask.

50% of the medium was changed every second day for 2 weeks.¢’
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3.17 Isolation of primary bone marrow-derived macrophages (BMDMs) from mice

Mice were killed by cervical dislocation. Subsequently, the pelvic bones, femur and tibia were
dissected using sterile techniques. Texwipes were used to mechanically clean the tissue from
the bones. The cleaned bones were crushed several times using a pestle and washed with
DPBS. Bone marrow cells were collected after filtration through a 70-um cell strainer and
centrifuged at 1400 rpm at RT for 5 min. The supernatant was decanted and the pellet
resuspended in ammonium chloride-potassium buffer to lyse the erythrocytes. After washing,
the cells were cultured in DMEM medium supplemented with 10% fetal bovine serum and
50 U/ml penicillin, 50 mg/ml streptomycin, and 10 ng/ml M-CSF overnight in a cell culture plate.
The next day, nonadherent cells were cultured for 6 days in the cell culture medium with
10 ng/ml M-CSF. Half of the medium was replaced daily.64167

3.18 In vitro hypoxia/reoxygenation (HR) and ferroptosis model

The oxygen-glucose deprivation (OGD) and reoxygenation model for primary renal TECs was
chosen for in vitro analysis. Therefore, cells were maintained in DPBS (+CaCl, +MgCl,) in a
hypoxic atmosphere containing 1% Oz, 94% N, and 5% CO: for 6 h. For reoxygenation, cells
were again maintained in complete medium and 21% O.. Control cells were continually treated
with 21% O.. For the induction of ferroptosis, 1.13 uM RSL3 (Sellek Chemicals) was added to
OGD treated cells. 10 uM N-acetyl-L-cysteine (NAC, Sigma Aldrich) was used as antioxidant.

3.19 Immunofluorescence staining of cells on glass slides

Cultured TECs were seeded onto glass slides. For mitochondrial staining, 200 nM MitoTracker
Red CMXRos was used according to the manufacturer’s instructions. Cells were fixed with 4%
PFA and permeabilized. Primary antibodies against DbpA and fluorescence-labeled secondary
antibodies were incubated subsequently (Table 7). Alexa Fluor 488 phalloidin was used to
visualize the actin/cytoskeleton. Glass slides were mounted with ProLong Gold Antifade
mountant with DAPI. Leica DM6000B microscope was used with Leica application suite

advanced fluorescence software.

3.20 Metabolism assays

The Agilent Seahorse XF mito stress test, XF glycolysis stress test, advanced XF palmitate
oxidation stress test and XFe96 Analyzer were used according to the manufacturer’s
instructions. Cells were counted and the same number of cells were pipetted for each genotype
per well in the Seahorse experiments. In addition, cells were examined microscopically for
adherence to the culture plates immediately before Seahorse quantifications. Cell nuclei were

stained by Hoechst dye and fluorescence intensities (FI) per well were determined.
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Glucose uptake was measured by the 2-NBDG assay, according to the manufacturer’'s
instructions. MitoSOX Red mitochondrial superoxide indicator was used according to the
manufacturer’s specifications to detect mitochondrial superoxide levels. Adherent cells were
stained, and MitoSOX fluorescence intensity was measured using a fluorescence plate reader
(ExX’Em=510/580 nm). TMRE-mitochondrial membrane potential assay kit was used according
to the manufacturer’s instructions. Adherent cells were stained and TMRE fluorescence
intensity was measured using a fluorescence plate reader (EXEm= 549/575 nm). For
determination of mitochondrial mass, primary cells were stained with 200 nM MitoTracker Red
CMXRos according to the manufacturer’s instructions. Fluorescence intensity was measured
using a fluorescence plate reader (EXEm= 579/599 nm). To determine mitochondrial copy
number, total DNA was isolated from primary cells using the FlexiGene DNA kit. Primers
against three different regions of mitochondrial DNA (mtl, mt2, mt3), and three regions of
genomic DNA (B2m, Tubala, B-actin) were used (Table 5). Quantitative real time PCR was
performed using SYBR Green qPCR MasterMix. The mtDNA copy numbers were calculated
relative to genomic DNA as previously described.”? ATP concentrations are directly quantified
by ATP determination kit. Uptake of short- or medium-chain fatty acids was measured by
incubation with C1-BODIPY 500/510. For long-chain fatty acid uptake, cells were incubated
with BODIPY FL C16. LDL uptake was quantified by incubation with low density lipoprotein
from human plasma BODIPY FL. Uptake of cholesterol was determined by incubation with
NBD-Cholesterol.

3.21 Mitochondria fractionation and transfer

Mitochondria/cytosol fractionation was performed using the mitochondria/cytosol fractionation
kit according to the manufacturer’s instructions. Mitochondria were transferred as described
previously 3. In brief, isolated mitochondrial pellets were resuspended in DPBS (+CacCl;
+MgCl,) and kept on ice. Recipient cells were transferred to a microcentrifuge tube containing
cell culture medium and were kept on ice for transfer. The mitochondrial suspension was slowly
added to each tube containing recipient cells. For TECs, 100 pg of isolated mitochondrial
fraction was added to 4x10° primary recipient cells. For BMDMs, 200 pg of isolated
mitochondria was used for transfer. Tubes were centrifuged at 1500 g for 5 min at 4°C. Cells
were rinsed twice with DPBS (+CaCl, +MgCly). Cells were transferred to a Seahorse XF96 cell
culture microplate (TECs: 10,000 cells/well and BMDMs: 20,000 cells/well) and rested
overnight in cell culture medium. Mito stress test was used according to the manufacturer’s
instructions to determine mitochondrial respiration. To confirm successful mitochondrial
transfers, donor cells were stained with 200 nM MitoTracker Red CMXRos and recipient cells
were stained with 200 nM MitoTracker Green prior mitochondrial isolation and transfer.

Medium was replaced by DBPS (+CaCl, +MgCl,) and cells were stained with Hoechst 33342.
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Zeiss Axiovert 200M inverted fluorescence microscope was used to visualize mitochondrial

transfer of live cells.

3.22 Cell death assay using time-lapse microscopy

Cells were seeded into cell culture dishes and rested overnight. The medium was replaced by
DBPS (+CaCl; +MgCl,) containing 50 nm SYTOX Green nucleic acid stain (Invitrogen) and
1.13 uM RSL3 (Sellek Chemicals). Repetitive images were acquired for all fields of view over
24 hfor TECs. First, cells were kept under normoxic conditions (21% O-) for 30 min. Thereafter,
the O, content was reduced to a hypoxic atmosphere containing 1% O,. For the analysis of
cell death, SYTOX-positive nuclei were counted per image.

3.23 Knockdown of DbpA by lentiviral transduction

DbpA knockdown was performed as previously described.®? DbpA small hairpin RNA (shRNA,
Sigma-Aldrich, SHCLNG, shRNA_1: NM011733, shRNA_2: NM003651) and scrambled
shRNA vectors were used. Human embryonic kidney cells (HEK Lenti X) were cotransfected
with 3 pg DbpA constructs plasmid, 3 pg psPAX2, and 1 pug pVSV-G after growing to 70%
confluence. The transfection was performed with metafectene and opti-MEM in antibiotic-free
medium. After 1 day, medium was exchanged with normal culture medium, which contained
the produced virus and cultured for another 24 h. Virus containing supernatant was harvested
and filtered. 4 pg/ml polybrene was added and a human-derived renal proximal tubular cell line
(HKC-8) and a mouse proximal tubule-derived cell line (BUMPT) as target cells were infected.
Cells were centrifuged for 2 h at 33°C and 2000 rpm and the medium was exchanged to fresh

medium. Target cells were used 3 days after the transduction for additional analysis.®?

3.24 Microarray data

Gene expression dataset GSE30718 was downloaded from GEO
(http://www.ncbi.nlm.nih.gov/geo)'’* and contained microarray data sets from 28 AKI biopsies

and 11 protocol biopsies.t’®

3.25 Statistical Analysis

All results were confirmed as triplicates in at least two independent experiments. Data are
presented as mean values. Statistical analysis was performed using GraphPad™ prism 8. For
survival experiments log-rank tests were applied. One-way ANOVA followed by post hoc
Tukey’s multiple comparisons test was used for data sets with more than two groups. Student’s
t-test was used to compare two experimental groups. Data were considered significant when

P-values reached < 0.05.166
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4 Results
41  Phenotyping of Ybx3**, Ybx3* and Ybx3" mice
4.1.1 Phenotyping and long-term survival of mice with genetic Ybx3 deletion

The genetically modified Ybx3” animals have been phenotyped before.® No defect in
embryonic development or animal survival rates until an age of 12 months were observed.
However, male knockout mice are less fertile with reduced testis weight due to seminiferous
tubule degradation and enhanced spermatocyte apoptosis. Male mice testosterone levels were
not different between the wild type and knockout animals.®
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Figure 7. Phenotyping and long-term survival of mice with genetic Ybx3 deletion.

(a) Genotyping revealed deletion of Ybx3 in Ybx3*  or Ybx3” animals. (b) Survival analysis over 2 years
demonstrated no differences in the mortality rates between wild type (n=10), Ybx3*" (n=4) and Ybx3" (n=7) mice.
(c) In male and female mice aged 3 months (n=9-20) body weights were significantly lower in Ybx3”7 animals
compared to wild type animals. (d) 12, 16, and 24-months-old Ybx3”- male mice (n=4-6) showed consistently lower
body weights compared to wild type and Ybx3*- animals. (e) In male and female mice aged 3 months (n=9-30) food
and water intake were significantly lower in Ybx3” animals. (f) Given the lowered body weight and reduced
food/water intake, Western blot analyses for AMPKa as a key enzyme in energy metabolism were performed with
kidney lysates from mice aged 10-12 weeks. (g) The pAMPKa (T*72)/AMPKa and pAMPKa (T*72)/vinculin ratios
were significantly higher in Ybx3*- and Ybx3’- compared to wild type animals. (h) Body temperatures determined
by rectal thermometers were not different in the strains. (i) Complete blood count (leukocytes, erythrocytes,
hemoglobin and thrombocytes) was not altered in 3-months-old mice when Ybx3 was deleted. In addition, cell
composition of blood (lymphocytes, neutrophils, monocytes, eosinophils, and basophiles) was similar in animals.
Data represent mean values. All results were confirmed as triplicates in at least 2 independent experiments. One-
way analysis of variance followed by Tukey post hoc test was used for comparisons of 3 groups. Student’s t test
was used when 2 experimental groups were compared with *P < 0.05, **P < 0.01, ***P < 0.001.
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First, a phenotyping of kidneys in Ybx3**, Ybx3" and Ybx3™" animals (Figure 7a) up to 2 years
of age was performed. Mortality rates were similar for Yox3**, Ybx3” and Ybx3™” mice (Figure
7b). Compared to wild type animals, a significantly lower body weight became apparent in
Ybx3" male and female mice, which however remained within the normal range of 20-40 g
(Figure 7c¢). A lower body weight of Ybx3” mice became apparent over time up to 24 months
(Figure 7d). Reduced food and water intake indicated a relative fasting state (Figure 7e). The
nutrient and energy sensor AMPKa was abundantly detected as a phosphorylated protein.
Increased phosphorylation of AMPKa (pAMPKa) was observed in kidney lysates from mice
with heterozygous or homozygous Ybx3 knockout (Figures 7f-g). Reduced body weights did
not affect rectal core body temperature, an indicator of energy consumption (Figure 7h).
Complete blood cell count and cell composition of blood were similar in wild type, Ybx3*" and
Ybx3" animals (Figure 7i).

Overall, our data demonstrated an unrestricted life expectancy in Ybx3” mice. The lower body
weights of the Ybx3” animals and the detection of abundant pAMPKa enzyme suggested

unknown functions of DbpA related to energy homeostasis.

4.1.2 DbpA is expressed in tubular structures of healthy kidneys

DbpA is described to be predominantly expressed during embryogenesis!? and restricted later
on, except in smooth muscle cells and testis.®

Immunohistochemistry in kidneys of wild type animals revealed DbpA positivity in smooth
muscle cells, podocytes, and tubular cells (Figure 8a), which corroborated with the Healthy
Mouse Dataset!’® (Figure 8b). Immunofluorescence staining of DbpA and sodium-glucose
cotransporter-2 (SGLT2) or Agp2 confirmed tubular localization of DbpA in the kidney cortex
and medulla of healthy wild type mice (Figure 8c). Western blot analyses of kidney lysates
from 3 and 24 months-old mice demonstrated less DbpA_a and DbpA_b expression in Ybx3*"
animals, and almost no DbpA isoforms were detected in Ybx3” animals (Figures 8d-e). In
addition, DbpA_a and DbpA_b were detected in healthy liver tissues of young and old mice
(Figures 8f-g).

Taken together, in addition to previous literature, we were able to show, that DbpA was not
only expressed except in smooth muscle cells and testis but DbpA is also present in podocytes

and TECs in healthy kidney of adult mice.
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Figure 8. DbpA is expressed in healthy kidneys and liver.

(a) Immunohistochemistry of kidney tissue from 3 months old wild type mice with the anti-C-terminal antibody
demonstrated DbpA immunopositive staining in smooth muscle cells from small vessels, individual distal tubular
cells, glomerular podocytes and mesangial cells. Ybx3* and Ybx3” animals exhibited lower or absent DbpA
expression in the respective cells. Scale bars, 1 mm or 50 um. (b) Single cell sequencing data sets (Healthy Mouse
Dataset 32, KIT software, http://humphreyslab.com/SingleCell/, accessed on 22.04.2022) revealed abundant Ybx3
transcripts in podocytes and distal tubular cells matched with immunohistochemistry findings. Diameters of circles
represent the number of positive cells and the color changes according to Ybx3 transcript numbers. (c)
Immunofluorescence staining of kidney sections revealed co-localization of DbpA with the proximal tubule marker
SGLT2 and distal tubule marker Aqp2. Scale bars, 25 pum. (d) By means of a polyclonal anti-C-terminal antibody,
two DbpA isoforms (DbpA_a, DbpA_b) were detected in kidney tissue lysates. (e) DbpA_a was detected at low
levels in Ybx3** and Ybx3*- animals. DbpA_b expression was predominant in kidney lysates of young and old
Ybx3** and Ybx3*- animals, whereas in Ybx3 animals both isoforms were absent. (f) Western blotting revealed
two DbpA isoforms (DbpA_a, DbpA_b) in liver tissue lysates. (g) The expression levels were lower at 24 months
compared to 3 months. Ybx3*- animals revealed no clear reduction in the expression of DbpA at 24 months in the
liver, whereas in Ybx3’ animals both isoforms were almost absent. Higher expression levels of isoform DbpA_a
were detected.-Figure legend continued on the next page-
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-continued- Abbreviations: podocyte (Pod), mesangial cell (MC), endothelial cell (EC), proximal tubule (PT), loop of
Henle descending loop (LH(DL)), loop of Henle ascending loop (LH(AL)), distal convoluted tubule (DCT), connecting
tubule (CNT), collecting duct-principal cell (CD-PC), intercalated cell type A (IC-A), intercalated cell type B (IC-B),
macrophage (M®). Data represent mean values. All results were confirmed as triplicates in at least 2 independent
experiments. One-way analysis of variance followed by Tukey post hoc test was used for comparisons of 3 groups.
Student’s t test was used when 2 experimental groups were compared with *P < 0.05, **P < 0.01, ***P < 0.001.

4.1.3 DbpA is dispensable for kidney development, function and tissue homeostasis
under healthy conditions

Given the report by Lima et al. describing high level Ybx3 expression in cycling tubular cells
during kidney ontogeny?, we hypothesized that a severe tubular cell defect exists in Ybx3
deficient animals. Contrary to these expectations, PAS staining confirmed normal glomerular
and tubular structures in the cortex (C), and similar tubular structures in the outer (OM) and
inner medulla (IM), when Ybx3 was genetically deleted (Figure 9a). Furthermore, kidney
function assessments of plasma creatinine, BUN and GFR (Figure 9b) were similar in wild
type, Ybx3"" and Ybx3" animals. Urine analyses (osmolality, pH, urine output, albuminuria and

proteinuria) were equally for all genotypes under healthy conditions (Figure 9c).
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Figure 9. Kidney function is preserved despite genetic deletion of DbpA.

(a) In wild type and Ybx37 animals the kidney architecture was not different, that was the appearance of nephron
segments and substructures corresponding to the cortex, OM and IM. Scale bars, 1 mm or 50 um. (b) Kidney
function assessed by plasma creatinine, BUN and GFR revealed values within normal range. (c) Urinalysis
demonstrated similar urine osmolality, pH values and urine output in the different strains and absence of relevant
albuminuria and proteinuria. Data represent mean values. All results were confirmed as triplicates in at least 2
independent experiments. One-way analysis of variance followed by Tukey post hoc test was used for comparisons
of 3 groups. Student’s t test was used when 2 experimental groups were compared.
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Since DbpA is expressed during early development, we expect that DbpA has an impact on

the TECs composition in the kidney.*””
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Figure 10. Tubular cell composition with ion and water transporter expression in wild type and genetically
modified animals lacking DbpA.

(a) Immunofluorescence staining for Aqp2 as marker protein for principal cells (PC) and Atp6v1b1 as marker protein
for intercalating cells (IC) with (b) quantification of relative cell numbers [%] within the cortex, OM and IM revealed
no differences in the examined wild type, Ybx3*/- and Ybx3’ animals. Scale bars, 250 um or 25 pm (n=6). (c)
Western blotting was performed with kidney tissue lysates that correspond to the cortex as well as medulla to
quantify key transporter proteins. Agp2 and glycosylated Aqp2 as maker proteins for PC and Atp6vlbl, AE1 and
CA2 for IC marker proteins were tested. Furthermore, Aqpl and glycosylated Agpl functioned as marker proteins
for proximal tubule. (d) Distal and proximal cell phenotypes seemed to be unaltered by changes of the Ybx3
genotype. The expressions of PC and IC marker proteins as well as Agpl were similar in all strains. (e and f)
Semiquantitative PCR with cortex but not medulla tissue yielded lowered copy numbers for Aqp2 transcripts in
Ybx3” compared to Ybx3*- and Ybx3** animals. Atp6vib1 transcript numbers were similar in all genotypes. Data
represent mean values. All results were confirmed as triplicates in at least 2 independent experiments. One-way
analysis of variance followed by Tukey post hoc test was used for comparisons of 3 groups. Student’s t test was
used when 2 experimental groups were compared with *P < 0.05.
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Immunohistochemistry for key proteins of water reabsorption (PC, principal cells) and pH
regulation (IC, intercalated cells) revealed no differences in the average PC and IC numbers
along the nephrons in the cortex, OM and IM of Ybx3"" and Ybx3” mice (Figures 10a-b).
These data were confirmed by Western blot analyses of PC (Agp2, glycosylated Aqp2) and IC
marker proteins (Atp6vlb1, carbonic anhydrase 2 (CA2), anion exchanger 1 (AE1)), as well as
proximal tubular proteins (Agpl, glycosylated Agpl) of kidney cortex and medulla tissue
lysates (Figures 10c-d). Merely transcript numbers of Aqp2 were decreased in the kidney
cortex of Ybx3” mice compared to Ybx3** and Ybx3*" animals (Figures 10e-f).

In summary, DbpA is dispensable for kidney development, function and tissue homeostasis
under healthy conditions. DbpA deletion does not affect TEC composition in the kidney.

However, subtle differences exist in Agp2 expression.

4.2  Tubular expression of DbpA inversely correlates with metabolic processes

Kidneys are in demand of a large amount of energy in form of ATP, which is provided through

mitochondrial respiration.
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Figure 11. Tubular expression of DbpA inversely correlates with lipid metabolic processes.
(a) Total RNA from kidneys from healthy wild type and Ybx3"- mice aged 9-15 weeks (n=3) were isolated and RNA-
seq was performed. -Figure legend continued on the next page-
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-continued- (b) Whole RNA-seq data (19,159 transcripts) were summarized in a Volcano plot of differentially
expressed genes of healthy kidneys form Ybx3** versus Ybx3* mice. The most significantly upregulated genes in
Ybx3" mice are shown in red, whereas blue represent the significantly downregulated genes compared to wild type
kidneys. Black dots are genes that were differentially expressed below the cutoff values of log-fold change (logFC)
and -logio of the p-value. Significantly regulated transcripts were those with a logFC < +1 and -logo (p-value) > 1.3
(dotted lines). (c) Pathway analysis of upregulated genes in Ybx3’ kidneys revealed a strong connection to
metabolic pathways and processes. (d) Lipid uptake was analyzed by flow cytometry. Ybx3” TECs revealed
significantly higher lipid uptake than wild type cells. Histograms show representative lipid uptake of Ybx3**, Ybx3*"
and Ybx3" TECs (n=7-8). (e) Palmitate oxidation stress test was used to analyze long chain fatty acids (LCFAs)
oxidation in cells. Etomoxir inhibits the metabolism of LCFAs through the inhibition of carnitine palmitoyl transferase
la (CPT1a). (f-g) Basal and maximal OCR was increased in Ybx3” TECs compared to wild type in the control
groups (medium + BSA). Furthermore, basal and maximal OCR significantly increased upon palmitic acid supply,
suggesting efficient palmitate metabolism. This increase in OCR was inhibited by the CPT1a inhibitor etomoxir,
affirming its specificity. Additionally, TECs isolated from Yhx3 knockout mice exhibited higher OCR associated with
fatty acid oxidation (FAO) compared to those from wild type mice. Wild type TECs were more susceptible to etomoxir
(n=3-4). OCR data were normalized to cell numbers. Data represent mean values. All results were confirmed as
triplicates in at least 2 independent experiments. One-way analysis of variance followed by Tukey post hoc test was
used for comparisons of 3 groups. Student’s t test was used when 2 experimental groups were compared with *P
< 0.05, **P < 0.01.

In our quest to identify differential regulated pathways in Ybx3” animals, kidneys from healthy
mice were harvested to generate Agilent Micro Array libraries (Figure 11a). 364 differentially
expressed genes were identified (Figure 11b). Gene set enrichment analysis revealed that the
most significantly upregulated genes in the kidneys from Ybx3” mice related to metabolic
processes, especially lipid metabolic processes (Figure 11c). The uptake of short- and long-
chain fatty acids (Figure 11d) as well as the OCR associated with fatty acid oxidation (FAO)
were increased when Ybx3 was genetically deleted (Figures 11e-g).

Functional metabolic analyses of Ybx3" TECs revealed increased mitochondrial respiration in
terms of OCR (Figures 12a-c), intracellular ATP content (Figure 12d), glycolysis
(Figures 12e-g) and glucose uptake (Figure 12h). This indicates a higher metabolic activity
and increased energy supply in Ybx3 deficient TECs. However, uptake of the amino acid
analog BPA was not significantly different in the tubular cells with knockout (Figure 12i).
Transcriptome analyses of amino acid transporters revealed differential abundance of single
transporters (Figure 12j).

In summary, these data revealed that genetic deletion of Ybx3 in TECs increased the metabolic

activity by upregulating genes related to metabolic processes.
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Figure 12. Tubular expression of DbpA inversely correlates with the mitochondrial oxygen consumption
rate and glycolysis.

(a) Mito stress test was used to determine mitochondrial respiration. Oligomycin was injected first following basal
measurement and inhibited the ATP synthase (complex V). Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP) is an uncoupling agent that collapses the proton gradient. Electron flow through the ETC is uninhibited, and
oxygen consumption by complex IV reaches the maximum. Rotenone (complex | inhibitor) and antimycin A
(complex 11l inhibitor) shut down the mitochondrial respiration. (b) OCR of TECs from Ybx3**, Ybx3* and Ybx3"
mice were quantified. OCR were measured under basal level and following addition of 1 uM oligomycin, 1 uyM FCCP
and 0.5 uM rotenone + antimycin A (Rot+AA). OCR data were normalized to cell numbers. Genetic deletion of Ybx3
led to elevated basal and stimulated OCR (n=7-4). (c) Individual parameters for basal respiration, ATP production,
proton leakage, maximal respiration rate, spare respiratory capacity and non-mitochondrial oxygen consumption
were calculated based on the mitochondrial respiration profiles. All parameters were increased in Ybx3*- or Ybx3"
cells compared to Ybx3** cells, except for ATP production. Data were normalized to cell numbers. (d) Intracellular
ATP concentrations were directly quantified by ATP determination kit and revealed significantly higher ATP levels
in Ybx3” compared to Ybx3* TECs (n=7). (e) Agilent Seahorse XF glycolysis stress test was used to analyze
glycolysis. Glucose fuels glycolysis, whereas oligomycin inhibits ATP synthase in the mitochondria resulting in a
state of glycolysis-dependency. 2-deoxy-glucose (2-DG) is a competitive inhibitor of glucose and shuts down
glycolysis. (f) Enhanced glycolytic activity of Ybx3” cells was detected by extracellular acidification rates (ECAR)
of TECs from Ybx3**, Ybx3*-and Ybx3" mice (Seahorse XF glycolysis stress test). Under basal conditions and
following addition of 10 mM glucose, 1 puM oligomycin and 50 mM 2-DG the ECAR levels were measured. Basal
ECAR levels were similar in TECs from Ybx3**, Ybx3* and Ybx3’ mice, whereas the addition of glucose led to
increased glycolysis in cells with Ybx3”- genotype (n=4-6). Data were normalized to cell numbers analyzed per well.
-Figure legend continued on the next page-
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-continued- (g) Individual parameters for glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic
acidification were calculated based on the glycolysis stress test profile. Glycolysis and glycolytic capacity were
increased in Ybx3” compared to Ybx3*- and wild type cells. (h) These data were confirmed by the detection of
2-NBDG, a fluorescently-labeled deoxy-glucose analog, as a measurement of glucose uptake by cultured TECs
(n=4, kidneys from three mice were pooled in each experiment). (i) The uptake of the fluorescence-labeled amino
acid analog boronophenylalanine (BPA) was detected. It was quantified in primary TECs and did not reveal
differences between the genotypes. Histogram shows representative BPA uptake of Ybx3**, Ybx3*- and Ybx3"
TECs (n=5) (j) Transcripts related to amino acid transporters were retrieved from RNA-seq data. Here, solute carrier
family 7 member 13 (SLC7A13) and solute carrier family 5 (neutral amino acid transporters, system A), member 4b
(SLC5A4B) transcripts were more abundant in kidneys from Ybx37 animals, whereas the majority did not show
differences between the genotypes. Following IRl SLC6A5, SLC7A14 and SLC36A2 transcripts were upregulated
in kidneys from Ybx3”- animals in comparison to wild type animals. Blue color indicates down-, red color indicates
up-regulation whereas black color indicates not-regulated transcripts. Data represent mean values. All results were
confirmed as triplicates in at least 2 independent experiments. One-way analysis of variance followed by Tukey
post hoc test was used for comparisons of 3 groups. Student’s t test was used when 2 experimental groups were
compared with *P < 0.05, **P < 0.01, **P < 0.001.

4.2.1 Mitochondrial transfer equalizes respiratory capacity of TECs

As a vital hub of cellular metabolism and tissue viability, the mitochondrion often undergoes
changes in its morphology or localization within the cell in response to various stresses and
energy demands.’® In addition to intracellular changes, mitochondria can also be transferred
between cells. This intercellular mitochondrial transfer not only helps to restore stressed cells
and damaged tissues due to mitochondrial dysfunction, but also takes place under
physiological conditions.17817
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Figure 13. Mitochondrial transfer equalizes respiratory capacity of wild type TECs.

(a) Mitochondria of donor TECs were stained with MitoTracker Red and mitochondria of recipient cells were stained
with MitoTracker Green before the transfer of mitochondria. Mitochondria were isolated from TECs derived from
Ybx3** or Ybx3” mice using mitochondria fractionation. Isolated mitochondria were transferred into Ybx3** or
Ybx3" TECs. (b) OCR were quantified by means of a mito stress test. Mitochondrial transfers were able to increase
basal and stimulated OCR of TECs. Normalization to cell numbers per well was performed. (c) Successful
mitochondrial transfers were confirmed by live cell imaging. Yellow dots indicated a successful transfer of donor
mitochondria into recipient cells. Scale bars, 25 um or 5 um. Data represent mean values. All results were confirmed
as triplicates in at least 2 independent experiments.
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To test whether a transfer of mitochondria can increase the mitochondrial activity of wild type
TECs, we next transferred mitochondria isolated from Ybx3” TECs into Ybx3"* TECs and vice
versa via several centrifugation steps (Figure 13a). The highest metabolic activity in terms of
the mitochondrial respiration, measured as OCR, was detected, when mitochondria isolated
from Ybx3” TECs were transferred into Ybx3** TECs (Figure 13b, blue curve). Successful
transfer of mitochondria into the recipient cells was confirmed by live cell imaging and overlay

of fluorescent signals (Figure 13c).
In summary, transfer of isolated mitochondria from Ybx3” TECs can equalize respiratory

capacity of Ybx3"* TECs.

4.2.2 An increase in mitochondrial activity can be induced via a lentiviral knockdown
of DbpA

In order to be able to classify the function of DbpA in connection with cell metabolism more

precisely, an inducible knockdown via lentiviral infection was performed to specifically reduce

the expression of DbpA protein in wild type TECs.
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Figure 14. Lentiviral DbpA knockdown leads to increased mitochondrial respiration.

(a) Western blot analysis confirmed successful DbpA knockdown of transcripts by shRNA in an immortalized mouse
proximal tubular cell line (BUMPT). (b and c) The mitochondrial respiration was increased following DbpA
knockdown as measured by mito stress test (n=3). OCR data were normalized to cell numbers per well. (d) Western
blot analysis confirmed successful DbpA knockdown in an immortalized human proximal tubular cell line (HKC-8).

-Figure legend continued on the next page-
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-continued- (e and f) The mitochondrial respiration, measured as OCR, was increased following DbpA knockdown
in HKC-8 cells (n=3). Data represent mean values. All results were confirmed as triplicates in at least 2 independent
experiments. One-way analysis of variance followed by Tukey post hoc test was used for comparisons of 3 groups.
Student’s t test was used when 2 experimental groups were compared with *P < 0.05, **P < 0.01.

Western blotting of cell lysates indicated a clear knockdown of the isoforms DbpA a and
DbpA_b in BUMPT cells (Figure 14a). By means of a lentiviral knockdown of DbpA, an
enhanced mitochondrial respiration were revealed (Figures 14b-c), indicating an inducible
effect on mitochondrial function following DbpA deletion. Similar effects were obtained in a
HKC-8 cell line (Figure 14d-f).

Thus, we were able to show that DbpA plays a decisive role in the functionality of mitochondrial
respiration. Interestingly, an increase in mitochondrial activity can be directly induced by a
specific deletion of DbpA in TEC in vitro.

4.2.3 DbpA co-localizes with mitochondrial marker proteins

Based on the differences in the metabolic activities of TECs, we next analyzed mitochondrial
mass by MitoTracker fluorescence intensities and mtDNA copy numbers of isolated TECs. The
aim was to investigate, whether the increased metabolic activity correlates with an increased
number of mitochondria in TECs isolated from Ybx3” animals. Mitochondrial mass and
numbers were similar (Figures 15a-b), however the mitochondrial membrane potential was
significantly increased in TECs isolated from Ybx3” mice compared to wild type animals
(Figure 15c). Furthermore, electron microscopic analysis of healthy kidney tissues of mice
with different genotypes revealed intact outer and inner mitochondrial membranes
(Figure 15d). Western blot analysis of proteins related to the ETC revealed increased
expression of ATP5A (ETC complex V) and UQCRC2 (ETC complex lll) in TECs of Ybx3"
mice, MTCO1 (ETC complex IV) and SDHB (ETC complex Il) were less expressed in Ybx3™"
cells (Figures 15e-f). In addition to the already described cytoplasmic, nuclear and cell-
membrane localization®, we identified DbpA co-localization with mitochondrial marker proteins
in TECs derived from Ybx3** and Ybx3"" mice. Western blot analyses detected DbpA in the
cytoplasm/nuclear fraction as well as in the mitochondrial fractions (Figure 15g). These data
were verified by immunofluorescence staining of TECs, where a co-localization of DbpA with
mitochondria fluorescence dye (MitoTracker) was clearly visible in cells derived from Ybx3"*
and Ybx3"" mice, but not in Ybx3" cells (Figure 15h).

Taken together, our results clearly demonstrated, that genetic DbpA deletion has no affect on
the total mitochondrial mass within TECs. However, DbpA was detected as a mitochondrial

protein in TECs and in its absence the mitochondrial membrane potential increases.
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Figure 15. DbpA co-localizes with mitochondrial marker proteins.

(a) Mitochondrial mass was quantified by MitoTracker fluorescence intensity of adherent cells (n=4-6). Each
individual measurement corresponds to samples with three animals pooled. (b) Mitochondrial numbers were
calculated by mitochondrial DNA (mtDNA) copy numbers that were normalized to nuclear DNA content (n=8-12).
Mitochondrial mass and copy numbers were equal in all strains. (c) Mitochondrial membrane potentials quantified
by TMRE assay (n=3-7, kidneys from three mice were pooled in each experiment) were higher in TECs derived
from Ybx3” mice. (d) Integrity of mitochondrial outer and inner membrane was confirmed by transmission electron
microscopy of kidney sections. Scale bars, 1 pm or 500 nm. (e) Representative Western blots from Ybx3**, Ybx3*
or Ybx3" TECs revealed differential expressions of proteins related to the ETC. (f) Quantification of the Western
blots demonstrated enhanced expression of ATP synthase lipid-binding protein (ATP5A, ETC complex V) and
ubiquinol-cytochrome c reductase core protein 2 (UQCRC2, ETC complex 1) in Ybx3*- and Ybx3" cells. In contrast
the expression of mitochondrially encoded cytochrome ¢ oxidase 1 (MTCO1, ETC complex IV) and succinate
dehydrogenase complex iron sulfur subunit B (SDHB, ETC complex IlI) were lower. (g) Following subcellular
fractionation into cytoplasmic and mitochondrial proteins and Western blotting for DbpA (anti-C-terminal antibody)
as well as voltage-dependent anion-selective channel 1 (VDAC1), ATP5A, translocase of inner mitochondrial
membrane 23 (TIM23), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and PCNA was performed. Purity
of fractionation was ascertained by GAPDH (cytosol), PCNA (nucleus) and VDAC1, ATP5A, TIM23 (mitochondria)
co-determinations. Prominent bands for DbpA at 50 and 55 kDa were detected in the mitochondrial fractions. The
lysates with Ybx3 cells yielded a complete absence of DbpA in cytoplasmic/nuclear extracts whereas a weak band
corresponding to DbpA_b was detected in the mitochondrial fraction. (h) TECs derived from Ybx3**, Ybx3*- and
Ybx3" mice were tested for subcellular DbpA localization (green) following co-staining for DAPI (blue; nuclei), Alexa
Fluor 488 Phalloidin (white; cytoskeleton) and MitoTracker Red CMXRos (red; mitochondria). TECs from Ybx3*/*
mice showed DbpA positive staining in the cytoplasm and nucleus. There was less DbpA positive staining in the
cytoplasm and nucleus in Ybx3*- TECs, whereas therewas almost no DbpA detectable in TECs isolated from
Ybx3” mice. The overlay of mitochondrial marker protein with the DbpA fluorochrome was visualized by yellow
color and demonstrated a co-localization of DbpA with mitochondria. Scale bars, 25 pum or 5 um. -Figure legend
continued on the next page-
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-continued- Data represent mean values. Data represent mean values. All results were confirmed as triplicates in
at least 2 independent experiments. One-way analysis of variance followed by Tukey post hoc test was used for
comparisons of 3 groups. Student’s t test was used when 2 experimental groups were compared with *P < 0.05.

4.2.4 DbpA fulfills tubular cell-specific metabolic functions

So far, it has been shown that DbpA has a decisive influence on the metabolic activity in TECs.
In order to check whether these were cell-specific phenomena, primary BMDMSs obtained from

Ybx3*"*, Ybx3*" and Ybx3” mice were included into the analyses of metabolic processes.
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Figure 16. Mitochondrial analyses of primary BMDMs.
(a) OCR of BMDMs obtained from Ybx3**, Ybx3*-and Ybx3" mice were quantified by Seahorse XF mito stress

test. OCR were measured under basal level and following addition of 1 uM oligomycin, 1 yM FCCP and 0.5 pM
Rot+AA. Genetic deletion of Ybx3 did not affect OCRs (n=3). Data were normalized to cell numbers per well. (b)
All individual parameters (basal respiration, ATP production, proton leakage, maximal respiration rate, spare
respiratory capacity and non-mitochondrial oxygen consumption) were similar in in Ybx3**, Ybx3* or Ybx3"
BMDMs. -Figure legend continued on the next page-
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-continued- (c) The ECAR of BMDMs obtained from Ybx3**, Ybx3*- and Ybx3~ mice were quantified by Seahorse
XF glycolysis stress test. ECAR were measured under basal level and following addition of 10 mM glucose, 1 pM
oligomycin and 50 mM 2-DG. ECAR levels were similar in all three genotypes (n=3-4). Normalization to cell numbers
per well was performed. (d) Individual parameters for glycolysis, glycolytic capacity, glycolytic reserve and non-
glycolytic acidification were not altered when Ybx3 was genetically deleted. (e) Furthermore, BMDMs obtained from
mice with Ybx3**, Ybx3* and Ybx3” genotype revealed no significant differences in 2-NBDG levels as a
measurement of glucose uptake (n=4-6). (f) Mitochondrial membrane potentials quantified by TMRE assay (n=7-9)
revealed no significant differences. (g) Transferring mitochondria isolated from Ybx3** and Ybx3” BMDMs into
Ybx3** and/or Ybx3” BMDMs increased the metabolic activity of the cells quantified by mito stress test. In all
groups 20.000 cells per well were seeded and included in the measurement. (h) Successful mitochondrial transfers
were confirmed by live cell imaging and the overlay of fluorescent signals. Mitochondria of donor BMDMs were
stained with MitoTracker Red and mitochondria of recipient cells were stained with MitoTracker Green before the
transfer. Overlay of the images indicated a successful transfer of donor mitochondria into recipient cells via
centrifugation. Scale bars, 25 pum or 5 um. (i) Mitochondrial mass quantified by MitoTracker fluorescence intensity
(n=6-11) and (j) mitochondrial numbers calculated by mtDNA copy numbers (n=15-18) were similar. Data represent
mean values. All results were confirmed as triplicates in at least 2 independent experiments. One-way analysis of
variance followed by Tukey post hoc test was used for comparisons of 3 groups. Student’s t test was used when 2
experimental groups were compared.

In contrast to the above described characteristics of TECs, analyses of the metabolic function
in BMDMs in terms of OCR (Figures 16a-b), glycolysis (Figures 16c-d), glucose uptake
(Figure 16e) and mitochondrial membrane potential (Figure 16f) were similar between the
genotypes. In line with the data on mitochondrial transfer of TECs, an increased metabolic
activity of wild type BMDMs after the transfer of mitochondria isolated from Ybx3” BMDMs
were obtained (Figures 16g-h). Moreover, mitochondrial mass (Figure 16i) and mtDNA copy
number (Figure 16j) were similar obtained from Ybx3**, Ybx3*" and Ybx3™" mice.

These data suggest a tubular cell-specific function of DbpA in context with metabolic processes

and mitochondrial membrane integrity.

43 DbpA mediates tubular cell damage in AKI and the absence of the protein is

linked with cell protection
4.3.1 Following IRl upregulated DbpA expression confers acute tubular cell damage

TECs form a boundary in the tubular barrier system with immediate contact to urine. Because
of their prominent role in the maintenance of fluid and acid-base homeostasis, they have a
high energy requirement and are especially sensitive to ischemia. Due to the increased
metabolic activity of Ybx3” TECs, we hypothesize that these cells play a key role during tubular

cell injury in vivo.
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Figure 17. Ybx3 expression is upregulated following acute IRI.

(a) The gene expression dataset GSE30718 was used for microarray data analysis of human samples from AKI
biopsies (n=28) and protocol transplant biopsies (n=11). AKI led to an increase of Ybx1 and Ybx3 expression. (b)
In vivo model of experimental IRl was performed in mice with different genotypes. Blood vessels of both kidneys
were occluded for 25 min using non-traumatic clamps. Afterwards, clamps were removed and reperfusion lasted
for one or 28 day/s. Mice were sacrificed and blood and kidney was obtained. (c and d) Western blot analysis of
hypoxia-inducible factor-1 alpha (HIF1a) revealed hypoxic stress in kidney tissue by ischemia. (e and f) Western
blot analyses of kidney lysates by means of a polyclonal anti-C-terminal antibody against DbpA indicated low level
expression of DbpA in healthy kidney tissue, which was strongly upregulated following IRI. Similar results were
obtained for cold shock protein YB-1. In kidney tissue lysate obtained from Ybx3-- animals the expression of YB-1
was increased compared to wild type. (g and h) Immunohistochemistry of kidney tissues from mice aged 8-12
weeks (using antibody directed against the C-terminus) demonstrated immunopositive cells for DbpA in tubular and
glomerular structures. On d1 following IRI, a substantial DbpA upregulation in tubular cells was seen in wild type
animals, which was less prominent in Ybx3*- and absent in Ybx3" animals. Expression levels returned to basal
levels within d28. Scale bars, 50 um.-Figure legend continued on the next page-
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-continued- Data represent mean values. All results were confirmed as triplicates in at least 2 independent
experiments. One-way analysis of variance followed by Tukey post hoc test was used for comparisons of 3 groups.
Student’s t test was used when 2 experimental groups were compared with *P < 0.05, **P < 0.01, ***P < 0.001.

Ybx3 transcripts were present in kidney tissue from protocol transplant biopsies in humans and
significant upregulation was observed in those with AKI.1”> Notably, another prominent cold
shock protein YB-1 (Ybx1) was also upregulated as reported recently®? (Figure 17a). The in
vivo IRl mouse model with a short- (d1) and long-term (d28) observation phase was used
(Figure 17b), to analyze the tubular cell-specific functions of DbpA following AKI. Successful
induction of hypoxic stress was confirmed by Western blotting of HIF1a expression in kidney
tissue lysates (Figures 17c-d). At the protein level, 25 min of renal ischemia followed by 24 h
of reperfusion (IRl d1) resulted in a clear upregulation of the CSPs DbpA a, DbpA b and
YB-1 in murine kidney lysates (Figures 17e-f). Increased DbpA expression was evident in all
kidney compartments following IRl d1 which was transient and no longer detected on d28 post
IRI (Figures 17g-h).

Survival analysis over 28 d following IRI revealed 100% survival of Ybx3™” mice, 90% of Ybx3*"
whereas only 70% of Ybx3** mice survived (P < 0.05 Ybx3" versus Ybx3"*; Figure 18a). The
overall appearance of kidneys from Ybx3"* and Ybx3*" animals following IRl was a deep red
color, whereas kidneys from Ybx3” animals were a pale brownish color, similar to healthy
controls (Figure 18b). Correspondingly, kidney function (assessed by plasma creatinine) was
significantly better in Ybx3” animals compared to wild type following IRl (Figure 18c). Wild
type animals showed marked tubular cell injury following IRI, which was less prominent in
Ybx3*" and Ybx3" mice (Figures 18d-e). Tubular cell damage marker neutrophil gelatinase-
associated lipocalin (NGAL) was strongly upregulated following IRI in Ybx3** kidney sections
(Figures 18f-g) and TECs lysates (Figures 18h-i), but to a lesser extent in Ybx3 knockout
animals.

Overall, DbpA mediates tubular cell damage in AKI and the absence of the protein is linked
with cell protection.
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Figure 18. DbpA expression confers acute tubular cell damage.
(a) Survival analysis over 28 d was performed following ischemia and subsequent reperfusion of the kidneys.
Significantly higher mortality rates in wild type than in Ybx37 animals became apparent (n=10, log-rank test was
used for statistics). (b) Representative macroscopic images of longitudinal kidney sections obtained following
ischemia and on d1 of reperfusion. In wild type animals the kidney tissue appeared congested and filled with blood
following IRI although PBS perfusion was performed prior harvesting of the kidneys. Scale bars, 5 mm. -Figure

legend continued on the next page-
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-continued- (c) Plasma creatinine levels indicated severe AKI following IRI in wild type animals, whereas creatinine

values were significantly lower in Ybx3”- animals. (d) PAS staining of kidney sections revealed increased tubular
cell damage following IRI in wild type animals in the cortex, OM and IM. Enlargement of images for IRI obtained
from the cortex visualized nuclear condensation of the majority of tubular cells, that was less abundant in Ybx3*"
animals and not present in Ybx3” animals. Scale bars, 50 um or 25 um (quantified in e). (f) Kidney damage protein
NGAL was detected by immunohistochemistry of kidney tissue. Scale bars, 50 um. (g) NGAL quantification
following IRI of immunopositive area revealed significant more abundance in the OM of Ybx3** compared to
Ybx3 mice. (h) These data were confirmed by an in vitro assay, where primary TECs were maintained in PBS
(+CaCl2 +MgCl) in a hypoxic atmosphere containing 1% Oz for 6 h. For reoxygenation, cells were maintained in
complete medium and 21% O: for 1 h or 24 h. (i) Western blot analysis revealed increased NGAL expression 24 h
following OGD in wild type compared to Ybx3 TECs. Data represent mean values. All results were confirmed as
triplicates in at least 2 independent experiments. One-way analysis of variance followed by Tukey post hoc test was
used for comparisons of 3 groups. Student’s t test was used when 2 experimental groups were compared with *P
<0.05, *P < 0.01, **P < 0.001.

4.3.2 Ybx3’" animals do not develop an inflammatory response following induced

hypoxic stress

Inflammation and tubular cell damage in the kidney are closely interconnected processes.
Acute inflammation is the body's response to an injury or harmful stimulus. It is a protective,
localized, short-term and well-controlled process aimed at eliminating the cause of cell injury,

clearing out damaged cells or tissues, and initiating tissue repair.18°
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Figure 19. Ybx3" animals do not develop an inflammatory response following induced hypoxic stress.
-Figure legend continued on the next page-
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-continued- (a) Infiltrating immune cells quantified by flow cytometry following kidney tissue disintegration revealed
a similar influx of CD45* leukocytes in the kidneys of all genotypes following IRI. Subanalysis of CD3* T cells, Ly6G*
neutrophils, CD11b*/CD11c*/CD64* macrophages and CD11b*/CD11c*/Ly6C* monocytes revealed less immune
cell infiltration in kidneys of Ybx3~- animals following IRI. (b) Gating strategy for flow cytometry analysis of infiltrating
immune cells. Renal lymphocytes were defined by doublet exclusion of live cells (using the forward and side scatter
properties) followed by gating for CD45* leukocytes. The different subsets were gated out of the CD45* population
using the markers CD45*/Ly6G* for neutrophils, CD45*/CD11b*/CD11c*/CD64* for macrophages,
CD11b*/CD11c*/Ly6C* for monocytes and CD45*/CD3* for T cells. (c) Cell composition of blood (lymphocytes,
neutrophils, monocytes) was similar in animals with different genotypes following IRI (n=3-6). Cell nhumbers of
leukocytes and thrombocytes were not altered in Ybx3*/*, Ybx3*" or Ybx3” mice following IRI. However, erythrocyte
numbers and hemoglobin were reduced in Ybx3’ animals following IRl compared to wild type. Neutrophil and
monocyte levels were upregulated in all genotypes following IRI (n=3-6). Data represent mean values. All results
were confirmed as triplicates in at least 2 independent experiments. One-way analysis of variance followed by
Tukey post hoc test was used for comparisons of 3 groups. Student’s t test was used when 2 experimental groups
were compared with *P < 0.05, **P < 0.01.

In accordance with increased tubular cell damage on IRl d1 in Ybx3"* animals, immune cell
infiltration into the kidney was induced by IRI. However in kidneys of Ybx3™" mice, infiltrating
T cell, neutrophil, macrophage and monocyte cell numbers remained low following IRI (Figure
19a). Gating strategy is shown in Figure 19b. Circulating leukocytes, erythrocytes and
hemoglobin levels were decreased in Ybx3" animals following IRI, whereas thrombocyte,
lymphocyte, neutrophils and monocyte levels in the blood revealed no significant differences

in the genotypes following IRI (Figure 19c¢).
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Figure 20. Kidneys with genetic Ybx3 deletion demonstrated decreased ER stress following ischemia.
(a) Transcript analysis related to ER stress (KEGG: mu4141) revealed enhanced upregulation of ER stress in wild
type animals following IRI. Blue represent downregulation following IRI, red upregulation and black not differentially
expressed genes. Top 35 differential expressed transcripts of wild type animals are shown in the heat map
compared to Ybx3”. Transcript analysis indicating downregulation of ATF4 and XBP1 in kidneys obtained from
Ybx3” mice compared to wild type. 156 transcripts were not regulated (black). (b and c¢) The expression of ER
stress marker proteins ATF4 and XBP1s were increased in wild type animals following IRIl. Whereas activation of
ER stress did not occur in Ybx3” animals following IRI. Data represent mean values. All results were confirmed as
triplicates in at least 2 independent experiments. One-way analysis of variance followed by Tukey post hoc test was
used for comparisons of 3 groups. Student’s t test was used when 2 experimental groups were compared with
*P <0.05, * P <0.01.
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ER stress was detected in Ybx3**, but not in Ybx3” animals, as indicated by increased ER
stress transcript levels (Figure 20a). These data were confirmed by Western blot analyses of
the ER stress marker proteins activating transcription factor 4 (ATF4) and X-box binding
protein 1 (XBP1s) (Figures 20b-c).

In summary, both immune cell infiltration and ER stress are increased as a result of IRI
induction in wild type mice. However, Ybx3" animals showed significantly reduced signs of

inflammation.

4.3.3 Long-term analysis following IRI revealed an attenuated fibrotic response in

kidneys of Ybx3” animals

Prolonged ER stress is associated with the progression of kidney fibrosis; i.e. the accumulation
of extracellular matrix.18182 [ ong-term analysis at d28 following IRI revealed an attenuated
fibrotic response in kidneys obtained from Ybx3” animals. Matrisome-related transcripts at d1
following IRI (Figure 21a) and the fibrosis marker proteins alpha-smooth muscle actin (aSMA)
and Tenascin-C (Figures 21b-c) were not upregulated in Ybx3" animals at d28 following IRI.
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Figure 21. Ybx3’ animals showed a decreased activation of matrisome-relateted proteins.

(@) RNA-seq data demonstrated an increased number of downregulated genes (blue) related to matrisome
(according to Naba et al., 2016) in the kidney of Ybx3” mice compared to wild type at IRI 1d. Red represents
upregulated transcripts. Black dots are genes that were differentially expressed below the cutoff values of logFC
and p-value. Top 35 differential expressed transcripts of wild type animals were shown in the heat map. (b and c)
Kidney lysates from animals 28d following IRI quantified the expression of aSMA and Tenascin-C as markers for
matrisome-relateted proteins. aSMA and Tenascin-C were significantly less abundant in Ybx3” animals 28d
following ischemia. Data represent mean values. All results were confirmed as triplicates in at least 2 independent
experiments. One-way analysis of variance followed by Tukey post hoc test was used for comparisons of 3 groups.
Student’s t test was used when 2 experimental groups were compared with *P < 0.05, **P < 0.01.
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In addition, collagens-related transcripts at IRI d1 (Figure 22a) and proteins as indicted by
Picro sirus red staining (collagens type | and 1) (Figures 22b-c) were upregulated following
IRI in wild type and Ybx3*", but not detected in kidneys obtained from Ybx3" animals.

In summary, the absence of DbpA protects kidneys from fibrosis following IRI.
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Figure 22. Following IRI fibrotic response was attenuated in kidneys of Ybx3” animals.

(a) RNA-seq data demonstrated a higher number of downregulated genes (blue) related to collagens (according to
Randles et al., 2021) in the kidney of Ybx3” mice compared to wild type. Red represents upregulated transcripts.
Black dots are genes that were differentially expressed below the cutoff values of logFC and p-value. Top 35
differential expressed transcripts of wild type animals were shown in the heat map. (b) Picro sirius red staining of
kidney sections at IRl 1d and IRI 28d visualized fibrosis as reddish color. A prominent tubulointerstitial and
glomerular collagen deposition 28d following IRI was seen for the cortex, OM and IM in the animals with Ybx3**
and Ybx3* genotype. In contrast, Ybx3” animals exhibited minor tubulointerstitial and glomerular fibrosis and
collagen deposition, (c) which was quantified by staining-positive tissue areas. Scale bars, 50 pum. Data represent
mean values. All results were confirmed as triplicates in at least 2 independent experiments. One-way analysis of
variance followed by Tukey post hoc test was used for comparisons of 3 groups. Student’s t test was used when 2
experimental groups were compared with **P < 0.01, ***P < 0.001.
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4.3.4 Deletion of DbpA leads to minor ferroptotic cell death following IRI

Tubular cell damage and cell death are closely linked in the context of AKI. The renal tubules
are essential structures in the kidneys responsible for reabsorbing water and essential
substances from the urine, maintaining electrolyte balance, and regulating acid-base
equilibrium. When these tubular cells are subjected to cell stress or injury, it can lead to
damage and cell death.83

Based on the already detected tubular damage, the next step was to investigate tubular cell
death following induced IRI. Unexpectedly, no significant apoptosis-related transcript
regulation was detected in wild type animals compared to Ybx3” animals (Figure 23a).
However, transcript analysis showed upregulation of ferroptosis-related genes following IRI in
kidneys of wild type animals, which was less evident in the kidneys of Ybx3" animals
(Figure 23b).
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Figure 23. Deletion of DbpA leads to minor ferroptotic cell death following IRI.

(a) RNA-seq data revealed no significant differences in the regulation of apoptotic genes (KEGG: 04210) in kidneys
following IRI d1 in wild type versus Ybx3” mice. Blue dots represent downregulated genes. Red shows upregulation
and black not differentially expressed genes. Top 35 differential expressed transcripts of wild type animals are
shown in the heat map. (b) Analysis of ferroptosis-related transcripts (KEGG: 04216) revealed enhanced heme
oxygenase 1 (HMOX1) expression following IRI d1 in wild type animals and less upregulation of ferroptosis-related
genes in Ybx3” animals. Blue represents downregulation, red upregulation and black indicates no significant
change in gene expression.
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4.3.5 Increased antioxidant activity provides the basis for the protective mechanism

after induced hypoxia conditions

In line with the RNA-seq data, that served as a screening method, kidney sections of wild type
and Ybx3*" animals revealed more positive staining of the lipid peroxidation marker 4-
hydroxynonenal (4-HNE) especially at the corticomedullary junction, suggesting increased
ferroptosis (Figure 24a). The most differentially expressed transcript heme oxygenase 1 gene
(HMOX1) (Figure 23b) was similarly expressed on the protein level (HO-1) in all genotypes
following IRI (Figures 24b-c). However, the expression of the antioxidant enzyme glutathione
peroxidase 4 (GPX4) was significantly increased following IRl in kidney tissue lysates of
Ybx3" mice (Figures 24b-c). Increased GPX4 correlated with decreased levels of mROS in
kidney tissue (Figure 24d). Furthermore, mitochondrial damage following IRl was detected by
an increased expression of the mitophagy marker protein PINK1 in wild type animals. Lower
levels of PINK1 were detected when DbpA was genetically deleted (Figures 24b-c). Following
ischemia the phosphorylation of the nutrient and energy sensor AMPKa was markedly
upregulated in kidney tissue lysates from Ybx3 knockout animals, indicating a higher metabolic

activity (Figures 24b-c).
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Figure 24. Increased antioxidant activity provides the basis for the protective mechanism in vivo.

(a) 4-HNE staining of kidney sections showed increased lipid peroxidation in wild type and Ybx3* animals
especially, in the outer medulla when compared to Ybx3” animals following IRI. Scale bars, 1 mm. (b and c) The
expression of HO-1, as a critical mediator of ferroptosis, was increased in kidney tissue lysates of all genotypes
following IRI. However, the expression of the antioxidant enzyme GPX4 was significantly increased in kidney lysates
of Ybx3" animals. Mitophagy marker protein PINK1 was significantly increased in kidney lysates of wild type
animals, but not in animals with Ybx3 deletion. The phosphorylation of AMPKa (T27?) in kidney tissue lysates of
Ybx3" mice was significantly increased following IRl compared to wild type animals. (d) Corresponding to the
increased expression of GPX4 the mROS levels analyzed by MitoSOX staining were decreased in kidney sections
of Ybx3” animals. Scale bars, 100 um. Data represent mean values. All results were confirmed as triplicates in at
least 2 independent experiments. One-way analysis of variance followed by Tukey post hoc test was used for
comparisons of 3 groups. Student’s t test was used when 2 experimental groups were compared with *P < 0.05,
**P < 0.01, **P < 0.001.
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In addition, in vitro analyses revealed a significantly increased expression of GPX4 at baseline

in TECs obtained from Ybx3” mice (Figures 25a-b). The in vivo results shown in Figures 23-

24 were corroborated by an in vitro assay of ferroptosis (Figure 25c).
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Figure 25. Increased antioxidant activity protects Ybx3" TECs from ferroptotic cell death in vitro.
-Figure legend continued on the next page-
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-contiued- (a) Western blot analyses of TECs obtained from Ybx3**, Ybx3*-and Ybx3” mice were performed to
analyze the expression of antioxidant protein GPX4 at baseline. (b) Increased expression levels of GPX4 was
detected in Ybx3" tubular cells compared to wild type. (c) Ferroptosis was induced in vitro by the addition of the
GPX4 inhibitor RSL3 under hypoxia. NAC was used as an antioxidant agents. (d and e) Western blot analyses and
quantification revealed increased expression of KIM1 and Parkin following OGD, with a lower expression in TECs
obtained from Ybx3” animals, whereas the antioxidant enzyme superoxide dismutase 2 (SOD2) was significantly
increased. (f) Basal mROS levels were similar in TECs under normoxic conditions and increased following OGD
and ferroptosis induction by adding RSL3. NAC was able to reduce the levels of mROS (n=4-6). (g) Resistance
against ferroptotic cell death of Ybx3” TECs was confirmed by live cell imaging of TECs following OGD and RSL3
addition. Oz content in the hypoxic chamber was reduced from 21% to 1% after 30 min until the end of the
experiment and SYTOX Green stained TECs were analyzed in PBS medium to quantify death cells. (n=3) (h)
Representative images demonstrated less SYTOX Green positive staining in Ybx3” TECs 24 h after ferroptosis
induction. Scale bars, 100 um. Data represent mean values. All results were confirmed as triplicates in at least 2
independent experiments. One-way analysis of variance followed by Tukey post hoc test was used for comparisons
of 3 groups. Student’s t test was used when 2 experimental groups were compared with*P < 0.05, **P < 0.01, ***P
<0.001.

By adding ferroptosis inducer RSL3 to primary TECs, tubular cell damage was incited, as
indicated by increased KIM1 expression in wild type and heterozygous DbpA TECs. Similar
results were obtained for Parkin, which is a downstream target of PINK1. However, PINK1
expression levels were similar between the different genotypes. Contrary to a deceased KIM1
and Parkin expression the antioxidant enzyme superoxide dismutase 2 (SOD2) was increased
in TECs obtained from Ybx3” animals (Figures 25d-e). In vitro induction of ferroptosis
following OGD and the addition of RSL3 resulted in an increased production of mROS in wild
type TECs, which was less evident in Ybx3” TECs. The addition of the antioxidant substance
NAC attenuated the production of mROS in all genotypes (Figure 25f). Induction of hypoxic
stress via OGD and ferroptosis via RSL3 in TECs obtained from Ybx3" mice revealed less cell
death compared to wild type cells in a SYTOX Green assay (Figure 25g-h).

In conclusion, Ybx3” TECs were metabolically more active at baseline and better adapted to
hypoxic conditions due to their upregulated antioxidant functions, which probably prevents
mROS generation. Since mROS are the main cause of ferroptosis, kidneys from Ybx3"

animals are thus protected from transient hypoxia.
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5 Discussion

5.1 Challenges and strategies in the comprehensive detection and characterization
of DbpA

DbpA is difficult to detect with MS/MS. There are some obstacles that make the detection of
DbpA in tissue lysate with Western blotting difficult. Our experiences showed, that a mild
denaturation strategy and gradient gels must be used to detect the two isoforms of the protein.
There are similar problems within the detection of DbpA by immunohistochemistry in tissue
samples. Here, a stepwise unmasking of the tissue sample is indispensable. This creates the
prerequisite to show that the protein DbpA is not only expressed in smooth muscle cells, but
also in other cells of the kidney, such as podocytes and tubular epithelial cells. In addition,
DbpA is transcriptionally than translationally regulated. Subcellular functions of DbpA as a tight
junction associated protein at the cell membrane and in the nucleus are known. However, the

main function of DbpA is largely unclear.

5.2 Unveiling the protective mechanisms of DbpA in IRl and tubular cell adaptation

In our study a simple model of transient kidney ischemia was applied to test the contribution
of CSPs in the orchestration of pro- and anti-inflammatory steps with immune cell recruitment
and tubular cell turnover. DbpA has been described as a binding partner of ZO-1 in tubular
cells.? It may shuttle to the nucleus and act as transcription factor to orchestrate inflammatory
processes and alter the cell phenotype.122829184 Dye to the reported upregulation of DbpA
expression during embryogenesis and kidney development®!?, we expected alterations of TEC
composition and kidney function in Ybx3” animals. Close phenotyping of the animals revealed
normal tubular cell composition and renal function over the whole life span.

The performed IRI with an ischemia time of 25 min represents a reversible AKI model with
prominent tubular cell damage visualized after a reperfusion time of 24 h in wild type animals.
In Ybx3” animals a resistance to tubular cell damage following transient ischemia became
apparent (Figure 27), which was not mediated through changes of circulating testosterone
levels.® Thus, testosterone-dependent differences in the IRI damage pattern may be
excluded.'® Body weight and food/water intake were significantly lower in adult Ybx3™" animals
(Figures 7c-e). The phosphorylation of the nutrient and energy sensor AMPKa was markedly
upregulated in kidney tissue lysates from healthy Ybx3 knockout animals (Figures 7f-g) and
following IRI (Figures 24b-c), suggesting that food restriction (without malnutrition) additionally
improved metabolic health and increased resistance to stress in experimental animals. Rojas-
Morales et al. showed that short-term time restricted feeding protects kidneys against IRI in
rodents, that is tubular cell damage is reduced, oxidative stress attenuated with less

mitochondrial damage and interstitial fibrosis.8®
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How does DbpA mediate the deleterious effect during tubular stress? Firstly, our findings
indicated that DbpA expression is not restricted to vascular smooth muscle cells and that the
protein is expressed and highly regulated in TECs beyond embryonic development (Figure
8a-e). Secondly, our imaging and cell fractionation experiments evidenced a mitochondrial
localization of DbpA (Figures 15g-h). Thirdly, the mitochondrial functional assays revealed
elevated mitochondrial respiration and glycolysis rates in Yox3” TECs (Figures 12b-h, 27),
whereas mitochondrial mass and mitochondrial numbers were unaltered (Figures 15a-c).
TECs with a deletion of Ybx3 are more effectively adapt to the inhibition of the mitochondrial
FAO pathway (Figures 11d-g), possibly by transitioning from mitochondrial FAO to
peroxisomal FAO.%87.188 |n contrast to the published work by Cooke et al.'® and Awad et al.*®
obtained with immortalized HelLa cells or smooth muscle cells, our data do not indicate
changes in the amino acid metabolism following DbpA deletion (Figures 12i-j). The expression
of ATP5A, a component of complex V in the ETC was increased (Figures 15e-f), which may
promote mitochondrial ATP synthesis and respiration. Elevated mitochondrial membrane
potentials in Ybx3" TECs stabilized the outer mitochondrial membrane, indicating a functional
change that renders the cells more resistant to hypoxia (Figures 15c). Fourthly, autologous
mitochondrial transfer improved mitochondrial respiration of recipient wild type TECs
(Figure 13). As the above described characteristics with differential metabolic activities and
stabilization of the outer mitochondrial membrane was detected in TECs (Figures 11-15), but
not in BMDMs (Figure 16), DbpA fulfills tubular cell-specific functions.

5.3 Mitochondrial-ER interactions and cold shock proteins in renal stress resistance

and fibrosis prevention

Given the inter-organelle communication of mitochondria and the ER through mitochondrial-
ER-associated membranes (MAMs)'®!, we next tested the sensing of ER stress in Ybx3"
animals. ER stress was upregulated in wild type animals, but to a much lesser degree in
Ybx3" animals following IRI (Figure 20).

Furthermore, prolonged ER stress is associated with the progression of kidney fibrosis, e.g. in
the UUO injury model.’®182 Therefore, we can assume that the crosstalk among ROS,
inflammation, mitochondrial dysfunction and ER stress is one of the major players during renal
disease. Indeed, long-term organ damage following tubular cell stress was absent andYbx3™"
animals did not develop kidney fibrosis, which was in contrast to profound matrix deposition in

wild type animals following IRI (Figures 21-22) and following UUO.%®
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5.4  Mitochondrial transfer as a new technique for the prevention and therapy of

kidney disease

The most striking findings relate to the mitochondrial transfer experiments. Mitochondria from
Ybx3™ cells improved respiration from recipient wild type TECs (Figure 13). Here it should be
noted, that further steps to improve the mitochondrial transfer should be considered. Based on
the small amount of cells obtained during the mitochondria isolation of primary cells from mice,
we decided to use the mitochondria/cytosol fractionation kit. According to the manufacturer’s
instructions, only a small amount of cells are required to isolate a highly enriched mitochondrial
fraction. However, electron microscopic analyses showed that the obtained mitochondrial

fractions contained also non-mitochondrial components (Figure 26).

Figure 26. Visualization of mitochondria enrichment by electron microscopy.

Mitochondrial fractions obtained from TECs of Ybx3**, Ybx3* and Ybx3” mice revealed non-mitochondrial
components like nuclear or cell membrane fragments.

Beside chemical compounds that target the dysfunction of mitochondria (Figure 6),
mitochondrial transplantation is a hew experimental technique for the prevention and therapy
of kidney disease. Therefore, mitochondrial transfer represents a starting point for protective
strategies in IRI of the kidney and heart. Recently, such an approach improved cardiomyocyte
function in pediatric patients requiring postcardiotomy extracorporeal membrane oxygenation
(ECMO) for severe refractory cardiogenic shock after IRI1.2°2 Furthermore, mitochondrial
transfer from mesenchymal stem cells structurally and functionally repaired renal proximal
TECs in diabetic nephropathy by regulating SOD2, B-cell lymphoma 2 (Bcl-2), Bcl-2-
associated X protein (Bax) and PGC-1a expression and suppressing ROS production, thereby
inhibiting apoptosis.’®® In Yorkshire pigs, mitochondrial transfer by intra-arterial injection
protected from bilateral IRI.2** Mitochondrial transplantation therapy has shown to increase
renal function and antioxidant enzyme levels in an AKI model in rats. Kubat et al. showed that,
the transfer of isolated mitochondria from mesenchymal stem cell following doxorubicin-
mediated nephrotoxicity into the renal cortex, decreases the cellular oxidative stress and
promotes the regeneration of tubular cells after renal injury.'%

However, there is a need of clinical studies to evaluate these mitochondria-related therapies.
With a better understanding of the mitochondrial genome, physiology and function, benefits
will be realized in animal studies to improve the efficacy and safety of mitochondrial-related

therapies in human clinical trials.
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5.5 Protective mechanisms against ferroptosis in Ybx3 knockout TECs following IRI

Other groups report ferroptosis as a key cell death pathway in tubular cells following IRI.196-200
Our in vitro and in vivo analyses support this, e.g. the transcriptome data (Figure 23b), SYTOX
Green assay (Figures 25g-h) and confirmatory Western analyses (Figures 24b-c).
Remarkably, several mechanisms of cell protection are operative in Ybx3 knockout cells. First,
the antioxidant system is upregulated, which renders the cells less susceptible towards intra-
and extracellular ROS exposure (Figures 24b-c, 25d-f). Unexpectedly, mROS levels in the
kidneys of Ybx3 knockout animals following IRl were lower than in wild type animals although
the mitochondrial activity is higher (Figure 24c). The latter phenomenon contradicts common
views, however it may reflect a net effect of cell protection. It has been recently shown that
GPX4 protects cells against oxidative stress and ferroptosis. Inactivation of GPX4 in mice
contributed to IRI-induced AKI by sensitizing kidneys to tubular ferroptosis.'®® We therefore
assume that increased levels of GPX4 in Ybx3” TECs protect cells from ferroptosis, whereas
apoptosis is not effected by Ybx3 deletion (Figure 23a). Second, the ATP content of Ybx3
knockout cells is higher (Figure 12b) and these cells have a higher fatty acid uptake rate
(Figure 11d). Thus, the threshold for energy deficiency is skewed towards cell protection.
Third, our overall findings indicate a pronounced change of the transcriptome with less

abundance of ferroptosis-related transcripts in stressed Ybx3 knockout animals (Figure 23b).
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Figure 27. Protective mechanisms against ferroptosis in Ybx3 knockout TECs.

The deletion of DbpA results in phenotypic changes of proximal tubular cells that become particularly apparent
following hypoxia. Metabolism for fatty acids, B-oxidation, glycolysis and mitochondrial respiration via the ETC result
in differences of ATP synthesis. In addition, antioxidant mechanisms are more activated in cells that lack DbpA.
Ultimately ROS synthesis differs. Following experimental IRI ferroptosis takes place as distinguishing injury pattern
in wild type but not Ybx3 knockout animals.
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Moreover, the expression of the mitophagy marker PINK1 was decreased in kidney tissue
lysates obtained from Ybx3™ animals (Figures 24b-c), as well as its downstream target Parkin
in TECs (Figures 25d-e). Thus, an altered mitochondria turnover is likely. We hypothesize that
regular and effective mitophagy and mitochondrial renewal takes place in the Ybx3” TECs
cells, resulting in powerful mitochondria with increased metabolic activity and mitochondrial

membrane potential.

5.6 AKlas aglobal public health concern

The diagnosis of AKI is mainly based on rising serum creatinine values, according to the
KDIGO guidelines.t42° The molecular mechanisms underlying injury patterns are closely
linked with activated cell stress programs and cell damage, given the high oxygen consumption
rate of tubular cells and their metabolic activity.®” Episodes of acute tubular cell stress are
common events, e.g. with acute blood loss during traumatic accidents or postpartum. Other
causes include episodes of hypotension with bacterial infection and sepsis or in aging patients
diagnosed with morbidities, such as heart failure or arterial hypotension.?°? Hypotension may
ensue under circumstances of impaired fluid intake and negative water balance with sequela
of AKI. Numbers on AKI sum up to 13.3 million patients with 1.7 million deaths per year globally,
which is a major public health concern.” National health systems, such as the UK National
Health Service, report on AKI-associated costs that sum up to a share exceeding the combined
costs for lung, breast and skin cancer altogether.?®® Thus, the overall clinical and
socioeconomic relevance of AKI is immense. Given these circumstances, there is an urgent
need to understand the critical steps in cell damage, especially for the most oxygen-dependent,
vulnerable proximal tubular cells.'!! Ideally, one envisions a remedy that confines damage and

limits the inflammatory response and organ fibrosis.

5.6.1 Animal models of AKI

Animal models have provided important insights into the underlying pathophysiology of AKI.
However, until now, only a few therapeutic agents with protective effects in regard of AKI in
these animal models, have been successfully translated to the clinic. Current in vivo models
of AKI in young and healthy rodents point out pathophysiological mechanisms of injury and
repair. However, they cannot mimic the complex comorbidities of a heterogeneous patient
population including aging, diabetes mellitus, hypertension, vascular disease and pre-existing
CKD."" Therefore, animal models that better represents the patient population are necessary.
Rodent models of renal ischemia-reperfusion associated with aging, diabetes and CKD

induced by three-quarter-nephrectomy have been developed.?04-20%
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5.6.2 DbpA as a promising therapeutic targeting protein in the context of AKI

The expression of cold shock protein YB-1 serves as a reliable biomarker for various diseases,
i.e. cancer.>*%% Therapeutic interventions targeting CSPs are feasible, given their diverse roles
both inside and outside the cell. Since the CSD of the CSPs is highly conserved, it can be
assumed that similar interventions of YB-1 are possible to reduce the activity of DbpA.

We propose that targeting DbpA is a promising therapeutic intervention in the context of AKI.
A possible starting point for intracellular DbpA blockade is the application of microRNAs (miR).
Pan et al. showed that overexpression of miR-191 suppresses the expression of DbpA and its
downstream factor cyclin D1.1% Hence, pre-emptive DbpA targeting in situations with expected
IRI, such as kidney transplantation or cardiac surgery, may potentially preserve kidney

function.

5.7 Limitations and future directions in studying DbpA's role in kidney IRI

There are several limitations in our study. The kidney phenotyping and extensive analyses on
cell composition within the tubular compartments in conventional Ybx3 knockout animals may
not preclude systemic changes of cell and lipid metabolism. Our analyses indicate that a key
enzyme for ATP homeostasis, the phosphorylation of AMPK, is more abundant in knockout
animals and may have a major impact on cell homeostasis in and beyond the kidney. These
may arise due to changes of amino acid metabolism or other regulatory pathways. To exclude
a compromised tubular cell differentiation process within the kidney of knockout animals, we
performed extensive gquantification of principal and intercalating cells. The tubular structures
are normal in composition, indicating no primary developmental deficit. Kidney function
parameters such as urine output, osmolality, pH, albuminuria, proteinuria, plasma creatinine,
BUN and FITC-sinistrin are unaffected in knockout animals. A cohort of Ybx3 knockout animals
was observed over 24 months, yielding no apparent phenotypic changes or altered life
expectancies. Thus, the lower body weight does not translate into a clinical relevant phenotype
of animals that are kept in a pathogen-free environment. It remains elusive what proportion of
the cellular pool is found in the mitochondria and how DbpA is shuttled there. Respective
consensus mitochondrial targeting motifs were not yet published, thus mapping of functional
domains may be elusive. In this study we did not address overall alterations of cell metabolism
in Ybx3 knockouts given the profound upregulation of the phosphorylation of AMPKa and lean
body mass.

In summary, we introduce cold shock protein DbpA as a key mediator of renal IRI. In animals
and cells that lack DbpA protein, mitochondrial function and antioxidant activities are adjusted

to levels that convey resistance towards acute cell damage.
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