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Abstract

The complex structural and functional organization of the kidneys as well as the heterogeneity

of underlying etiologies of kidney disease complicate therapy. Treatment might benefit from the

identification of common disease mechanisms that are shared by various kidney pathologies.

The polyamine system is a highly conserved network consisting of the biogenic polyamines

putrescine, spermidine, and spermine. Polyamines are organic polycationic molecules with

several amino groups. Because of their positive charge, polyamines can bind to proteins and

nucleic acids, thereby influencing a plethora of cellular processes. The polyamine homeostasis

is frequently dysregulated in acute and chronic renal pathologies. As polyamines are involved

in injury and repair in different organs, the hypothesis is tested that different forms of renal injury

lead to a similar dysregulation of the polyamine system and that changing polyamine levels

have an influence on the severity of renal injury. Eleven different animal models of acute and

chronic kidney injury with various etiologies were used. Among these models, a similar pattern

of polyamine dysregulation was observed. While the polyamine synthesizing genes Odc1, Srm

and Sms are downregulated, polyamine catabolism by Aoc1, Smox or Sat1 is upregulated after

injury. Here, ODC1 and AOC1, which can synthesize and degrade putrescine respectively

show the most prominent changes. While Odc1 is strongly expressed in healthy kidneys, Aoc1

shows little expression. After injury however the expression shifts with Aoc1 strongly increasing

and Odc1 being reduced. Within the injured kidney, AOC1 is necessary for degradation of

putrescine and ablation of Aoc1 increases renal putrescine levels after injury. Different stimuli,

leading to increased Aoc1 expression were assessed and hyperosmolarity was found as a

strong stimulus. Hyperosmolarity stimulates transcription of Aoc1 involving NFAT5 and also

stabilizes Aoc1 mRNA.The transcriptional activation is initiated at a promoter element of a

certain isoform, containing additional N-terminal amino acids, leading to increased secretion.

Using a germline deletion of Aoc1 in mice, it was tested whether ablation of Aoc1 changes the

outcome of kidney injury. Here, only mild improvements were detected, including the reduction

of intratubular casts after ischemia-reperfusion injury. These data show that various types of

acute and chronic kidney injury result in a similar dysregulation of the polyamine system with

inhibition of polyamine synthesis and activation of polyamine breakdown. Furthermore, it is

shown that polyamine homeostasis influences regeneration after renal injury.
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Zusammenfassung

Die komplexe strukturelle und funktionelle Organisation der Nieren, sowie die Heterogenität

der zugrundeliegenden Ursachen von Nierenerkrankungen, erschweren die Therapie.

Die Behandlung von Nierenerkrankungen könnte von der Identifizierung übergreifender

Mechanismen profitieren. Das Polyaminsystem ist ein stark konserviertes Netzwerk, das

aus den biogenen Polyaminen Putrescin, Spermidin, und Spermin besteht. Polyamine

sind organische, polykationische Verbindungen mit mehreren Aminogruppen. Aufgrund ihrer

positiven Ladung können Polyamine an Proteine und Nukleinsäuren binden und dadurch eine

Vielzahl von zellulären Prozessen beeinflussen. Die Polyamin-Homöostase ist bei akuten und

chronischen Nierenerkrankungen häufig gestört. Da Polyamine in verschiedenen Organen

an Schädigung und Reparatur beteiligt sind, wird die Hypothese geprüft, dass verschiedene

Formen der Nierenschädigung zu einer ähnlichen Dysregulation des Polyaminsystems führen

und dass veränderte Polyaminspiegel einen Einfluss auf die Schwere der Nierenschädigung

haben. Es wurden elf verschiedene Nierenschädigungsmodelle verwendet darunter Modelle

für akute und chronische Nierenschädigungen unterschiedlicher Ätiologie. Innerhalb

dieser Modelle wurde ein ähnliches Muster der Dysregulation beobachtet. Während die

Polyamin-synthetisierenden Gene Odc1, Srm und Sms vermindert exprimiert werden, wird

der Polyaminabbau durch Expression von Aoc1, Smox oder Sat1 nach der Schädigung

verstärkt. Hier zeigen ODC1 und AOC1, die Putrescin synthetisieren beziehungsweise

abbauen können, die auffälligsten Veränderungen. Während Odc1 in der gesunden Niere

stark exprimiert wird, zeigt Aoc1 nur eine geringe Expression. Nach der Schädigung

verschiebt sich jedoch die Expression, wobei die mRNA der Aoc1 stark zunimmt und

Odc1 reduziert wird. In der geschädigten Niere ist AOC1 für den Abbau von Putrescin

notwendig, und die Deletion von Aoc1 erhöht den Putrescinspiegel in der geschädigten Niere.

Verschiedene Stressoren wurden untersucht, ob diese zu einer erhöhten Aoc1-Expression

führen. Hier erwies sich Hyperosmolarität als starker Stimulus. Hyperosmolarität kann die

Aoc1 Expression über den Transkriptionsfaktor NFAT5 transkriptionell aktivieren, aber auch die

Aoc1-mRNA stabilisieren. Die transkriptionelle Aktivierung wird an einem Promotorelement

einer bestimmten Isoform initiiert, welche zusätzliche N-terminale Aminosäuren enthält,

was zu einer verstärkten Sezernierung führt. Durch eine Keimbahndeletion von Aoc1 in

Mäusen wurde getestet, ob diese das Ergebnis einer Nierenschädigung verändert. Hier

wurden lediglich leichte Verbesserungen der Nierenmorphologie festgestellt, einschließlich der

Verringerung von intratubulären Ablagerungen nach Ischämie-Reperfusionsschädigung. Diese

Daten zeigen, dass das renale Polyaminsystem mit Hemmung der Polyaminsynthese und

Aktivierung des Abbaus auf Nierenschädigungen reagiert und dass die Polyamin-Homöostase

die Regeneration nach Nierenschädigungen beeinflusst.
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1 I Introduction

1.1 Structural and functional organization of the kidney

The kidney is a paired organ in the retroperitoneal space, which is best known for its excretory

function. Additional tasks include the regulation of extracellular volume, arterial blood

pressure, acid-base homeostasis, and erythropoiesis. Each kidney has its own blood supply

from the Arteria renalis and drains into the systemic circulation via the Vena renalis. A single

kidney is built up from more than one million nephrons representing the smallest functional

units. The nephron is composed of the renal corpuscle (the glomerulus within Bowman’s

capsule) to filter the blood and the tubular system (the proximal tubule, the loop of Henle,

the distal tubule, and the collecting duct) to reabsorb all indispensable molecules (figure 1a).

Incoming blood is filtered within the glomerulus through the glomerular capillaries. Here, the

hydrostatic pressure drives fluid and filtratable solutes from the blood across the glomerular

filtration barrier into Bowman’s space. This barrier consists of a negatively charged surface,

repelling most plasma proteins while retaining high permeability to small molecules with radii

smaller than 40 Å including water, glucose, amino acids, and electrolytes [1, 2]. The flow

rate of filtered fluid, or glomerular filtration rate (GFR), is highly dependent on the hydrostatic

pressure exercised by the intrarenal blood pressure. To prevent that changes in the systemic

blood pressure have a direct effect on the intrarenal blood pressure and thus the GFR, the

kidneys are able to intrinsically regulate their own blood flow [3]. The renal blood flow is almost

constant in the range between 80 and 170 mmHg systemic blood pressure [4]. The combined

GFR of both kidneys amounts to around 180 L per day. As the resulting ultra-filtrate (primary

urine) is identical to the volume of filtered plasma, the kidneys must counteract the imminent

volume depletion. Therefore, the kidneys reabsorb most of the water and many filtered

compounds while retaining waste products in the tubular fluid. Reabsorption is achieved by

the different tubular segments of the nephron (figure 1a).

While the proximal tubules reabsorb most of filtered solutes including vast amounts of

electrolytes, glucose, amino acids, and water, the distal segments control adjustment of

osmoregulation by precise salt and water reabsorption. The luminal surface of the proximal

convoluted tubule contains a dense brush border membrane (figure 1b). Reabsorption in the

proximal tubules is mainly dependent on cotransport with sodium. The reabsorption of sodium

from the urine is driven by the activity of a basolateral Na+/K+-ATPase, which transports

sodium ions into the interstitium. ATP for Na+/K+-ATPase activity is generated in mitochondria

by oxidative phosphorylation of free fatty acids. Within the kidney, mitochondria are densely

packed in the proximal tubular epithelium.
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Figure 1: Anatomy of the kidney and the nephron.
a) Schematic illustration showing a multipapillary kidney with the connecting renal artery, vein, and the
ureter. The magnification shows a schematic nephron. b) Representative PAS staining within the murine
cortex. Selected structures of the nephron are shown in original colors, everything else in greyscale.
Arrows indicate brush border membrane.

After passing the proximal tubule, the primary urine enters the loop of Henle. The main

function of this nephron segment is the establishment of a cortico-medullary osmotic gradient

which is used in a counter current multiplier system for urine concentration. The descending

limb of Henle’s loop is water permeable through its aquaporin 1 (AQP1) channels, whereas

the whole ascending limb of Henle’s loop is resistant to transepithelial water flux. The thick

ascending limb pumps NaCl from the tubular fluid into the interstitium, but water cannot follow.

Water is therefore reabsorbed from the thin descending limb as it follows the osmotic gradient

established by the NaCl transport activity of the thick ascending limb. The osmolality within the

descending limb and the interstitium are therefore equal and increase from the kidney cortex

towards the medulla. However, the osmolarity in the tubular fluid decreases along the thick

ascending limb due to net NaCl reabsorption and water retention. The distal convoluted tubule

continues to reabsorb more ions including sodium, chloride, and calcium. Under the influence

of vasopressin, the collecting duct is water permeable through the incorporation of aquaporin 2

(AQP2) channels. Following the cortico-medullary osmotic gradient, the osmolality in the

tubular fluid steadily increases until finally reaching osmolality of up to 1300 mOsm/kg under

complete vasopressin mediated antidiuresis. The urine is drained from the renal pelvis through

the ureter into the urinary bladder.

Tubular reabsorption and concentration of urine demands a specialized vascular architecture.

The arteriole reaching the glomerulus (vas afferens) branches into the glomerular capillary

bed and leaves it again in form of the vas efferens. The vas efferens is not a vein but an

artery that further supplies the cortical tubular cells through the peritubular capillary bed.
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The renal circulation is therefore arranged in series, supplying first the glomerular capillary

bed for filtration and afterwards the peritubular capillary bed to provide energy to the tubular

epithelium and returning reabsorbed molecules into circulation. While a fifth of the cardiac

output perfuses the kidneys, its oxygen consumption is relatively low with an arteriovenous

oxygen difference of only around 10-15% [5, 6]. The cortex is receiving roughly 90% of

the renal blood flow, whereas the inner medulla receives only 1-2% [7]. The proximal

tubules reabsorb many compounds including around 60% of filtered water [8, 9] and around

50% of total NaCl [10]. Its Na+/K+-ATPase dependent transport processes are energetically

expensive, and the high perfusion rate is necessary for maintaining filtration and reabsorption.

Therefore, renal oxygen consumption is based on Na+/K+-ATPase activity and not on the

kidney’s metabolic needs. With a decreasing renal blood flow and less filtration, there is a

reduction in reabsorption together with decreasing Na+/K+-ATPase activity and therefore a

decreasing oxygen consumption. The kidney is unique, as renal blood flow regulates the renal

oxygen consumption. In other organs such as the brain or heart, the metabolic needs i.e., the

oxygen consumption of the tissue is regulating the blood flow. This makes the kidney extremely

sensitive to ischemic periods.

1.2 Renal pathophysiology

Renal pathologies are generally classified in two major categories, acute kidney injury (AKI)

and chronic kidney disease (CKD). AKI is defined by an abrupt reduction in GFR [11]. This

decrease in GFR is usually associated with an increase in serum creatinine and a reduction

of urine excretion (oliguria) or both. CKD is defined as “abnormalities of kidney structure or

function, present for >3 months, with implications for health” [12]. Kidney disease in general

is a global health burden. CKD of any stage exhibits a global prevalence of 13.4% [13]. In

high-income countries, hospital-acquired AKI is most common with 21.6% of hospitalized

adults and 33.7% of children developing AKI [14, 15]. Notably, AKI can progress to CKD and

is considered to be a risk factor for CKD [16], the following paragraphs focus therefore on the

classical classification of AKI etiologies.

AKI etiologies can be grouped into prerenal, renal and postrenal causes. Prerenal AKI results

from a critical reduction of blood supply to the kidneys leading to a decrease in GFR. Typical

insults include volume depletion, severe arterial hypotension, heart failure and renal artery

stenosis [17]. Pathophysiological, prerenal AKI is caused by an imbalance between the delivery

of oxygen and nutrients and the requirements of the nephron [18–20]. A common feature

of prerenal kidney injury is therefore hypoperfusion leading to reduced tissue oxygenation

and thus hypoxia [17]. This can result in ATP depletion [21] with consecutive metabolic

changes causing alterations of the tubular epithelium and other cell types [22]. The kidneys

are the organ with the second highest abundancy of mitochondria [23] and require a constant

supply with oxygen for normal function. Especially the mitochondria-rich proximal tubules are

therefore at risk of energy shortage due to hypoxic episodes and other reasons.
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Renal forms of AKI are caused by injury of the major structures of the kidney, i.e., the

tubules, glomeruli, interstitium and blood vessels. Tubular damage and necrosis can occur

during prolonged hypoxic episodes, when the energy consumption of the kidneys exceeds the

supply with oxygen and nutrients. Exogenic nephrotoxic drugs such as aminoglycosides or

cisplatin can directly damage the tubules. But also endogenous molecules such as myoglobin,

which is released upon massive muscle injury (rhabdomyolysis) can damage the tubules [24].

Glomerulonephritis, i.e., the inflammatory infiltration of the filtering units of the kidney, is a

cause of glomerular injury. Interstitial damage can result from allergic reactions or infections.

Vascular injury is observed in malignant hypertension, where elevated blood pressure results in

necrosis of the arterial wall. Postrenal injury is commonly caused by a blockage in the urinary

tract leading to increasing intratubular pressure and consequently a reduction in GFR. Causes

of postrenal AKI include intrarenal obstruction of urinary flow by kidney stones and blood clots,

or extrarenal ureteral obstruction by prostate hypertrophy, cancers, or other reasons.

1.3 Molecular and histopathological changes in the regenerating
kidney

Many molecular and histopathological changes occur in a dynamic fashion after kidney injury.

This is partly due to the heterogeneity of the underlying etiologies, but also because of

the kidneys’ intrinsic ability for self-repair. Furthermore, different etiologies lead to different

patterns of injury. While ischemia reperfusion injury (IRI) damages mostly the proximal

tubules [25,26] , radiocontrast-induced nephropathy is associated with injury predominantly of

the thick ascending limbs [27].

Damage to the nephron is often accompanied by visible histological alterations. A typical

hallmark seen during prolonged ischemia is tubular necrosis. While appearing dilated,

damaged tubules present flattened epithelia with a loss of the brush border membrane. The

luminal space is frequently filled with casts consisting of detached tubular cells that obstruct

the tubular lumen [26]. Tubular damage is caused mainly by necrosis, necroptosis and

apoptosis [28] starting as early as six hours after IRI [29]. Injured epithelial cells, which do

not become necrotic, undergo diverse adaptive processes. One of the early adaptations is

the upregulation of neutrophil gelatinase-associated lipocalin (NGAL), which can already be

detected three hours after IRI [30]. NGAL mediates antiapoptotic and antioxidant effects,

preserving the tubular epithelium [31]. These surviving epithelial cells are reprogrammed

and start to regenerate the injured tubule [32]. During this process, these cells lose their

polarity and show cytoskeletal changes [33]. A common marker of their dedifferentiation

is the intermediate filament vimentin (VIM), which is normally restricted to mesenchymal

cells [34]. One of the most striking changes in regenerating tubular epithelial cells, however,

is the induction of kidney injury molecule-1 (KIM1). KIM1 is expressed in dedifferentiated,

regenerating tubular cells where it promotes migration and proliferation [35].
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However, renal cells can also fail to repair [32]. These cells become arrested at the G2/M cell

cycle and produce transforming growth factor β1 (TGFβ), a cytokine that drives fibrosis [36].

Fibrosis is the scarring of tissue by substantial deposition of extracellular matrix components.

Most fibrosis is observable within the interstitium, where pericytes are a major source for

myofibroblasts [37]. Myofibroblasts are characterized by their neo-expression of α-smooth

muscle actin (αSMA) and their ability to proliferate and deposit vast quantities of extracellular

matrix [38].

Importantly, many inflammatory processes can take place after kidney injury. One of these

is the increase in mononuclear phagocytes such as macrophages. While macrophages are

known to contribute to AKI [39, 40], they are necessary for clearing of debris and tissue

restoration in CKD [41]. Generally, mononuclear phagocytosis occurs after injury with

macrophages secreting pro-inflammatory mediators like tumor necrosis factor alpha (TNFα)

and interleukin 1 beta (IL1β) [42]. Later occurring M2 macrophages however start to secrete

anti-inflammatory mediators like TGFβ or interleukin 10 (IL10), contributing to recovery [43].

In summary, the processes after injury are diverse and depend on the underlying etiology.

However, there are conserved processes that can be used for discrimination of different cells

and their fate in the injured kidney.

1.4 Experimental models of kidney injury

Preclinical models of AKI and CKD are an integral part in studying pathophysiological

mechanisms and developing new therapeutics and interventions. Therefore, different acute

and chronic kidney injury models were established over time, many of them using mice as a

model organism. The following paragraphs give an overview of the experimental kidney injury

models used in this study.

IRI and kidney transplantation are widely used as prerenal AKI models. In the unilateral IRI

model, the Arteria and Vena renalis of one kidney are clamped. The depletion of energy [44],

hypoxia [45] and the accumulation of toxic metabolites [46] leads to injury of the kidney. The

contralateral kidney remains untouched and can be used as a control. This model ressembles

allograft transplantation model in regard of the underlying pathology. However, ischemia of the

allograft is established ex vivo and in cold conditions. The second difference is the immune

reaction that occurs after allograft transplantation. Depending on the used mouse strains and

alloantigens, survival and rejection times are variable [47,48].

Chronic intra-renal models are often based on microvascular damage achieved by malignant

hypertension or diabetes. Examples are the streptozotocin-induced diabetic nephropathy,

the two kidney, one clip (2K1C) hypertension model and the angiotensin II hypertension

model. Administration of streptozotocin destroys the insulin producing cells in the pancreas
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and induces a pathology resembling human type I diabetes. This results in glomerular

damage with thickening of the mesangium [49], fibrosis [50] and activation of reactive

oxygen species [51], therefore reducing kidney function. In the 2K1C model, a clip is

applied to the artery of one kidney, resulting in reduced perfusion. Subsequent activation

of the renin-angiotensin-system causes systemic arterial hypertension. Another possibility

to achieve chronic hypertension in animals is the direct administration of angiotensin II. The

resulting elevated blood pressure leads to increased intraglomerular pressure and damages

the vasculature. As consequence, kidney perfusion is reduced, and glomerular filtration rates

decrease.

Other models of renal AKI and CKD target the tubulointerstitial cells. In the rhabdomyolysis

model, rapid destruction of skeletal muscle tissue leads to a strong myoglobinaemia.

Myoglobin can pass the glomerular filtration barrier and cause tubular injury and necrosis [52].

In contrast to the other acute models, namely IRI and transplantation, rhabdomyolysis-induced

kidney injury progresses faster, exhibiting more necrosis [53]. Cyclosporine A (CsA)

administration is considered as a model of CKD. CsA is an immunosuppressant given after

organ transplantation. As an adverse effect, CsA can induce chronic nephrotoxicity associated

with interstitial renal fibrosis. The excess production of extracellular matrix replaces injured

cells without restoring their original function. Other chronic models such as the high-oxalate

diet or adenine-induced nephropathy are characterized by their potential to injure tubules

by deposition of crystals. A high-oxalate diet leads to formation of calcium-oxalate crystals

within the tubular system. This induces tubular damage mainly by NLRP3-mediated

inflammation [54]. Adenine-induced nephropathy by feeding of a special diet containing

adenine results in deposition of the metabolite 2,8-dihydroxyadenine, therefore exhibiting toxic

effects on the tubules [55].

The most common model for postrenal kidney injury uses unilateral ureteral obstruction.

Here, one ureter is surgically ligated. As a consequence, backlog of urine increases the

hydrostatic pressure in the tubular system [56] leading to hypoxia and fibrosis [57], immune

cell infiltration [58] and apoptosis [47] in the kidney.

Altogether, the heterogeneous nature of AKI and CKD necessitates a variety of models

to reproduce different human kidney pathologies. Even though most models share major

pathophysiological mechanisms such as hypoxia or damage by reactive oxygen species, each

model has unique mechanisms leading to the development of AKI or CKD.

1.5 The polyamine system

Polyamines are naturally occurring polycations with multiple functions. Polyamines are present

ubiquitously in all living organisms. In eukaryotes, the biogenic polyamines are the diamine

putrescine, the triamine spermidine and the tetraamine spermidine (figure 2a). Polyamines
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are ingested by food [59], derived from the gut microbiota [60] and endogenously produced.

The homeostasis of polyamines is tightly controlled by their rate of synthesis, interconversion,

and degradation.

The synthesis, interconversion and degradation of polyamines are shown in figure 2b.

The rate-limiting step in polyamine biosynthesis is the decarboxylation of ornithine

to putrescine, which is catalyzed by ornithine decarboxylase 1 (ODC1). The next

step is the formation of spermidine. Here, an aminopropyl group originating from

decarboxylated S-adenosylmethionine (dcSAM) is added. This reaction is catalyzed

by the aminopropyltransferase spermidine synthase (SRM). Afterwards, another

aminopropyltransferase, namely the spermine synthase (SMS) catalyzes the addition of

another aminopropyl group from dcSAM to spermidine, forming spermine. Spermine

is degraded by the spermine oxidase (SMOX). Oxidation of spermine generates

3-aminopropanal, H2O2 and spermidine. Spermidine/spermine N1-acetyltransferase (SAT1)

is another degrading molecule. This enzyme catalyzes the transfer of an acetyl group from

acetyl-coenzyme A to spermidine or spermine resulting in the formation of N1-acetylspermidine

and N1-acetylspermine, respectively. These acetylated derivatives are either secreted [61] or

interconverted by the polyamine oxidase (PAOX). PAOX can oxidize either N1-acetylspermine

forming spermidine and 3-acetamidopropanal or N1-acetylspermine forming putrescine and

3-acetamidopropanal. In mammals, polyamines can be degraded by copper-containing

oxidases such as the amine oxidase copper containing 1 (AOC1). Putrescine is broken-down

by AOC1 into 4-aminobutanal, ammonia and hydrogen peroxide.

Figure 2: Structural representation of the polyamine system and schematic overview of
polyamine metabolism.
a) Structures of the three biogenic polyamines putrescine, spermidine and spermine. b) Representation
of the polyamine system; ODC1 = Ornithine decarboxylase 1, SRM = Spermidine synthase, SMS =
Spermine synthase, SMOX = Spermine oxidase, SAT1 = Spermidine/spermine N1-acetyltransferase 1,
PAOX = Polyamine oxidase, AOC1 = Amine oxidase copper containing 1, dcSAM = decarboxylated
S-adenosylmethionine, MTA = 5’-Methyladenosine.
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The diverse functions of polyamines are mainly based on their ability to strongly interact with

anions such as nucleic acids and phospholipids [62]. Polyamines can regulate transcription

and translation by alterations of DNA conformation [63], chromatin structure [64], DNA

stability [65], and increasing ribosome activity [66, 67]. By these processes, polyamines can

influence elemental cellular processes such as cell growth [68], cell cycle regulation [69],

proliferation [70] and apoptosis [71]. Polyamines play further a pivotal role in transcription

initiation by the eukaryotic initiation factor 5A (eIF5A). eIF5A is the only protein containing

the unique amino acid hypusine, formed from spermidine. This posttranslational addition

transforms the inactive eIF5A into its active form, enabling proliferation [72] and escape from

the G1 phase [73]. Besides these processes, polyamines influence cellular signaling [74, 75],

cell-cell interactions [76, 77] and ion channel activities [78–82]. Through these mechanisms,

polyamines are necessary for many physiologic processes. These include the normal

development of the embryo [83] and the central nervous system [84], intestinal epithelial barrier

function [85], angiogenesis [86], fertility [87] and functions of the immune system [88–92].

Because of their multifarious modes of action, polyamines are also involved in

pathophysiological processes. On one side, early studies suggested that the polyamines

spermidine and spermine are toxic, resulting in effects like nephrotoxicity [93] and systemic

hypothermia [94]. On the other hand, polyamine depletion can also have deleterious

consequences. For example, inactivation of the putrescine synthesizing enzyme ODC1

is embryonic lethal [95] and loss of function of SMS and therefore the inability to produce

spermine, results in Snyder-Robinson Syndrome. Snyder-Robinson syndrome is characterized

by intellectual disability, osteoporosis, seizures and kyphoscoliosis [96]. These, however, are

both extreme situations with organisms being challenged with too many or too little polyamines.

Pathophysiological, polyamines are associated with diverse traits. These include cerebral

disorders such as neurodegeneration [97, 98] and behavioral changes [99]. Increased

synthesis of polyamines and upregulation of ODC1 can be detected in different forms of cancer

such as skin cancer [100], lung mesothelioma [101] and prostate cancer [102]. Alterations in

polyamine metabolism were further shown in different injuries such as wounded skin [103],

ischemia reperfusion injury of the heart and kidney [104, 105], cerebral ischemia [106] and

transplanted liver [107]. Because of their dysregulation in various pathologies, polyamines

have been suggested as biomarkers in different cancers [108–110], Parkinson disease [111]

and lupus erythematosus [112].

8



1.6 Polyamines and the kidney

The glomerular basement membrane is the selective filtration barrier of the kidneys. Larger

molecules above 70 kDa [113] and anionic molecules are retained in the blood, whereas

polyamines as small cationic molecules are freely filtrated. While more than 80% of filtered

spermidine and spermine are thereafter reabsorbed from the tubular fluid, over 70% of filtered

putrescine is excreted in the urine [114]. This rate of excretion and reabsorption, however, is

disturbed in different kidney pathologies, leading to impaired polyamine homeostasis.

Patients with CKD often show increased levels of putrescine in their blood [115, 116],

probably due to reduced filtration. Spermidine and spermine are reduced in the blood of

these patients [115, 116], likely due to reduced reabsorption by the injured kidneys. Patients

developing AKI after cardiac surgery show increased spermidine levels in the urine [117]. In

a rat model of cisplatin-induced nephropathy, urinary excretion of spermidine and putrescine

was enhanced [118]. These findings indicate that reduced tubular reabsorption capacity

for polyamines plays a major role in the decrease of blood polyamines upon kidney injury.

However, a recent study linked elevated serum spermidine levels to a decline of estimated GFR

in CKD patients [119], which might indicate that reduced filtration of spermidine is not always

compensated by reduced reabsorption. The levels of circulating spermidine and spermine in

the blood can be influenced not only by excretion but also by synthesis and degradation. The

renal expression of the catabolic enzymes SAT1 and SMOX is increased in different models

of kidney injury such as IRI, cisplatin treatment and folic acid nephropathy [104, 120, 121].

Increased plasma AOC1 was also detected in patients with CKD [122]. Besides the increased

catabolism, the interconverting enzyme PAOX is increased in plasma of CKD patients [115],

leading to a shift in favor of smaller polyamines.

Dysregulation of polyamine homeostasis promoting their degradation is considered to be

damaging. Polyamine breakdown produces reactive hydrogen species and other toxic

byproducts. Reactive oxygen species generated by SMOX and PAOX cause oxidative

DNA damage in lung epithelial cells [123]. Another byproduct of polyamine catabolism by

SMOX and PAOX is acrolein, which is increased in the plasma of CKD patients [115, 116].

Consistently, inhibition of Paox protects against renal IRI [124]. Overexpression of polyamine

degrading Sat1 in kidney cells resulted in oxidative stress, decreased proliferation, reduced

cell attachment, mitochondrial damage, DNA damage with subsequent G2 arrest and

apoptosis [104, 125, 126]. In line with this, inactivation of Sat1 in proximal tubules of mice

attenuates the severity of renal IRI outcomes [124,127].

Kidney damage can be enhanced by degradation of polyamines and by polyamine depletion.

Inhibition of ODC1 results in exacerbated kidney injury by nitrative and oxidative stress as

well as plasma membrane disruption after IRI [128, 129]. These effects were alleviated by

pre-surgical administration of spermidine [128, 129]. Spermidine was further shown to induce
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autophagy in proximal tubular cells and podocytes, exhibiting protective effects [128, 130].

The administration of exogenous spermine alleviates kidney injury by type 1 diabetes and IRI

through promotion of autophagy and reduction of apoptosis [131,132].

Overall, dysregulation of polyamines is a hallmark of different kidney pathologies. Enhanced

breakdown of polyamines exacerbates kidney injury either by the increase in toxic byproducts

or by lowering the renoprotective capacity provided by spermidine and spermine.

1.7 Amine Oxidase Copper Containing 1 (AOC1)

The amine oxidase copper containing 1 (AOC1) is an 85 kDa large, secreted protein that

catalyzes the oxidative deamination of amines to the corresponding aldehyde under production

of hydrogen peroxide and ammonia. AOC1 exhibits highest affinity to the diamines histamine

and putrescine [133] and is expressed most strongly in the human intestine, kidney and

placenta, i.e. at the sites of histamine/ putrescine uptake and excretion [133].

AOC1 plays a major role in histamine degradation, and decreased serum AOC1 is common in

patients with histamine intolerance [134]. Increased plasma histamine as well as decreased

AOC1 activity is linked to migraine [135–137]. Oral administration of AOC1 can reduce

headache in these patients [138] and improves symptoms in patients with histamine

intolerance [139].

AOC1 levels are frequently altered in different pathologies. Decreased gut mucosa AOC1

activity was observed in Crohn’s disease [140] and, consistently, increased plasma AOC1

has been used as a marker for intestinal mucosal injury [141, 142]. Increased expression

of Aoc1 was also observed in other pathologies such as AKI [143], during cardiopulmonary

bypass [144] and in different forms of cancer [145–148]. Increased Aoc1 in cancer cells

promotes tumor progression and epithelial to mesenchymal transition [149], whereas a

decrease of AOC1 reduces tumor growth [150].

Besides AOC1’s role in polyamine and histamine homeostasis and its dysregulation in different

pathologies, little is known about its function and regulation.
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1.8 Aims and hypothesis

Due to renal injury of different etiologies, alterations in polyamine content in serum, urine, and

renal tissue are frequently detected together with alterations in mRNA levels of polyamine

regulating enzymes. These alterations are described in patients as well as in murine injury

models, underlining the conserved disposition of the polyamine system. Previous studies

demonstrated the possibility to influence polyamine homeostasis and therefore the severity

of renal injury. The main scope of this thesis is to evaluate genes regulating polyamine

homeostasis as targets for renoprotection.

To evaluate this, the aim of this thesis is to (I) characterize changes in genes regulating

polyamine homeostasis across a broad range of kidney injury models. The next aim is to

(II) evaluate potential stimuli leading to this dysregulation and to gain insights into cis- and

trans-acting factors regulating expression changes. Finally, the aim is to (III) gain insights into

potential mechanisms that follow the altered gene expression and if they are renoprotective or

aggravating kidney injury.
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2 I Material and Methods

2.1 Murine kidney injury models

Total RNA of the following murine kidney injury models was obtained from the authors of the

corresponding publications. The generation of the samples is published in detail. A brief

description of experimental procedures, summarized from the original publication is provided

here for each model.

In the unilateral ischemia reperfusion model [151] male C57Bl/6N mice were used at the age

of 9 to 10 weeks. The left renal pedicle was clipped for 25 min and kidneys were harvested

after (n=4), 24 hours (n=3), 48 hours (n=6), 7 days (n=6), and 21 days (n=6) of reperfusion.

For allograft transplantation of the kidney [152] male C57Bl/6 mice, weighing 24-28 g were

used. Following left nephrectomy of the recipient, the donor kidney was implanted. The times

of cold and warm ischemia of the graft were maintained at 40 min and 30 min, respectively.

The contralateral native kidney was removed 24 hours before the allograft harvest. RNA

was isolated from kidneys harvested 3 days (n=3), 5 days (n=5) and 7 days (n=5) after

transplantation.

In rhabdomyolysis induced AKI [53], mice of both sexes (24-31 g body weight) with the genetic

modification Pax8 rtTA x VHLfl/fl mice, but without doxycycline injection, were used. Therefore,

these mice are considered to display a wildtype phenotype. To induce AKI, 50% glycerol

(0.05 ml per 10 g body weight) was injected intramuscularly into the left hind limb. Drinking

water was withdrawn between 20 hours before and 24 hours after glycerol injection. The

kidneys were harvested 24 hours after glycerol injection. Here, 5 animals with rhabdomyolysis

and 3 untreated controls were used.

For CKD by cyclosporine A injection [153] 10- to 12-week-old mice with the genetic modification

Pax8 rtTA x VHLfl/fl mice but without doxycycline injection, therefore to be considered to

have a wildtype phenotype, were used. Animals had free access to distilled water and low

sodium chow (0.05% sodium content). Mice received for six weeks a daily subcutaneous

60 mg/kg CsA injection or the CsA solvent cremophore only as controls. Here, 5 animals with

cyclosporine A injection and 5 control mice were used.

Induction of diabetes by streptozotocin injection [154] was performed by a single intraperitoneal

injection of 200 mg/kg streptozotocin (n=6) dissolved in 0.1 M sodium citrate buffer (pH 4.5)

or solvent only as control (n=9). Wild type mice of a mixed C57Bl/6/129Sv background were

used. Diabetic and control mice were followed for six weeks.
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Hypertension was achieved by angiotensin II injection [155]. Male C57Bl/6 mice at

11-13 weeks of age had a subcutaneous implantation of osmotic mini-pumps delivering either

isotonic saline (n=5) or angiotensin II (n=7) at a rate of 3.0 mg/kg per min for 28 days. The

upper pole of the left kidney was snap frozen in liquid nitrogen for isolation of mRNA.

For inducing renovascular hypertension [156] the two-kidney, one-clip method was used in

male Sprague Dawley rats weighing 150-170 g by placing a silver clip of 0.2 mm internal

diameter around the left renal artery (n=6). Control animals underwent sham operation

without placement of the clip (n=6). Five weeks after clipping of the renal artery kidneys were

harvested.

For oxalate nephropathy [157] mice were fed a synthetic mouse diet with high oxalate (0.67%

sodium oxalate; n=14) or control (0% oxalate; n=4) for 21 days. Studies were performed on

12- to 16-week-old male C57Bl/6N wild-type mice. Mice were obtained from Charles River

Laboratory.

Unilateral ureter obstruction [158] was performed on male C57Bl/6 mice. Mice contain the

genetic modification Tie2-Cre x Hif-1αfl/fl and only cre negative animals were used. These

mice are considered to display the wildtype phenotype. Under isoflurane anesthesia, the right

ureter was twice ligated and cut (n=5). Untreated mice were used as control (n=5). Kidneys

were harvested after 7 days.

Conditional deletion of claudin 10 (Cldn10) in the thick ascending limb [159] was used as a

model for nephrocalcinosis. For generation of knockout animals loxP sites were introduced

flanking exons 2 and 3 of the Cldn10 gene, resulting in a premature stop codon in all Cldn10

isoforms (Cldn10fl/fl). These mice were bred to mice expressing Cre recombinase under

control of the cadherin 16 promoter (Ksp-cre) resulting in a thick ascending limb specific

knockout. Cldn10 knockout animals (n=4) or their control littermates (n=6) were used.

2.1.1 Generation of Aoc1 knockout mice

Heterozygous C57Bl6/N Aoc1tm1a(EUCOMM)Hmgu mice were provided by the European Mouse

Mutant Archive, Munich, Germany and backcrossed into the C57Bl/6J background.

The C57Bl/6J Aoc1tm1a(EUCOMM)Hmgu mice were bred at the Forschungseinrichtungen

für Experimentelle Medizin, Charité Universitätsmedizin Berlin, in accordance with local

rules and regulations. Ear punches of resulting C57Bl/6J Aoc1tm1a(EUCOMM)Hmgu mice

were used for genomic DNA extraction (2.7.1) and genotyped by PCR using primers

5’ TCAGCGCCTTCTGAGGTTGCTC 3’ and 5’ GGGCAAGAACATAAAGTGACCCTCC 3’

for detection of knockout alleles and 5’ GGTTGCTCGGTGTGTTTCATGGAT 3’ and

5’ GCTGTGCTCTGAAACATTTTCTGTGGTC 3’ for detection of wild-type alleles. Animals

13



homozygous for the knockout allele are designated as Aoc1-/- while the homozygous wild-type

allele is designated as WT.

2.1.2 Renal unilateral ischemia reperfusion injury

Renal unilateral ischemia reperfusion injury was induced surgically in Aoc1-/- and WT

mice aged 9-10 weeks. The procedures were carried out by Dr. Felix Boivin under

permission number G0180/18 at the Max-Delbrück-Centrum, Berlin, Germany. Briefly, animals

were anesthesized using 2.3% isoflurane and analgised using 0.05-0.1 mg/kg body weight

buprenorphine. The left renal pedicle was clamped for 25 minutes. After 21 days of reperfusion,

spontaneous urine was collected and animals sacrifized by cervical dislocation. Whole blood

was collected from the aorta and kidneys were excised. Serum was prepared according to

(2.2.1) and kidneys were frozen in liquid nitrogen for RNA extraction (2.7.4) and polyamine

measurements (2.2.2) or immersion fixed for histology (2.3.1).

2.1.3 Adenine nephropathy

Tubulointerstitial nephritis was induced in 13- to 26-week-old Aoc1-/- and WT animals by

feeding an adenine enriched diet (0.2% w/w (ssniff-Spezialdiäten, Soest, Germany)) or control

chow for 14 days. The study was permitted under the number G0085/22 and conducted

according to local rules. Spontaneous urine was collected one day prior to adenine feeding

and 8 and 15 days after. Animals were sacrificed under isoflurane anesthesia by cervical

dislocation. Quickly after, whole blood was drained from the heart through cardiac puncture

and kidneys were excised. Serum was prepared according to (2.2.1) and kidneys were frozen

in liquid nitrogen for RNA extraction (2.7.4) and polyamine measurements (2.2.2) or immersion

fixed for histology (2.3.1).

2.2 Clinical chemistry

2.2.1 Preparation of serum

Serum was prepared from whole blood through clotting at room temperature for 10 minutes

and subsequent centrifugation at 10°C and 2500 xg for 10 minutes.

2.2.2 Measurement of metabolites

Measurement of creatinine, albumine and urea in urine and serum samples was performed

by the department for clinical chemistry at the Max-Delbrück-Centrum, Berlin, Germany.

Determination of polyamines in urine, serum and tissue was performed by Lipidomix, Berlin,

Germany. The used method for determination of polyamines is described in detail elsewhere

[160].

14



2.2.3 Measurement of osmolality

Osmolality of cell culture supernatants was measured using the osmomat 3000 basic freezing

point osmometer (Gonotec Meß- und Regeltechnik, Berlin, Germany).

2.2.4 Determination of total urinary protein

Total urinary protein was detected using a BCA assay (Thermo Fisher, Waltham, USA)

according to the manufacturer’s protocol using spot urine 1:100 diluted in dH2O.

2.3 Histology

2.3.1 Preparation of formalin fixed, paraffin embedded kidney slices

The kidneys were immersion fixed for at least one week in Roti Histofix (Carl Roth, Karlsruhe,

Germany). Kidneys were embedded in Paraplast Plus (Leica, Wetzlar, Germany) using

an automated Leica TP1020 tissue processer (Leica, Wetzlar, Germany). Here, samples

were dehydrated and paraffinized by incubation for 1.5 hours in each step of an descending

ethanol dilution series (70% EtOH, 80% EtOH, 96% EtOH, 99% EtOH) followed by two

incubations in xylene and a 50°C 1:1 mixture of xylene and Paraplast Plus (Leica, Wetzlar,

Germany) and finally in 50°C Paraplast Plus (Leica, Wetzlar, Germany). The embedded

kidneys were sectioned into 1.5 µm slices using an automated HM355S microtome (Epredia,

Michigan, USA). Sections were mounted on SuperFrost Plus microscope slides (Thermo

Fisher, Waltham, USA) and stored at 4°C. Before use, sections were deparafinized by

incubation over night at 60°C and subsequent dissolving of paraffin using two 10 minute

washes in Neo-Clear (Sigma-Aldrich, St. Louis, USA).

2.3.2 Histochemical stainings and histomorphologic evaluation

Staining of renal sections using periodic acid Schiff reagent (PAS), hematoxylin and eosin

(HE) and Masson-Goldner trichrome (MGT) was performed by the institute for pathology

at the Charité – Universitätsmedizin Berlin, Germany, Berlin. Histomorphologic evaluation

was performed by acquiring four to five non-overlapping images from the renal cortex, each

representing 0.79 mm2, using a widefield Ti2 microscope (Nikon, Minato, Japan). Tubular

casts and mononuclear cells were manually counted. Determination of total healthy area was

performed using scans of kidney sections stained with MGT and by dividing the healthy cortical

area by the total cortical area. Determination of the relative fibrotic area was performed using

color thresholding in ImageJ version 1.53.

2.3.3 RNAScope in situ hybridization

RNAScope chromogen in situ hybridization on deparafinized kidney slices was performed

using the RNAScope 2.5 HD Assay Brown (Advanced Cell Diagnostics, Hayward, USA)
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Kit according to the manufacturer’s instructions with minor changes. A food steamer

(Braun, Kronberg im Taunus, Germany) was used for target retrieval for 15 minutes. AMP5

hybridization was prolonged to one hour. Counterstaining was performed using hematoxylin

solution, Gill No.1 (Sigma-Aldrich, St. Louis, USA) for 5 seconds and subsequent washes in tap

water. Slides were mounted using Aquatex (Sigma-Aldrich, St. Louis, USA). For fluorescent

staining, the RNAScope Multiplex Fluorescent V2 Assay (Advanced Cell Diagnostics, Hayward,

USA) was used according to manufacturer’s instructions. A food steamer (Braun, Kronberg im

Taunus, Germany) was used for target retrieval for 15 minutes. Labeling was performed using

Opal dyes (Akoya Biosciences, Marlborough, USA) at a dilution of 1:750. Slides were mounted

using Vectashield H1000 mounting medium for fluorescence (Vector Laboratories, Newark,

USA). Used probes are listed in table 2.1.

Table 2.1: Probes used for RNAScope Assays 2.5 HD Brown and Multiplex Fluorescent V2. Table
adapted from Sieckmann et al. [161].

Target Product number Channel

Odc1 417721 C1

Srm 559411 C1

Sms 559421 C1

Aoc1 524481 C1

Sat1 423361 C1

Paox 559401 C1

Smox 559431 C1

Lrp2 425881-C3 C3

Aqp1 504741-C2 C2

Umod 476301-C2 C2

Slc12a3 476311-C3 C3

Aqp2 452411-C3 C3

Odc1 417721-C2 C2

2.3.4 Immunohistochemistry

Deparafinized slides were rehydrated using an ascending ethanol dilution series. Here, slides

were incubated two times in 100% ethanol for 5 minutes. Afterwards, in 96% ethanol and

70% ethanol for 5 minutes and rehydrated by incubation in dH2O twice for 5 minutes. For

target retrieval, the slides were boiled in target retrieval solution (Dako, Carpinteria, USA) for

30 minutes using a food steamer (Braun, Kronberg im Taunus, Germany). Samples were

blocked for 1 hour using serum free protein block (Dako, Carpinteria, USA). For detection of

target proteins, 50 µL of specific primary antibody dilution (table 2.2) was added to each slide.

Incubation of primary antibodies was carried out over night at 4°C in a humidified chamber.

Afterwards, slides were washed three times for 10 minutes in TBST before addition of the

appropriate secondary antibody (table 2.2). After incubation for 1 hour in a dark humidified
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chamber at room temperature, slides were washed two times for 5 minutes with TBST before

staining of nuclei with DAPI (10 µg/mL, 10 min). After washing in TBST for 5 minutes, the

slides were mounted using Vectashield H1000 mounting medium for fluorescence (Vector

Laboratories, Newark, USA).

Table 2.2: Antibodies used for immunohistochemistry. Specified dilution refers to dilution in antibody
diluent reagent solution (Life Technologies, Carlsbad, USA) if not otherwise stated. Table adapted from
Sieckmann et al. [161].

Antigen Name Supplier
Product
number

Lot number
Final
conc.

AOC1
Rabbit anti AOC1,

polyclonal

LSBio

(Seattle, USA)
LS-C294123 171827 5 µg/mL

KI-67
Rat anti Ki-67,

monoclonal (SolA15)

Invitrogen

(Waltham, USA)
14-5698-82 2196796 5 µg/mL

KIM1
Goat anti KIM1,

polyclonal

R&D Systems

(Minneapolis, USA)
AF1817 KCA0319011 4 µg/mL

Vimentin
Rabbit anti Vimentin,

Monoclonal (ERP3776)

Abcam

(Cambridge, UK)
ab92547 3179947 1 µg/mL

Rabbit IgG

(H+L)
Donkey anti rabbit Cy3

Jackson

(Bar Harbor, USA)
711-165-152 109623 7.5 µg/mL

Rat IgG

(H+L)
Goat anti rat Cy2

Jackson

(Bar Harbor, USA)
112-226-003 62775 7.25 µg/mL

Goat IgG

(H+L)
Donkey anti goat A488

Jackson

(Bar Harbor, USA)
705-545-003 113181 7.5 µg/mL

2.3.5 Immunohistochemistry combined with RNAScope in situ hybridization

RNAScope in situ hybridization was performed according to the manufacturer’s instructions

using the Multiplex Fluorescent V2 Assay (Advanced Cell Diagnostics, Hayward, USA).

The protocol was continued up to the HRP blocking step. Therefore, the target retrieval,

hybridization of probes, amplifiers and fluorophore is completed. After the HRP blocking

step, slices were incubated for one hour at room temperature in serum free protein blocking

solution (Dako, Carpinteria, USA). Afterwards, immunohistochemistry protocol was performed

as described earlier (see 2.3.4).

2.3.6 TUNEL assay combined with immunohistochemistry

For the detection of necrotic and apoptotic cells, TUNEL assay was performed using the in

situ cell death detection kit (Roche, Basel, Switzerland). The deparafinized kidney slices were

rehydrated as described in the immunohistochemistry protocol (see 2.3.4). Afterwards, the

slices were blocked using serum free protein block (Dako, Carpinteria, USA) for 1 hour at

room temperature. The primary AOC1 antibody (table 2.2) was diluted at 5 µg/mL in the Kits

TUNEL solution and incubated on the slices for 1 hour at 37°C. The slides were washed two

times for 5 minutes in TBST and nuclei stained using DAPI (10 µg/mL) for 10 minutes. After a
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5 minute wash in TBST, slides were mounted using Vectashield H1000 mounting medium for

fluorescence (Vector Laboratories, Newark, USA).

2.3.7 Immunohistochemistry on whole mount specimens

Immunohistochemistry was performed on embryonic kidneys cultivated for one day in either

isosmotic or hyperosmotic (DMEM (Gibco, Carlsbad, USA), 10% FBS (Sigma-Aldrich, St.

Louis, USA), 0.2 M sucrose) conditions (see 2.6.2). After cultivation, the kidneys were

immersion fixed using Roti Histofix (Carl Roth, Karlsruhe, Germany) for 20 minutes. Fixation

was stopped by washing and subsequent incubation in 50 nM ammonium chloride in PBS

(Gibco, Carlsbad, USA) for 30 minutes at room temperature. The kidneys were washed and

incubated over night at 4°C in blocking solution (0.2% BSA and 0.05% Triton X100 in PBS

(Gibco, Carlsbad, USA)). The blocking solution was removed and the kidneys were incubated

using an antibody directed against AOC1 (LSBio, Seattle, USA (LS-C294123)) in blocking

solution at 2.5 µg/mL over night at 4°C. The kidneys were rinsed two times with blocking

solution and washed for 7 hours at 4°C in blocking solution with a change of the blocking

solution every 2 hours. The secondary antibody (table 2.2) was incubated over night at 4°C.

This step was performed at a dilution of 1:100 in blocking solution with the addition of DAPI

(10 µg/mL). Finally, the kidneys were rinsed two times with blocking solution before washing

for 2 hours in blocking solution at 4°C. The kidneys were mounted using Vectashield H1000

mounting medium for fluorescence (Vector Laboratories, Newark, USA).

2.4 Molecular cloning and generation of knockout cells

2.4.1 Aoc1 expression construct

Overexpression construct for Aoc1 was generated using primers for amplification

containing HindIII and Not I restictions sites (underlined) in addition to the

complementary sequence (5’ CGTAAGCTTGACGGAGCAGAGCACACAG 3’,

5’ CGTGCGGCCGCCTTCAGAGGCTGGGGTCAGA 3’). cDNA from C57Bl/6J duodenum

was used as a template and amplification was performed using the Expand Long Template

PCR System (Roche, Basel, Switzerland) according to the manufacturer’s instructions. The

amplicon was cloned into the pcDNA3 vector using HindIII and Not I. Correct sequence

and insertion into the plasmid was verified by Sanger sequencing (LGC, Teddington,

UK) from 5’ and 3’ ends inward using primers 5’ TAATACGACTCACTATAGGG 3’ and

5’ CTATTTAGGTGACACTATAG 3’.

2.4.2 Promoter construct generation

Promoter constructs were amplified using primers from table 2.3, which contain restriction sites

for MluI and Bgl II respectively in addition to the complementary sequence. The -2000 bp to

-1 bp (relative to transcription start site (TSS)) fragment was amplified from genomic DNA
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(see 2.7.1) of C57Bl/6 mice using the Expand Long Template PCR System (Roche, Basel,

Switzerland) according to the manufacturer’s instruction. Smaller fragments were amplified

using proof-reading Phusion DNA polymerase (NEB, Ipswich, USA). The plasmid containing

the -2000 to -1 bp fragment was used as a template. The amplicons were cloned into the

pGL3-basic vector (Promega, Madison, USA) using MluI and Bgl II.

Table 2.3: Primer used for amplification of Aoc1 promoter fragments. Restriction sites for MluI and Bgl II
are underlined. Minuscule letters indicate mutation of NFAT5 binding site.

5’ – 3’ Forward Sequence 5’ – 3’ Reverse Sequence
Position
rel. to TSS

CGTACGCGTTCACTAGTCTCCTGGGTAAACCTT CGTAGATCTTGAGCAGTGGAAAATTACAGAACC -2000 to -1

CGTACGCGTATGCTTATTAGCCTGATGGCCT CGTAGATCTTGAGCAGTGGAAAATTACAGAACC -1494 to -1

CGTACGCGTCAGCATGACCTTTCTTCTCAGT CGTAGATCTTGAGCAGTGGAAAATTACAGAACC -1003 to -1

CGTACGCGTCTAGATGGCCTGGGGTCCTATT CGTAGATCTTGAGCAGTGGAAAATTACAGAACC -499 to -1

CGTACGCGTCTTTCTCCAATAAGGGGCTTTA CGTAGATCTTGAGCAGTGGAAAATTACAGAACC -372 to -1

CGTACGCGTCAAGATGAATGGGCAGGGAGCA CGTAGATCTTGAGCAGTGGAAAATTACAGAACC -248 to -1

CGTACGCGTAGAGTGGGTGAGCTCTGTCCAA CGTAGATCTTGAGCAGTGGAAAATTACAGAACC -124 to -1

CGTACGCGTAGAGTGGGTGAGCTCTGTCCAA CGTAGATCTTGAGCAGTtGccAATTACAGAACC -124 to -1

2.4.3 eGFP-construct generation

eGFP fusion-protein constructs were generated by amplification of M15 cells cDNA for the

N-terminal AOC1 signal peptide and the signal peptide plus 22 additional amino acids

of Aoc1-205 using primers displayed in table 2.4. Amplification was performed using

proof-reading Phusion DNA polymerase (NEB, Ipswich, USA) according to manufacturer’s

instructions. The amplicons were cloned into the peGFP-N1 (Clontech Laboratories, Kyoto,

Japan) vector using HindIII and BamHI. Correct insertion and sequence was confirmed by

sequencing (LGC, Teddington, UK) using 5’ GCAAATGGGCGGTAGGCGT 3’ primer.

Table 2.4: Primer used for amplification of Aoc1 signal peptide sequence. Underlined bases indicate
HindIII and BamHI restriction sites.

Construct 5’ – 3’ Forward Sequence 5’ – 3’ Reverse Sequence

AOC1-SP CGTAAGCTTATGAGGCTGGCACAGATGAG CGTGGATCCACAGCAGATGCTGTGTCTG

AOC1-SP+22AA CGTAAGCTTATGGATCAGTGGTCTGCTGC CGTGGATCCACAGCAGATGCTGTGTCTG

2.4.4 CRISPR-Cas9 guide RNA expression construct

For generation of the Aoc1 targeting CRISPR/Cas9 construct,

oligonucleotides (5’ CACCGGTCTTCCAGAGCCATGAGGC 3’ and

5’ AAACGCCTCATGGCTCTGGAAGACC 3’) were ligated into BbsI cutted

pSpCas9(BB)-2A-GFP vector by Feng Zhang (Addgene plasmid # 48138

http://n2t.net/addgene:48138 ; RRID:Addgene_48138).
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2.5 Cell culture techniques

2.5.1 General cell culture

The mouse mesonephros derived cell line M15 [162] and the human embryonic kidney cell

line HEK293 (DSMZ, ACC 305) were cultivated in DMEM (Gibco, Carlsbad, USA) with the

addition of 10% FBS (Sigma-Aldrich, St. Louis, USA). The mouse distal convoluted tubule cell

line 209/MDCT (ATCC, Manassas, USA (CRL-3250)) was cultivated using RPMI 1640 (Gibco,

Carlsbad, USA) with the addition of 10% FBS (Sigma-Aldrich, St. Louis, USA). All used cell

lines were cultivated at 37°C in a humified atmosphere under 95% air and 5% CO2. All cell

lines were routinely subcultured before reaching 90% confluence.

2.5.2 Transfection

Transient transfection of cells was carried out using the FuGene 6 HD transfection (Promega,

Madison, USA) reagent according to manufacturer’s instructions. For expression of constructs,

0.22 µg plasmid and 0.88 µL FuGene 6HD transfection reagent were used per cm2 cell

culture surface. For dual luciferase assay, 0.45 µg plasmid containing the promoter fragment

together with 0.05 µg of the phRL-TK renilla luciferase plasmid (Promega, Madison, USA) was

transfected.

2.5.3 Selection of plasmid expressing cells

For stable transfection, transfected cells were treated with the antibiotic G418 solution (Roche,

Basel, Switzerland) at 400 µg/mL for M15 and 209/MDCT cells and at 600 µg/mL for HEK293

cells.

2.5.4 CRISPR/Cas9 mediated Aoc1 deletion

Aoc1-deficient M15 cells were generated using CRISPR/Cas9 based gene editing as

described elsewhere [163]. Briefly, M15 cells were transfected with either the empty

pSpCas9(BB)-2A-GFP vector or the Aoc1 targeting CRISPR/Cas9 construct 2.4.4. GFP

positive cells were sorted as singe cells individually into wells of a 96 well plate

using a FACS Aria III (Becton Dickinson, Franklin Lakes, USA). Expanded clones

were screened by amplification of the genomic guide RNA target site from genomic

DNA (see 2.7.1) using primer 5’ CGTGAGCTCGCGTCAGGAACCATGAGTGA 3’ and

5’ CGTAAGCTTGGGGCTCAGGTCTGCAAATA 3’. The resulting amplicon was digested

using BstXI. Double strand break of Aoc1 induced by the Cas9 and following repair by

nonhomologous end joining leads to destruction of BstXI restriction site. Therefore, clones with

amplicons un-digested by BstXI were validated for homozygous mutation of Aoc1 by Sanger

sequencing (LGC, Teddington, UK). The resulting clones exhibited deletions on both alleles,

leading to frame shifts in the protein coding sequence. A detailed view of the deletions and

flanking sequences is given in table 2.5.
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Table 2.5: Genomic Aoc1 reference sequence and sequencing of Aoc1 knockout clones.

Origin Sequence 5‘ - 3‘

Reference ...CTGACTTTGGCCAAGAACTCCGTGTTTCTCATTGAGATGCTACTGCCAAAAAAGAAGAATGTGC...

Clone 1, Allele 1 ...CTGACTTT**********************ATTGAGATGCTACTGCCAAAAAAGAAGAATGTGC...

Clone 1, Allele 2 ...CTGACTTTGGCC*AGAACTCCGTGTTTCTCATTGAGATGCTACTGCCAAAAAAGAAGAATGTGC...

Clone 2, Allele 1 ...CTGACTTTGGCC**********TGTTTCTCATTGAGATGCTACTGCCAAAAAAGAAGAATGTGC...

Clone 2, Allele 2 ...C**************************************************************C...

2.5.5 NFAT5 Knockdown

NFAT5 knockdown was performed in M15 cells using ON-TARGETplus siRNA against

mouse Nfat5 (Horizon Discovery Group, Waterbeach, UK (L-058868-01)) or ON-TARGETplus

Non-targeting Control Pool (Horizon Discovery Group, Waterbeach, UK (D-001810-10)).

Knockdown was performed by transfection of 25 nM siRNA using Dharmafect1 (Horizon

Discovery Group, Waterbeach, UK) according to the manufacturer’s protocol. After 24 hours,

the medium was changed. After another 24 hours, the medium was changed again to medium

with or without addition of 0.2 M sucrose. The cells were cultivated for 24 hours and total RNA

and protein were isolated.

2.5.6 Scratch assay

Cells were seeded at a density of 8000 cells/cm2. After attachment of the cells and formation

of a confluent cell layer, a scratch was made using a P200 pipette tip to remove the cells.

Scratch closure was monitored using a phase contrast using a Ti2 eclipse widefield microscope

(Nikon, Minato, Japan). The same field was imaged at every 3 hours for 9 hours. Images were

evaluated for scratch closure as described in section 2.9.1.

2.5.7 Proliferation assay

Cells were seeded at a density of 5200 cells/cm² on several 9.6 cm2 wells. Every 24 hours,

one well was trypsinized. Dead cells were stained using 0.5% trypan blue and excluded from

the measurement. Living cells were counted using a TC20 automated cell counter (Bio-Rad

Laboratories, Hercules, USA).

2.6 Primary cell and organ culture

2.6.1 Primary proximal tubule culture

C57Bl/6 mice were anesthetized by isoflurane inhalation using forene (AbbVie, North Chicago,

USA) and sacrificed by cervical dislocation. Dissection and prepration of the kidneys were

performed under sterile conditions and ice-cold conditions if not mentioned otherwise. The

abdomen was opened and the kidneys were excised and transferred into cold dissection buffer.
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The capsula fibrosa of the kidney was removed. The cortex was separated from the medulla

and pelvis. The cortex was minced finely using a scalpel and transferred into dissection buffer

containing 0.1% collagenase type 2 (Gibco, Carlsbad, USA). Digestion of the tissue fragments

was carried out in a shaking water bath at 37°C for 30 minutes. Digestion was stoped by

addition of 10% FBS (Sigma-Aldrich, St. Louis, USA). The solution was filtered through a

250 µm mesh and the flow-through collected and filtered again using a 40 µm mesh. Here

the tubule fragments are stuck on the filter while smaller debris as well as erythrocytes pass

through. For collection of the tubules the filter was reversed and flushed using the proximal

tubule cultivation medium (2.10). The suspension was centrifuged at 170 xg at 4°C for

5 minutes and the pellet was resuspended in isosmotic medium (proximal tubule cultivation

medium) or hyperosmotic medium (proximal tubule cultivation medium with 0.2 M sucrose).

After 24 hours, tubules attached to the plate were collected in RLT buffer, originating from

the RNeasy micro kit (Qiagen, Venlo, Netherlands), containing 0.1% β-mercaptoethanol for

subsequent RNA extraction.

2.6.2 Embryonic organ culture

Timed pregnant C57Bl/6 mice were used to obtain embryos aged 12.5 days post contraception

(d.p.c.). The mice were anesthized by isoflurane inhalation using forene (AbbVie, North

Chicago, USA) and sacrificed by cervical dislocation. The abdomen was opened and

the uterus containing the embryos was removed and transferred into ice-cold PBS (Gibco,

Carlsbad, USA). The uterus was opened and the embryos removed. The embryonic abdominal

cavity was opened and the kidneys were explanted. The explants were cultivated for 24 hours

on transwell permeable supports (24 mm insert, 0.4 µm membrane)(Corning, Corning, USA)

at the liquid/air interface. These filters were placed onto DMEM (Gibco, Carlsbad, USA)

containing, unless otherwise stated 10% FBS (Sigma-Aldrich, St. Louis, USA) with addition

of 1x Penicillin/Streptomycin (Millipore, Burlington, USA (#TMS-AB2-C)) and were cultivated at

37°C in a humidified atmosphere at 5% CO2 and 95% air. Here, one kidney was used as an

untreated control while the contralateral was treated. The treatments consisted of the addition

of different stressors. These included cultivation in DMEM without FBS, DMEM without glucose

(Gibco, Carlsbad, USA), DMEM with neither FBS nor glucose and DMEM without glutamine

(Gibco, Carlsbad, USA). Other treatments consisted of addition of thapsigargin (2 µM) for

induction of ER Stress, treatment with the NO-donor S-nitroso-N-acetylpenicillamine (SNAP

(Cayman Chemical, Ann Arbor, USA); 100 µM), addition of H2O2 (0,1 µM, 1 µM or 100 µM),

acidification of the medium using 10% CO2, cultivation in 42°C, hypoxia (1% O2), hyperosmotic

conditions (DMEM with 0.2 M sucrose) and hypoosmotic conditions (DMEM, 25% H2O), or

addition of 100 µM putrescine (Sigma-Aldrich, St. Louis, USA). After 24 hours the kidneys

were collected in 350 µL RLT buffer, originating from the RNeasy micro kit (Qiagen, Venlo,

Netherlands) containing 0.1% β-mercaptoethanol for subsequent RNA extraction or in Roti

Histofix (Carl Roth, Karlsruhe, Germany) for wholemount immunostaining.
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2.7 Molecular biology techniques

2.7.1 Isolation of genomic DNA

Genomic DNA was isolated using the Dneasy Blood & Tissue Kit (Quiagen, Venlo,

Netherlands) according to the manufacturer’s instructions. Isolated DNA was measured

spectrophotometrically using a NanoDrop 2000 (Thermo Fischer, Waltham, USA).

2.7.2 Protein extraction and precipitation

For protein extraction from adherent cultured cell, the cells were washed twice with ice-cold

PBS (Gibco, Carlsbad, USA). SDS sample buffer (1.8 µl/cm2) was added onto the cell

culture dish for cell lysis. The cells were detached using a cell scraper. For protein

extraction from embryonic kidneys, these were collected from the filter with a pipet tip

placed into the SDS sample buffer. Cells and embryonic kidneys in SDS sample buffer

were heated for 10 minutes at 95°C and subsequently sonicated. Protein concentration was

measured spectrophotometrically using a NanoDrop 2000 (Thermo Fischer, Waltham, USA)

and calculated using the Warburg-Christian equation [164]. Proteins of cell culture supernatant

was isolated by using a chloroform methanol precipitation method. One volume of supernatant

was mixed with four volumes methanol. One volume of chloroform was added and the sample

was shaken. Afterwards, three volumes of dH2O were mixed in before the sample was

centrifuged for one minute at 14000 xg. The aqueous layer was discarded and four volumes

methanol were mixed in. The sample was centrifuged for two minutes at 14000 xg. Methanol

was removed and the pellet was dried before reconstitution in SDS sample buffer.

2.7.3 SDS-PAGE and western blot

After protein extraction, 35 µg of total protein was used for SDS-PAGE and Western blotting.

The samples were mixed with ¼ volume of 4x Roti Load 1 (Carl Roth, Karlsruhe, Germany)

and adjusted to an equal volume by using SDS sample buffer. After heating for 5 minutes at

95°C, samples were loaded onto a SDS-Polyacrylamide gel consisting of a separation- and

stacking gel. Depending on the mass of the detected protein, separation gels were used in

percentages between 10% and 15%. The gel was placed in an electrophoresis chamber filled

with 1x SDS running buffer and a voltage of 80 V was applied for 20 minutes. After this, the

voltage was increased to 100 V and the run was continued until the running front reached

the bottom of the separation gel. Afterwards, the gel was used for semi-dry blotting on a

0.45 µm pore size PVDF membrane (Carl Roth, Karlsruhe, Germany). Transfer was performed

at 15 V for 45 minutes. After blotting, the membrane was blocked using 5% skim milk powder

in TBST for 1 hour at room temperature. The primary antibody (table 2.6) was incubated on

the membrane over night at 4°C under slight agitation. The membrane was washed three

times for 10 minutes in TBST before the secondary antibody (table 2.6) was incubated for

1 hour at room temperature. The membrane was washed three times and chemiluminescent
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detection was performed using the westernbright chemiluminescence reagent (Advansta, San

Jose, USA) according to the manufacturer’s instructions. Blots were visualized using an ECL

Chemo Star Imager System (INTAS, Göttingen, Germany).

Table 2.6: Antibodies used for Western Blot. Specified dilution refers to dilution in 2.5% skim milk
powder in TBST.

Antigen Name Supplier
Product
number

Lot number
Final
conc.

AOC1 Rabbit anti AOC1
LSBio

(Seattle, USA)
LS-C294123 171827 2.5 µg/mL

NFAT5 Rabbit anti NFAT5
Abcam

(Cambridge, UK)
ab137407 GR209034-8 0.73 µg/mL

pan-actin Mouse anti Aktin
Merck Millipore

(Burlington, USA)
Mab1501R 1991258 0.1 µg/mL

GAPDH
Mouse

anti-GAPDH

Merck Millipore

(Burlington, USA)
Mab374 2606352 0.1 µg/mL

Rabbit

IgG (H+L)

goat anti rabbit

IgG HRP

Jackson

(Bar Harbor, USA)
111-035-003 E1313 0.02 µg/mL

Mouse

IgG (H+L)

goat anti

mouse IgG HRP

Jackson

(Bar Harbor, USA)
115-035-003 99630 0.02 µg/mL

2.7.4 RNA extraction

Total RNA was extracted using RNAStat-60 (Amsbio, Abingdon, UK) according to the

manufacturer’s instructions. For embryonic kidneys and primary proximal tubules, RNA was

extracted using the RNeasy micro kit (Qiagen, Venlo, Netherlands) according to manufacturer’s

instructions. Here, RNA was eluted from the filter columns using 14.5 µL of nuclease free H2O.

2.7.5 Reverse transcription

For cell lines and tissue specimens reverse transcription was performed with 2 µg of total RNA

using oligo dT primer (Thermo Fisher, Waltham, USA) and superscript III DNA polymerase

(Invitrogen, Waltham, USA) according to the manufacturer’s instruction. For embryonic kidneys

and primary proximal tubules 14 µl of extracted RNA (see 2.7.4) was used for reverse

transcription using random hexamer primer (Thermo Fisher, Waltham, USA).

2.7.6 qPCR

For qPCR, cDNA was used at 1:10 dilution using FastStart Universal SYBR Green Master

(Roche, Basel, Switzerland) according to manufacturer’s instructions. Primers were used

at 100 nM and are listed in table 2.7. qPCR was performed with an initial denaturation for

10 minutes, followed by 45 cycles of denaturation (95°C, 15 sec), annealing (60°C, 60 sec),

elongation (77°C, 30 sec).
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Table 2.7: Primer used for qPCR. Table adapted from Sieckmann et al. [161].

Transcript Species 5’ – 3’ Forward Sequence 5’ – 3’ Reverse Sequence

Actb mouse CCGCGAGCACAGCTTCT GGGTACTTCAGGGTCAGGAT

Odc1 mouse CCTCAGTGTTAAGTTTGGTGC CACTGGTGATCTCTTCAAATT

Sms mouse TATGGCAGCAGCAAGACACA TGTTTGCCTTGCACATCACTG

Srm mouse TCCTCGTCTTCCGCAGTAAA CATGCCAGGCAGGAACTCT

Aoc1 mouse AGGCTGCATTCCGCTTTGGAC GGATGTGCAGGAAGCCTACTG

Sat1 mouse CCCCTGAAGGTTACAGTCTCT ATACTGCTGCAAGCGACACTT

Paox mouse CGGAGAGTGACAGGAAACCC GACTGCTCCACCTGTGAGTC

Smox mouse CGAGCCTTTGCGCTACAAC TGTACCTCGTTTGGGCAGC

Lcn2 mouse GACTTCCGGAGCGATCAGTT GCGAACTGGTTGTAGTCCGT

Kim1 mouse TTCACAGCAGATGCTTCAGGA GCCCCTTTAAGTTGTACCGAC

Vim mouse GCCAGCAGTATGAAAGCGTG GGTGACGAGCCATCTCTTCC

aSma mouse GCCAGTCGCTGTCAGGAACCC TGCTCTTCAGGGGCCACACG

Il1b mouse GCCACCTTTTGACAGTGATGAG AAGGTCCACGGGAAAGACAC

Tgfb mouse/ rat CGTCAGACATTCGGGAAGCA TTCCGTCTCCTTGGTTCAGC

Tnfa mouse AAGAGGCACTCCCCCAAAAG TTGCTACGACGTGGGCTACA

spliced Xbp1 mouse CTGAGTCCGAATCAGGTGCAG GTCCATGGGAAGATGTTCTGG

Xbp1 mouse CAGCACTCAGACTATGTGCA GTCCATGGGAAGATGTTCTGG

F4/80 mouse AGTGCAGCTGTCTTAGAGGC AGCTTCCGAGAGTGTTGTGG

Mrc1 mouse GTCAGAACAGACTGCGTGGA AGGGATCGCCTGTTTTCCAG

Arg1 mouse TGTGAAGAACCCACGGTCTG ACGTCTCGCAAGCCAATGTA

Ccl2 mouse AGCCAACTCTCACTGAAGCC GGACCCATTCCTTCTTGGGG

Nos2 mouse GGGACTGAGCTGTTAGAGACAC ATGCAGCTTGTCCAGGGATTC

Il10 mouse CTTCCAGTCGGCCAGAG CAGCTTCTCACCCAGGGA

Ccr5 mouse AGACATCCGTTCCCCCTACA GCAGCATAGTGAGCCCAGAA

Actb rat ATGGTGGGTATGGGTCAGAA GGGGTGTTGAAGGTCTCAAA

Odc1 rat TCCAGCCAGCCGCTTCCCT CGTCTCCGAGGTCCGCAA

Sms rat TATGGCAGCAGCAAGGCACA TGTTTGCCTTGCACATCACTG

Srm rat TCCTCGTCTTCCGCAGTA TCCTCGTCTTCCGCAGTAAA

Aoc1 rat AGGCTGCATTCCGCTTTGGAC GGATGTGCAGGAAGCCTACTG

Sat1 rat CAGTGACATCCTGCGACTGA ATACTGCTGCAGCGACACTT

Paox rat CGGAGGGTGACAGGAAACCC GACTGCTCCGCCTGTGAGTC

Smox rat CCTCTCTTGTCACAGGCTCCTA TGATAGATAGGGTTCCCGTGG

Lcn2 rat ACGTCACTTCCATCCTCGTC TTCAGTTCATCGGACAGCCC

Kim1 rat TGGCTCTATGTGAGCAAGGAC GTCGTTGTGATTCCTCCACG

Vim rat CAGTCACTCACCTGCGAAGT GAGTGGGTGTCAACCAGAGG

aSma rat CATCCGACCTTGCTAACGGA AATAGCCACGCTCAGTCAGG

Il1b rat GCTATGGCAACTGTCCCTGA CACACACTAGCAGGTCGTCA

Tnfa rat CTCATAGCTCGTCAGCTTGC GCCAGGTAGTTGTATCCAGAA
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2.8 Molecular assays

2.8.1 mRNA stability measurement

For induction of Aoc1 expression, M15 cells were exposed to medium containing 0.2 M sucrose

for 24 hours. Afterwards cells were cultivated in either isosmotic DMEM (Gibco, Carlsbad,

USA) or hyperosmotic DMEM (Gibco, Carlsbad, USA) with addition of 0.2 M sucrose. To block

de novo mRNA synthesis 5 µg/mL actinomycin D (Carl Roth, Karlsruhe, Germany) was added

to inhibit the RNA polymerase. At the indicated timepoints the cells were harvested using

RNAStat 60 (Amsbio, Abingdon, UK) and Aoc1 expression was measured using RT-qPCR.

Experimental procedures were conducted by Neslihan Ögel.

2.8.2 Dual luciferase reporter assay

M15 cells were seeded at a density of 13000 cells per cm2 on 24 well plates. After 24 hours

the medium was changed to either isosmotic DMEM (Gibco, Carlsbad, USA) or hyperosmotic

DMEM (Gibco, Carlsbad, USA) with addition of 0.2 M sucrose. After 24 hours the cells were

washed twice using ice-cold PBS (Gibco, Carlsbad, USA) and lysed using 50 µL passive lysis

buffer (Promega, Madison, USA) for 2 hours in -20°C. For measurement of luciferase activity,

20 µl of lysate was mixed with 100 µL of firefly luciferase buffer. Firefly luciferase activity

was measured using a FB 12 luminometer (Berthold Technologies, Bad Wildbad, Germany).

Subsequently, 100 µL of renilla luciferase buffer was added to the same tube and the sample

was measured again for renilla luciferase activity. Firefly luciferase activity was normalized

compared to renilla luciferase activity. Changes were calculated relative to cells growing in

medium without sucrose.

2.9 Image analysis and satistics

2.9.1 Image aquisition and processing

Images were acquired using a widefield Ti2 microscope (Nikon, Minato, Japan). Images

of eGFP-construct transfected M15 cells were acquired using a scanning confocal A1Rsi+

microscope (Nikon, Minato, Japan). Images were processed using ImageJ version 1.53. If

applicable, adjustments of the images were performed on the whole image. The makro used for

scratch closure calculation is attached in the appendix. For counting of KIM1 positive tubules

and TUNEL positive cells scans of a renal section were acquired and manually counted.

2.9.2 Statistics

Statistical analysis was performed using Prism version 9.3.1 (GraphPad Software, San Diego,

USA). Used statistical tests, confidence intervals, and p-values are indicated in the figures and

corresponding legends. If not mentioned otherwise, displayed error bars show the standard
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deviation. Prior to analysis with the corresponding test, all data was tested for normal

distribution. Hierarchical cluster analysis and generation of the heatmap and correlation matrix

was performed in R version 4.0.5 (The R Foundation) using the heatmaply or corrplot package.

2.10 Solutions

Solutions used within this work are displayed in table 2.8.

Table 2.8: Solutions used within this work.

Solution Ingredients

Dissection buffer HBSS, 15 mM HEPES, 10 mM glucose, 5 mM glycine

Proximal tubule cultivation medium

DMEM/F-12, 10% FBS, 0.5 µM dexamethasone, 550 µM

sodium pyruvate, 1x non-essential amino acids (Biochrom

#K0293), 1x penicilin/streptomycin (Millipore #TMS-AB2-C),

1x insulin-transferrin-selenium (Gibco #51300-044),

10 ng/mL recombinant human epidermal growth factor

SDS sample buffer 50 mM Tris-HCl pH 6.8, 4 M Urea, 1% SDS, 6.25 mM DTT

SDS-polyacrylamide stacking gel
125 mM Tris-HCl pH 6.8, 0.1% SDS, 0.1% APS,

0.1% TEMED, 10% acrylamide/bisacrylamide

SDS-polyacrylamide separation gel
375 mM Tris-HCl pH 8.8, 0.1% SDS, 10 - 15% acrylamide/

bisacrylamide, 0.06% APS, 0.06% TEMED

TBST
2 mM Tris base, 13.7 mM NaCl, 0.1% Tween 20,

adjusted to pH 7.6

SDS-PAGE running buffer 25 mM Tris base, 192 mM glycine, 0.1% SDS

Semi dry blotting buffer 10 mM e-amino caproic acid, 10% methanol

Firefly luciferase buffer

470 µM D-luciferine, 270 µM coenzyme A, 33.3 mM

dithiothreitol, 530 µM ATP, 2.67 mM magnesium sulfate,

20 mM tricine, 0.1 mM EDTA disodium salt dihydrate,

adjusted to pH 7.8

Renilla luciferase buffer

1.1 M sodium chloride, 2.2 mM EDTA disodium salt dihydrate,

0.22 M potassium phosphate, 0.44 mg/mL bovine serum

albumin,1.3 mM sodium azide, 1.43 µM coelenterazine,

adjusted to pH 5.0

DMEM
DMEM, 4.5 g/L D-Glucose, 0.59 g/L L-Glutamine

(41965-039 (Gibco, Carlsbad, USA))

RPMI 1640
RPMI 1640, 0.44 g/L L-Alanyl-Glutamine

(61870-010 (Gibco, Carlsbad, USA))
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3 I Results

3.1 The polyamine system shows a common pattern of
dysregulation in various forms of kidney injury

Previous findings suggest that kidney injury can be associated with altered renal polyamine

metabolism [115–117]. However, it is still unclear whether abnormal polyamine regulation

in the kidney is detrimental or supportive to the recovery from injury. It is further unknown,

whether disturbed polyamine homeostasis is restricted to specific subtypes of kidney injury

or conserved among various renal pathologies. To evaluate, if this dysregulation follows a

common pattern in acute and chronic kidney damage with different etiologies, expression

changes of polyamine regulating enzymes were determined in eleven murine models of

kidney injury. IRI [151], transplantation [152], unilateral ureter obstruction (UUO) [158] and

rhabdomyolysis [53] are considered as acute models. Acute kidney injury can progress to

chronic kidney failure [16]. Therefore, two of the acute models, IRI and transplantation, were

performed as longitudinal studies. Cyclosporine A treatment [153], adenine nephropathy,

oxalate treatment [157], and streptozotocin-induced diabetes [154] are considered as models

of chronic kidney disease. The two chronic models of hypertension are the two kidney one

clip [156] and angiotensin II models [155]. As a further model Cldn10 KO mice were used

as a model of monogenetic tubular calcinosis [159]. Transcript levels of enzymes involved

in polyamine metabolism were measured by RT-qPCR. In addition, expression of lipocalin 2

(Lcn2), a biomarker of tubular injury, was analyzed. Renal expression of Lcn2 correlates with

CKD progression [165] and can therefore be used to estimate the severity of kidney damage.

To gain insights how mRNA levels of polyamine metabolizing enzymes and Lcn2 correlate

among different models of kidney injury, a hierarchical cluster analysis was performed

(figure 3). RT-qPCR data for this analysis were provided by Dr. Karin M. Kirschner.

The horizontal dendrogram in figure 3 displays the similarities between the regulation of

expression of genes involved in polyamine homeostasis and Lcn2 after kidney injury. Transcript

levels of the kidney injury marker Lcn2 are increased in all models. Most evident is the close

correlation between Lcn2 and enhanced Aoc1 expression. Contrary to the observed increase

in Aoc1 and Lcn2, other genes of the polyamine system were predominantly downregulated.

Most prominent is the strong downregulation of Odc1 and Sms expression in all analyzed

models. The spermidine synthesizing enzyme Srm is grouped together in close relationship to

the enzymes Paox, Smox and Sat1 as they exhibit a more heterogenous expression pattern.

Common to all models except angiotensin II-induced hypertension are the increased transcript

levels, coding for one enzyme in the polyamine catabolic pathway (Smox, Sat1 or Aoc1) and

decreased mRNA levels of the putrescine synthesizing enzyme Odc1.
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Figure 3: A conserved pattern of dysregulation within the polyamine system in eleven different
kidney injury models.
Expression changes of polyamine regulating enzymes and the kidney injury marker Lcn2 were analyzed
in various models of kidney injury. Hierarchical cluster analysis of mean expression changes in the
polyamine system and Lcn2 in various models of kidney injury. Scaling of data was performed for
each model; expression is displayed as Z-Scores (deviation from the mean value in units of standard
deviation). Z-Scores are calculated from log2-fold change in comparison to their respective control.
Increased expression is displayed in red; a decrease is displayed in blue color.

The vertical dendrogram in figure 3 clusters the different models. Here, two main clusters are

visible. The bottom cluster consists mainly of the chronic models including both hypertensive

models and diabetic nephropathy. Further it includes also two early acute models as

rhabdomyolysis and 6 h after IRI. The upper cluster consists of models that are usually

considered as AKI such as IRI, unilateral ureter obstruction, transplantation, and oxalate

treatment. Interestingly, also more chronic models such as the tubular Cldn10 knockout or

CsA treatment are clustered together. Especially within the upper cluster, all models share

the strong increase of Aoc1 expression. There is no clear preference of polyamine regulating

enzymes between the acute and chronic models. Although, the upregulation of Aoc1 together

with downregulation of Odc1 is stronger in the acute kidney injury models.

To identify whether the observed changes in the polyamine system (figure 3) correlate with the

severeness or certain processes of kidney injury, mRNA levels of each polyamine regulating

enzyme were correlated with different kidney injury markers (figure 4).
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Figure 4: Correlation between relative expression changes of polyamine regulating enzymes
and kidney injury markers after injury.
Transcript levels were measured by RT-qPCR relative to the housekeeping gene Actb and calculated as
mean log2-fold change. Correlation matrix indicating Pearson correlation coefficient of different injury
markers (blue text), and polyamine homeostatic genes (synthesis: black text; conversion: grey text;
degradation: red text). Correlation of all transcripts was performed for all tested models of kidney injury.
The size of red and blue boxes resembles the Pearson correlation coefficient (numbers within boxes),
with blue color indicating positive and red color indicating negative correlation. Hierarchical cluster
analysis was used for sorting of the genes. Black boxes indicate clusters of similar correlation. Adapted
from Sieckmann et al. [161].

Here, different markers were used for tubular injury (Lcn2 and Kim1), fibrosis (αSma,

Vim, Tgf β), pro-inflammatory mononuclear phagocytosis (Il1β, Tnf α) and correlated with

expression of enzymes regulating polyamine metabolism after kidney injury. As the correlation

matrix (figure 4) demonstrates, are all injury markers and most polyamine regulating genes

positively correlated to each other respectively. Aoc1 is the only gene positively correlated with

all injury markers and clustered together with them. Especially the polyamine synthesizing

enzymes Odc1 and Sms exhibit a strong negative correlation to all measured injury markers.

This is to a lesser extent true for Srm as well. The other polyamine metabolizing enzymes

show weak mostly negative correlation with the measured markers of kidney injury.

Of all tested markers, Lcn2 exhibits the strongest positive and negative correlation with Aoc1

and Odc1 respectively (figure 4). To illustrate the correlation for all analyzed models, changes

in mRNA levels of polyamine regulating enzymes were correlated with the tubular injury

marker Lcn2 (figure 5). Here, Odc1 exhibits the strongest negative correlation (r = -0.7668)

with Lcn2. The synthesizing enzymes for the higher polyamines, Srm and Sms, correlate

negatively (r = -0.1444 and r = -0.5624 respectively) with Lcn2 expression but to a lesser extent.
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Expression changes of the degrading enzymes are more ambiguous. While Aoc1 expression

shows a strong positive correlation (r = 0.7308) with Lcn2 expression over all models, Sat1

expression exhibits no correlation and Smox is slightly negatively (r = -0.1557) correlated.

The interconverting enzyme Paox exhibits no correlation with Lcn2 expression. In summary,

these data indicate a negative correlation of all polyamine synthesizing enzymes and a positive

correlation of the putrescine degrading enzyme Aoc1 with different markers of kidney injury.

Figure 5: Relative expression changes of polyamine regulating enzymes correlate with
expression of Lcn2.
Transcript levels were measured by RT-qPCR relative to the housekeeping gene Actb and calculated
as mean log2-fold change. Correlation of Lcn2 expression with expression levels of the polyamine
regulating enzymes. For IRI samples, the contralateral kidney was used as a control and relative
log2-fold changes are displayed. r indicates Spearman correlation coefficient. Previously published
in Sieckmann et al. [161]

3.2 Expression changes of polyamine homeostasis affects renal
and serum polyamine levels

Amounts of putrescine, spermidine and spermine were measured in renal tissue, serum and

urine to determine how the changes in expression affect the metabolites (figure 6). While

21 days after unilateral IRI, renal putrescine and spermine levels were significantly decreased,
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spermidine was increased (figure 6a). Serum levels of all polyamines were increased after

unilateral IRI compared to untreated control animals (figure 6b). Polyamine levels in spot urine

remained unchanged (figure 6c).

Figure 6: Concentrations of different polyamines are altered after kidney injury in renal tissue
and serum.
Polyamines were measured in different specimens after kidney injury. a) Kidneys of untreated control
mice and mice 21 days after unilateral IRI. b) Serum of untreated control mice and mice 21 days after
unilateral IRI. c) Urine of untreated control mice and mice 21 days after unilateral IRI. Significances
were calculated using unpaired t-test or Mann-Whitney test after testing for normal distribution using
Shapiro-Wilk test. Significances for normal distributed data are indicated using asterisks (*p<0.05;
**p<0.01; ***p<0.001; ****p<0.001) and for not normal distributed data by dollar signs ($p<0.05;
$$p<0.01). Adapted from Sieckmann et al. [161].

3.3 Expression changes of polyamine regulating enzymes after
ischemia reperfusion injury occur mainly in the kidney cortex

To localize the expression changes (figure 3) to the histological structures of the kidney,

RNAScope in situ hybridization of transcripts of the polyamine regulating enzymes was used
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in healthy and injured kidneys (figure 7). As IRI was one of the models exhibiting the strongest

expression changes in the polyamine system, analysis was performed seven days after IRI.

Figure 7: Visualization of transcripts of polyamine regulating enzymes by RNA in situ
hybridization in kidneys seven days after ischemia reperfusion injury and their contralateral
control kidneys.
Transcripts of enzymes involved in polyamine homeostasis were visualized by RNAScope chromogen
in situ hybridization in kidneys seven days after ischemia reperfusion injury. The contralateral control
kidney served as control. The high magnifications were obtained from the renal cortex. Scale bar equals
100 µm. An overview of scanned kidney sections is displayed in the upper left corner of each panel.
Scale bar equals 1 mm. Arrows indicate atrophic tubules.
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While the contralateral control kidneys appear normal, typical signs of acute kidney injury are

seen seven days after IRI. These hallmarks include tubular atrophy with flattened epithelia

and frequent intraluminal casts (see arrows in figure 7). Consistent with the RT-qPCR data

(figure 3), Odc1 and Aoc1 show the most prominent changes. Within the contralateral

control kidney, Odc1 is expressed predominantly in tubules of the renal cortex. After IRI, the

expression is strongly reduced and only a few cortical tubules retain Odc1 transcripts. Aoc1

mRNA is barely detected by RNAScope in intact kidneys, but clearly present in the renal cortex

and the outer medullary stripe after kidney injury. Aoc1 expression is limited to the epithelium

of certain tubules. In accordance with the correlation shown in figure 5, all other genes show

an ubiquitous downregulation over the whole kidney.

3.4 Aoc1 expression peaks seven days after ischemia reperfusion
injury in regenerating proximal tubules

Enhanced expression of the putrescine-degrading enzyme Aoc1 is a striking feature after

kidney injury. To gain additional insights into the possible role of Aoc1 induction, the

spatiotemporal expression changes were further assessed in kidneys after IRI.

3.4.1 Cortical Aoc1 expression peaks seven days after ischemia reperfusion
injury

The RNAScope in situ hybridizations at different time points and in different regions of the

kidney (figure 8) demonstrate that Aoc1 expression is visible 24 hours after IRI in some cortical

and outer medullary tubules. Weaker hybridization signals are detected in tubules in the inner

medulla (figure 8a). Tubular Aoc1 expression peaks seven days after IRI. After 21 days, Aoc1

transcripts are detected in cortical tubules as well as in some atrophic tubules with flattened

epithelia in the outer medulla (arrows in figure 8a). At this time point, expression in the inner

medulla decreases to similarly low levels as in the contralateral control kidney.
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Figure 8: Aoc1 expression in the tubular system varies over the total reperfusion period.
a) Transcripts of Aoc1 were visualized using the chromogen RNAScope in situ hybridization technique.
Kidneys from mice underwent ischemia reperfusion injury with reperfusion times of 24 hours, 7 and
21days. The contralateral control kidney 21 days after reperfusion served as control. Scale bar
equals 50 µm. Arrows indicate atrophic tubules. b) Schematic representing the different renal zones in
comparison to the nephrons segments. PCT: proximal convoluted tubule, PST: proximal straight tubule,
TDL: thin descending limb, TAL: thick ascending limb, DCT: distal convoluted tubule, CD: collecting duct.

3.4.2 AOC1 protein and transcripts are co-localized in cortical tubular epithelia
of injured kidney

Immunohistochemistry and immunoblotting were used to investigate whether AOC1 protein

can be detected in injured kidneys (figure 9a-c). The contralateral control kidney (figure 9b)

did not exhibit any tubular AOC1 protein, whereas seven days after IRI (figure 9a) a strong

staining of the tubular epithelium in the cortex was visible. The overall increase in renal AOC1

is still visible 21 days post IRI as shown in figure 9c. Furthermore, a double Aoc1-AOC1 dual in

situ hybridization/ immunohistochemistry approach demonstrated that the localization of Aoc1

mRNA and AOC1 protein is congruent (figure 9d”).
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Figure 9: Aoc1 mRNA and protein are co-localized in tubular epithelium of injured kidney.
a) AOC1 immunofluorescent staining of kidneys seven days after ischemia and b) their contralateral
control. c) Immunoblotting of the contralateral control kidney (Ctrl) and 21 days after 25 min renal
ischemia (IRI). Antibodies against AOC1 and βActin were used. d) Combined fluorescent RNAScope
in situ hybridization using a probe directed against Aoc1 mRNA (d) and immunofluorescence using an
AOC1 antibody (d’) in kidney seven days after ischemia reperfusion. Cell nuclei were visualized with
DAPI (blue). Scale bar equals 50 µm. Adapted from Sieckmann et al. [161].
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3.4.3 Aoc1 expression is restricted to the proximal tubules and the descending
limb of the loop of Henle

The nephrons’ complex architecture with its specialized compartments makes it necessary to

characterize the areas of Aoc1 expression further. Figure 10a displays a schematic nephron

showing expression of the used marker genes along the different nephron segments. LDL

receptor related protein 2 (Lrp2) and aquaporin 1 (Aqp1) mark the proximal tubule. Lrp2 shows

strong expression in the proximal convoluted part, whereas Aqp1 is most strongly expressed

in the thick descending and the thin descending limb of the loop of Henle. Uromodulin

(Umod) is a marker for the thick ascending limb of Henle’s loop, while the sodium chloride

cotransporter (Slc12a3) is expressed in the distal convoluted tubule. Aquaporin 2 (Aqp2) was

used for staining of the collecting duct. To localize Aoc1 transcripts along the nephron, a

duplex RNAScope in situ hybridization approach was used. Seven days after IRI, Aoc1 is

co-expressed with Lrp2 in the proximal tubule and with Aqp1 identifying the thick and thin

descending limb of Henle’s loop as additional sites of Aoc1 expression (figure 10b,c). After

Injury, tubular cells start to dedifferentiate and alter their gene expression [32]. Therefore, not

every single cell of an injured tubule is positive for Aqp1 or Lrp2. Presence of stained cells

in a tubular segment is however a clear indicator that these tubules are, or have been before

the injury, the designated segment. For Umod, Slc12a3 and Aqp2 (figure 10d-f), there is no

coexpression detectable.
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Figure 10: Coexpression with markers for the different nephron segments reveals Aoc1 in the
proximal tubule and descending limb of the loop of Henle.
a) Illustration showing expression of markers for the different nephron segments. b-f) Fluorescent
duplex RNAScope in situ hybridization of Aoc1 and several marker transcripts of the tubular system on
kidneys seven days after IRI. Lrp2 (b) is expressed in the proximal convoluted tubule (PCT), Aqp1 (c) in
the proximal straight tubule (PST) and the thin descending limb (TDL), Umod (d) in the thick ascending
limb (TAL) and distal convoluted tubule (DCT), Slc12a3 (e) within the distal convoluted tubule (DCT)
and Aqp2 (f) in the collecting duct (CD). Scale bar equals 50 µm. Previously published in Sieckmann et
al. [161]
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3.4.4 AOC1 is expressed in regenerating tubules

Damaged tubules can regenerate and replace injured or necrotic cells. After IRI, Aoc1 is

expressed in some, but not all proximal tubules (figure 10). To evaluate if expression of AOC1

is related to tubular injury and/ or regeneration, duplex staining for AOC1 and markers for

proliferation, regeneration and cell death was performed in kidneys seven days after ischemia

(figure 11).

Figure 11: AOC1 is co-expressed with KIM1, a marker for regenerating tubules.
a,b) Immunofluorescent staining using antibodies against AOC1 and KIM1. Scale bars equal 1 mm (for
a, a’, a”) and 50 µm (for b,b’,b”). c) Immunofluorescent staining of mesenchymal marker vimentin (VIM)
combined with RNAScope in situ hybridization of Aoc1. d) Immunofluorescent staining of AOC1 and
cell cycle marker KI67. e) Immunofluorescent staining of AOC1 in combination with TUNEL assay to
detect apoptosis and necrosis. Scale bars equal 50 µm. Previously published in Sieckmann et al. [161]
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Kidney injury molecule 1 (KIM1) (figure 11a) and intermediate filament Vimentin (VIM)

(figure 11c) were used as markers to visualize regenerating and scarring tubules. Proliferating

cells were detected by KI67 immunostaining (figure 11d). TUNEL assay was performed for

labeling of necrotic and apoptotic cells (figure 11e). Coexpression with KIM1 (figure 11a)

localizes AOC1 in regenerating tubules after injury. AOC1 and KIM1 do not exhibit a

complete coexpression over the whole kidney (figure 11, upper panels). In some regions,

KIM1 expression dominates, whereas AOC1 is less abundant (figure 11b). As displayed

in figure 11b’, however, some tubules show the opposite staining pattern with higher AOC1

levels and less KIM1. The vast majority of tubules express both, KIM1 and AOC1 (figure11b”).

Counting of all tubules in one kidney section (n = 1491) showed that a total of 1320 tubules

are positive for both, AOC1 and KIM1 (88.5%). Ninety-five tubules (6.5%) showed only AOC1

staining and 76 (5%) only KIM1 labeling. The mesenchymal marker VIM, which is expressed

in regenerating but scarring tubules, showed partial colocalization with AOC1 (figure 11c).

Notably, this colocalization is not as strong as for KIM1. To investigate whether AOC1

expression correlates with proliferation or cell death, co-staining with proliferation marker KI67

and TUNEL assay were performed. Proliferating cells are detected in the injured kidneys by

KI67 staining, but little overlap with AOC1 is seen (figure 11d). Combined AOC1 staining with

TUNEL assay (figure 11e) shows only a partial overlap.

3.5 Cell stress is regulating transcription within the polyamine
system

To assess which signals lead to the observed expression changes of polyamine metabolizing

enzymes after kidney injury (figure 3 and 4), a screening approach for different stress stimuli

was applied. Ex-vivo cultured embryonic mouse kidneys were used as a model (figure 12a).

One kidney of each embryo served as untreated control, whereas the other one was exposed

to different stress protocols.
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Figure 12: Screening for stress stimuli in embryonic kidney explant culture identifies hypoxia
and hyperosmolarity as activators of Aoc1 expression.
a) Schematic overview of the mouse embryonic kidney explant culture method. Different stimuli were
applied to induce stress: b) addition of 100 µM putrescine, c) cultivation in medium without FBS, d)
without glucose, e) with neither FBS nor glucose, f) without glutamine, g) with addition of the NO-donor
S-nitroso-N-acetylpenicillamine (SNAP; 0.1 mM), h) with addition of the sarco/endoplasmic reticulum
Ca2+-ATPase inhibitor thapsigargin (2 µM) to induce ER-Stress, i) with addition of 0.1 µM (dots), 1 µM
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(squares) or 100 µM (triangles) H2O2, j) acidification of medium by cultivation in a 10% CO2 atmosphere,
k) cultivation at 42°C, l) cultivation under hypoxic conditions (1% O2), m) with addition of 0.2 M sucrose,
n) dilution of the medium with 25% H2O. Transcripts were measure by RT-qPCR and normalized to the
housekeeping gene Actb. Single values are given as log2-fold change relative to the untreated control
kidney. Significances were determined by paired t-test or Wilcoxon matched pairs-signed rank test
after testing for normal distribution using Shapiro-Wilk test. Significances for normal distributed data is
indicated using asterisks (*p<0.05; **p<0.01; ***p<0.001) and for not normal distributed data by dollar
signs ($p<0.05; $$p<0.01). Adapted from Sieckmann et al. [161].

The different stress stimuli shown in figure 12b-n were selected to mimic conditions related to

kidney injury. As AOC1 and ODC1 are responsible for putrescine homeostasis, it was tested

if elevated putrescine levels may account for the observed expression changes after kidney

injury. As shown in figure 12b, addition of 100 µM putrescine does not lead to a change

in expression genes involved in polyamine homeostasis. Energy depletion was simulated by

cultivation without FBS (figure 12c), without glucose (figure 12d), with neither FBS nor glucose

(figure 12e) or without glutamine (figure 12f). None of these protocols caused significant

changes in mRNA levels of polyamine regulating enzymes as seen in the different kidney injury

models (figure 3). The accumulation of noxious substances was simulated by addition of the

NO-donor SNAP (100 µM) (figure 12g) and ER stress by thapsigargin (2 µM) (figure12h), by

addition of H2O2 (0.1 µM, 1 µM, 100 µM) (figure 12i) and by cultivation under acidic conditions

(10% CO2) (figure 12j). Interestingly, addition of H2O2 leads to a 12.9 fold decrease of Aoc1

transcripts. This is the only treatment resulting in a significant reduction of Aoc1 mRNA levels.

Heat stress (42°C) was used to mimic stimulation of the immune response and deployment of

heat shock proteins after kidney injury (figure 12k). Both, accumulation of waste products and

heat stress did not alter Aoc1 and Odc1 expression. One of the main driving forces behind

ischemia reperfusion injury is hypoxia. Here, hypoxia was induced by cultivation under 1% O2

leading to a decrease of Odc1 and Sat1 transcripts by 2.5 and 6.1 fold, respectively (figure 12l).

Aoc1 mRNA levels increase by 3.1 fold in 1% O2. Hyperosmolarity by addition of 0.2 M sucrose

to the culture medium also reduces Odc1 and Sat1 transcripts while increasing Aoc1 mRNA

levels (figure 12m). Here, Odc1 and Sat1 are downregulated by 1.6 and 5 fold, respectively, and

Aoc1 mRNA levels drastically increase by 219.7 fold. Aoc1 transcript levels are not significantly

affected in hypoosmolarity established by addition of 25% H2O to the medium (figure 12n).

3.6 Hyperosmolarity is a general stimulus of Aoc1 expression in
vitro

Aoc1 showed the strongest increase in different kidney injury models (figure 3) with hypoxia

and hyperosmolarity being potential inducers (figure 12l and 12m). Stimuli found in the

embryonic kidney explant culture must not necessarily be reproducible in other models. To

compensate for model-specific effects, the influence of hypersomolarity and hypoxia on Aoc1

expression was tested in more cellular models (figure 13).
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Figure 13: Hyperosmolarity is a stimulus of Aoc1 expression in vitro.
a) Aoc1 expression in hypoxia (1% O2) and hyperosmolarity (0.2 M sucrose) in embryonic kidney
explants, primary proximal tubules and the cell lines M15 and 209/MDCT. For better comparison,
expression data of embryonic kidney explant culture are taken from figure 12l and 12m. Transcript
levels are shown as log2-fold changes of Aoc1 relative to Actb and the respective control conditions.
Significances were determined by paired t-test or Wilcoxon matched pairs-signed rank test after testing
for normal distribution using Shapiro-Wilk test. Significances for normal distributed data is indicated
using asterisks (*p<0.05; **p<0.01; ***p<0.001) and for not normal distributed data by dollar signs
($p<0.05; $$p<0.01). Embryonic kidney explants (12.5 d.p.c.) were cultured in medium containing 0.2 M
sucrose and their controls were used for immunoblotting (b) and immunohistochemistry (c). b) For
immunoblotting, antibodies directed against AOC1 and βACT were used. c) Immunohistochemistry
of embryonic kidney explants (12.5 d.p.c.) was performed with an antibody against AOC1 and cell
nuclei counterstained with DAPI. Respective transmitted light (BF) images are shown. Scale bars equal
500 µm. d) Changes of Aoc1 expression in M15 and 209/MDCT cells cultured in medium with increasing
osmolarity. Cells were treated with addition of either 25% H2O to the medium (hypoosmolarity), 0.02 M
sucrose, 0.1 M sucrose or 0.2 M sucrose. Correlation was calculated given Spearmans R2. Linear
regression is shown as solid line. Dotted lines indicate the framing 95% confidence interval. Parts a),
b) and c) adapted from Sieckmann et al. [161].
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Hypoxia as well as hyperosmolarity were evaluated further as potential stimuli of Aoc1

induction using primary proximal tubule culture, the mesonephric M15 cell line and the distal

convoluted tubule derived cell line 209/MDCT. As displayed in figure 13a, hypoxia stimulates

Aoc1 expression only in embryonic kidney explant cultures but not in the other models. On the

contrary, hyperosmotic stress by addition of 0.2 M sucrose increases Aoc1 mRNA levels in all

models. In the primary proximal tubule culture, Aoc1 is upregulated by 2.8 fold, in M15 and

209/MDCT cell lines Aoc1 mRNA increases by 15.3 and 13 fold respectively. Hyperosmotic

stress was confirmed as a stimulus of AOC1 expression by immunoblotting (figure 13b) and

immunofluorescent whole-mount staining (figure 13c) Cultivation of embryonic kidney explant

cultures in medium with 0.2 M sucrose leads to a strong increase in AOC1 protein levels in

the tubules (figure 13b,c). Under isosmotic conditions, AOC1 is not detectable in embryonic

kidney explants.

To test whether the changes of Aoc1 expression under hyperosmotic conditions are

dose-dependent, M15 and 209/MDCT cells were cultivated in increasing osmolarities

(figure 13d). Here, hypoosmolarity by dilution of the medium with 25% H2O and

hyperosmolarity by addition of 0.02 M sucrose, 0.1 M sucrose or 0.2 M sucrose was used.

In both cell lines, Aoc1 expression correlates positively with increasing osmolarity.

3.7 Aoc1 expression is transcriptionally activated by binding of
NFAT5 to a cis-acting element

The increase in Aoc1 mRNA expression in hyperosmotic conditions can result from promoter

activation and/ or from stabilization of the mRNA. The Aoc1 gene contains four coding

isoforms. These isoforms are distinguishable by their unique 5’UTRs. Only one isoform

contains an additional coding exon. To evaluate transcriptional activation, the putative promoter

regions of the different Aoc1 isoforms (ca. -2000 bp to transcription start site (TSS)) were

cloned and ligated into the pGL3b reporter vector upstream of the firefly luciferase gene. A

schematic drawing of different Aoc1 isoforms and their respective promoter elements is shown

in figure 14a.
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Figure 14: Expression of Aoc1 is transcriptionally activated by NFAT5.
a) Illustration of the variable 5’ region of the murine Aoc1 gene and transcriptional activation of Aoc1
isoforms. Numbering of Aoc1 isoforms according to Ensembl gene database (ENSMUSG00000029811;
Chromosome 6: 48,849,830-48,886,122 forward strand, GRCm39:CM000999.3). Dashed boxes
indicate putative promoter regions, filled boxes coding exons and hollow boxes non-coding mRNA.
Transcriptional activation was assessed by luciferase promoter assay in M15 cells transfected with the
pGL3b plasmid (inserted with the different putative promoter regions) and subsequently treated with
0.2 M sucrose. Values are presented as fold changes in firefly luciferase activity, relative to renilla
luciferase activity after hyperosmotic induction (0.2 M sucrose) compared to their isosmotic control.
Experimental procedures conducted by N. Ögel and described in detail in Sieckmann et al. [161].
b) Promoter activity was measured using luciferase assay in M15 cells transfected with pGL3b
plasmid containing 2 kb of the Aoc1-205 promoter region 5’ of the firefly luciferase coding sequence.
To characterize the promoter upstream of Aoc1-205 in depth, the initial sequence was shortened at
the 5’ end, creating fragments of the sizes 1494 bp, 1003 bp, 499 bp, 372 bp, 248 bp and 124 bp
5’ upstream of the transcriptional start site. Values are shown as fold change in firefly luciferase
activity, relative to co-transfected renilla luciferase activity after hyperosmotic (0.2 M sucrose) induction
compared to their isosmotic control. Promoter labeled with “M” contains a mutated NFAT5 binding motif.
The NFAT5 consensus binding sequence [166] within the 124 bp promoter fragment is displayed. With
three mutations marked in red (A>C, A>C and G>T), a mutated NFAT5 binding site was created within
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the 124 bp fragment. c) Aoc1 expression changes after NFAT5 knockdown in M15 cells. For knockdown
of NFAT5, M15 cells were treated with either siRNA directed against Nfat5 or unspecific siRNA.
Subsequently, cells were cultivated in isosmotic or hyperosmotic (0.2 M sucrose) conditions to stimulate
NFAT5 expression. To confirm NFAT5 expression and knockdown, immunoblotting was performed with
an antibody against NFAT5. Detection of βACT served as loading control. Expression changes of
Aoc1 mRNA after induction with 0.2 M sucrose were determined by RT-qPCR and are displayed as Ct
values of Aoc1 minus Ct of Actb. Significances were calculated using one-way ANOVA (a) or two-way
ANOVA (c) after testing for normal distribution using Shapiro-Wilk test (*p<0.05; **p<0.01; ***p<0.001;
****p<0.0001). Parts a) and c) adapted from Sieckmann et al. [161].

Cultivation of M15 cells in hyperosmotic conditions resulted in an 8-fold activation of the

putative Aoc1-205 promoter (figure 14a). The promoters of the Aoc1 variants 201 and 202/3

were not activated by hyperosmolarity. To identify the specific hyperosmolarity response

element in the promoter region of Aoc1-205, shorter promoter fragments were cloned and

tested in the luciferase reporter gene assay. All shorter fragments showed activation under

hyperosmotic conditions as well (figure 14b) with 6.7 to 8.7 fold changes of luciferase activity

after induction with 0.2 M sucrose. In comparison, the empty pGL3b vector exhibits an

activation of 1.8 fold. A potential binding site for the hypertonicity-induced transcription

factor NFAT5 [166] was detected on the reverse strand of the 124 bp fragment (figure 14b).

Mutation of the predicted NFAT5 binding site resulted in loss of activation of the 124 bp

Aoc1-205 promoter by hyperosmolarity (figure 14b). siRNA mediated knockdown of NFAT5

was performed in M15 cells to confirm transcriptional activation of Aoc1 by NFAT5 (figure 14c).

Strong induction of NFAT5 in cells grown under hyperosmotic conditions is revealed by

immunoblotting. Transfection with Nfat5 siRNA effectively reduces NFAT5 to basal levels.

Notably, Aoc1 transcripts correlate with NFAT5 levels in M15 cells. Aoc1 mRNA increases

by 5.4 cycles (42.22 fold) in the presence of 0.2 M sucrose, while simultaneous silencing of

Nfat5 significantly reduces this effect to 2 cycles (4 fold).

3.8 Aoc1 mRNA is stabilized by hyperosmolarity

In addition to transcriptional activation, mRNA stabilization may contribute to increased Aoc1

mRNA levels in hyperosmotic conditions. This was assessed by growing M15 cells in the

presence of 0.2 M sucrose to induce Aoc1 expression. After induction, the cells were

transferred into either isosmotic or hyperosmotic medium and de novo RNA synthesis was

blocked by addition of the RNA polymerase inhibitor actinomycin D (5 µg/µL).
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Figure 15: Expression of Aoc1 mRNA is stabilized under hyperosmotic conditions.
a) Kinetics of Aoc1 mRNA under iso- and hyperosmotic (0.2 M sucrose) conditions during inhibition of
de novo RNA synthesis with actinomycin D. Data are shown as Ct values with an increase by one cycle
corresponding to a 50% reduction of mRNA levels. Solid lines indicate the best fitting linear regression
including its equation. Dashed lines and colored area frame the 95% confidence interval. Adapted from
Sieckmann et al. [161]. b) Immunoblot showing increased AOC1 protein under hyperosmotic conditions.
Cells were transfected either with the empty pcDNA3 vector or pcDNA3 containing the Aoc1 coding
sequence and then cultivated under isosmotic or hyperosmotic (0.2 M Sucrose) conditions. As a control
for possible induction of the pcDNA3 vector, cells were transfected with pcDNA3-eGFP (provided by
Holger Scholz) and cultivated in isoosmotic or hyperosmotic (0.2 M sucrose) conditions. Immunoblotting
was performed using antibodies directed against βACT and eGFP.

Under isosmotic conditions, Aoc1 mRNA is rapidly degraded with a half-life of approximately

one hour (figure 15a). Addition of sucrose to the culture medium increases Aoc1 mRNA

stability drastically beyond the measured timeframe. If extrapolated, Aoc1 mRNA reaches

a half-life of approximately 16 hours under hyperosmotic conditions, which corresponds to a

16-fold increase in stability. AOC1 protein is not detectable in cells transfected with the empty

vector, even under hyperosmotic conditions. To evaluate if Aoc1 mRNA stabilization results in

elevated protein levels, M15 cells were either transfected with the empty pcDNA3 vector or with

a pcDNA3 plasmid containing the Aoc1 coding sequence (figure 15b). AOC1 is clearly present

in cells transfected with the Aoc1 expression construct, and further increases upon incubation

in hyperosmotic medium (figure 15b). To verify that this is an Aoc1-specific effect, the pcDNA3

vector was transfected into M15 cells but this time with an eGFP ORF instead of Aoc1. As

visible, hyperosmolarity does not change detectable eGFP levels.
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3.9 The AOC1-205 signal peptide influences the subcellular
localization of AOC1 protein and increases its secretion.

Hyperosmotic stress stimulates Aoc1 expression. However, hyperosmolarity does not increase

AOC1 protein in M15 cells despite an approximately 16-fold increase in Aoc1 mRNA

(figure 15a). This raises the possibility that the Aoc1-205 isoform that is enhanced by

hyperosmolarity (figure 14a) is rapidly released from the cells. As a secreted molecule, AOC1

contains an N-terminal signal peptide (figure 16a). The Aoc1-205 isoform has an additional

coding exon upstream of the sequence coding for the signal peptide. The AOC1 signal peptide

consists of two N-terminal amino acids, followed by a 17 amino acids long hydrophobic core

region and an 8 amino acids sequence next to the cleavage site (signal peptide C-terminus).

With the additional protein coding exon, the AOC1-205 protein gains 22 extra amino acids

N-terminal to its signal peptide (figure 16a). In the Ensembl database, the Aoc1-205 variant

is not annotated completely and stops abruptly in the second exon without a stop-codon

(figure 16b). Using specific primers located at the TSS and the 3’ end of the coding sequence,

the integrity of the complete coding sequence of Aoc1-205 was demonstrated by amplification

via PCR (figure 16b).

Figure 16: Description of AOC1 signal peptides and verification of the full length Aoc1-205
transcript.
a) Schematic drawing of the N-terminus of the AOC1 protein and the difference between AOC1 and
of AOC1-205 (SP = signal peptide, AA = amino acids) isoforms. Annotation of functional regions
according to SignalIP – 6.0 (https://services.healthtech.dtu.dk/service.php?SignalP-6.0). Adapted
from Sieckmann et al. [161]. b) Annotated Aoc1-205 structure according to Ensembl database
(Chr6: 48,849,830-48,886,122, GRCm39:CM000999.3) and the amplified regions using primers
5’ ATGGATCAGTGGTCTGCTGC 3’ and 5’ TCACACAGGCTTGTAGGTCC 3’ indicated by red
arrowheads.

To assess the effect of the additional amino acids at the N-terminus of AOC1-205, the

sequence corresponding to the AOC1 signal peptide with and without the 22 amino acids

was cloned 5’ in frame of the eGFP gene. eGFP without signal peptide has an ubiquitous

cytoplasmic localization with a strong nuclear fluorescence (figure 17a). N-terminal addition

of the AOC1 signal peptide, which is present in all AOC1 isoforms changes the intracellular

distribution of eGFP (figure 17b). Here, the nuclear fluorescence is drastically weakened, the
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cytoplasmic localization is slightly reduced and eGFP accumulates visibly in a perinuclear body

(figure 17b’). With the N-terminal addition of the 22 amino acids present only in AOC1-205

to the signal peptide, eGFP shows less cytoplasmic localization (figure 17c). The additional

22 amino acids localize the eGFP fusion protein mostly perinuclear with no nuclear signal

(figure 17c”).

Figure 17: The additional 22 amino acids of AOC1-205 lead to increased secretion of the mature
protein.
a-c) M15 cells transfected with eGFP-constructs with either no N-terminal addition (eGFP),
N-terminal addition of AOC1 signal peptide (SP-eGFP) or addition of AOC1-205 N-terminal sequence
(+22-SP-eGFP). Arrow heads point to perinuclear staining. Scale bars equal 20 µm. d) Immunoblotting
of cell lysates and precipitated medium after 24 hours of cultivation of M15 cells transfected with
eGFP-constructs with either no N-terminal addition (eGFP), N-terminal addition of AOC1 signal peptide
(SP-eGFP) or addition of AOC1-205 N-terminal sequence (+22-SP-eGFP). Antibodies against eGFP
and βACT were used. Coomassie staining of the membrane was performed as a loading control of
the precipitated medium. Quantification of three experiments. Percentages were calculated by division
of respective quantification by total quantifications from the supernatant and cell pellet. Significances
were calculated using two-way ANOVA (*p<0.05; **p<0.01; ***p<0.001). Adapted from Sieckmann et
al. [161].
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The reduced cytoplasmic eGFP signal upon N-terminal inclusion of the 22 amino acids of

AOC1-205 could be due to enhanced protein secretion. To test this hypothesis, the protein

lysates of the transfected cells and the total protein precipitated from the culture medium were

collected for immunoblotting (figure 17d). eGFP-transfected cells secrete only 8% of the eGFP

into the medium as seen when comparing the amounts of eGFP in the cells with the medium

of the transfected cells. Cells transfected with the SP-eGFP construct secrete 31% of the

SP-eGFP fusion protein into the medium and cells transfected with the +22-SP-eGFP construct

secrete 47%. The addition of the 22 amino acids of AOC1-205 leads therefore to increased

secretion compared to the signal peptide alone.

3.10 Aoc1 is required for normal proliferation of M15 cells

Various experimental approaches were taken to identify the biological processes targeted by

Aoc1 in response to tissue injury and during regeneration. One major challenge in regeneration

of injured tissue is the replacement of dead cells, which requires proliferation of surviving cells.

To gain insights into the possible role of Aoc1 in cellular proliferation, Aoc1 overexpression

and Aoc1 deletion by CRISPR/Cas9 were performed. Overexpression of Aoc1 in mesonephric

M15 cells does not stimulate cellular proliferation (figure 18a). Knockout of Aoc1 does however

reduces proliferation significantly. After three and four days of growth, the cells stop proliferating

and start reaching a plateau at around 4.3 *105 cells per well.
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Figure 18: Aoc1 overexpression alters cellular response to ER stress and autophagy.
a) Proliferation assay using M15 cells. Overexpression is designated as Aoc1-CDS, the vector control
is pcDNA3. CRISPR/Cas9 mediated Aoc1 knockout is designated as Aoc1-/-, the vector control is
pSpCas9(BB)-2A-GFP. Six experiments in total with two different clones each. b) Scratch assay using
M15 cells. Total scratch area at start was set as 100%. Significances were calculated using the CGGC
permutation test as described elsewhere [167].

Besides proliferation, cell migration is a prerequisite for wound healing. Here, migration

was measured using a scratch assay. As shown in figure 18b, despite the reduced

proliferation (figure 18a) Aoc1 deletion does not lead to a decrease in migration. Furthermore,

overexpression of Aoc1 does not significantly change cell migration.

3.11 Phenotypic description of Aoc1 knockout mice

To explore the role of Aoc1 in renal injury, an ubiquitous Aoc1 knockout mouse was established.

The mice contain a genetic modification inserting a splice acceptor containing lacZ cassette

within the Aoc1 locus. The resulting AOC1 protein is therefore a fusion protein from Aoc1’s first

exon and lacZ leading to a premature stop-codon (figure 19a).
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Figure 19: Genetic and phenotypic description of Aoc1 knockout-first allele.
a) Schematic showing the design of the Aoc1 knockout through a reporter knockout. The insertion
of a splice acceptor containing β-galactosidase (lacZ ) trapping cassette disrupts the gene function
ubiquitously. Numbered, grey boxes indicate coding exons, solid line intronic sequences and dashed
lines indicate splicing event. FRT : Flip recognition target; loxP: Locus of x(cross)-over in P1; neo:
amino 3’-glycosyl phosphotransferase. b) Body weight and total renal mass of WT and Aoc1-/- mice.
c) Periodic acid Schiff base (PAS) staining and Masson-Goldner Trichrome (MGT) staining of WT and
Aoc1-/- kidneys. Scale bar indicates 50 µm. d) Measurement of osmolality, creatinine, urea, and cystatin
C in serum of WT and Aoc1-/- mice. e) Measurement of osmolality, creatinine, and albumin in urine
of WT and Aoc1-/- mice. Significances were calculated using unpaired t-test or Mann-Whitney test
after testing for normal distribution using Shapiro-Wilk test. Significances for normal distributed data is
indicated using asterisks (*p<0.05; **p<0.01; ***p<0.001) and for not normal distributed data by dollar
signs ($p<0.05; $$p<0.01). Adapted from Sieckmann et al. [161].
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The mice show no differences in body weight and their total renal mass compared to wildtype

animals (figure 17b). The renal histology is unremarkable with no detected changes in

PAS and Masson Goldner trichrome staining (figure 19c). The renal excretory function was

assessed by measuring serum osmolality, creatinine, urea, and cystatin C levels. While serum

osmolality is unchanged, Aoc1-/- animals exhibit increased serum creatinine and decreased

serum urea levels (figure 19d). As another marker of renal function, cystatin C shows unaltered

levels (figure 17d). As measured in spot urine samples, Aoc1-/- mice exhibit no changes in

osmolality, creatinine, or albumin (figure 19e). While the Aoc1 knockout does not influence

polyamine levels in kidney tissue or urine, serum putrescine levels are significantly elevated

(figure 20).

Figure 20: Polyamines in Aoc1 WT and Aoc1-/- mice.
Measurement of polyamines in kidneys, serum, and urine of WT and Aoc1-/- mice. Significances
were calculated using unpaired t-test after testing for normal distribution using Shapiro-Wilk test.
Significances for normal distributed data is indicated using asterisks (*p<0.05; **p<0.01; ***p<0.001).
Adapted from Sieckmann et al. [161].

While no histomorphologic changes were detected, expression of different transcripts was

measured in Aoc1 WT and Aoc1-/- kidneys. As shown in figure 21, no increase in markers

for tubular injury was detected. However, markers for fibrosis (Tgf β and αSma), the

macrophage marker F4/80, anti-inflammatory phagocyte markers (Mrc1 and Arg1), and the

pro-inflammatory cytokine Il1b exhibit reduced expression. Within the polyamine system the

transcripts of synthesizing Odc1 and Srm are significantly reduced together with the disrupted

Aoc1.
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Figure 21: Expression changes of various genes in kidneys of Aoc1-/- mice.
Messenger RNA levels of various genes involved in renal pathophysiology and polyamine metabolism
were measured in Aoc1-/- mice kidneys by qPCR (n=10). The values are shown as log2-fold change
in relation to kidneys from WT animals, normalized to Actb. Significances were calculated using
unpaired t-test after testing for normal distribution of data using the Shapiro-Wilk test (*p<0.05; **p<0.01;
***p<0.001). Error bars show minimum and maximum value. Adapted from Sieckmann et al. [161].

3.12 Influence of Aoc1 on renal structure and function 21 days
after renal unilateral IRI

Aoc1-/- and Aoc1 WT mice underwent 25 min of renal unilateral IRI, followed by 21 days of

reperfusion (figure 22a). While an increase in AOC1 protein is detectable in Aoc1 WT mice after

IRI, it is absent in the knockout animals (figure 22b). No differences in renal gross anatomy

were detected after IRI between Aoc1-/- and Aoc1 WT animals (figure 22c). No differences in

renal excretory function were detected as measured in serum and urine besides an increase in

measured osmolality of spot urine from Aoc1-/- mice (figure 22d,e). The renal histopathology

is mainly unchanged with similar amounts of infiltrating mononuclear cells, apoptotic cells, and

fibrosis (figure 22f). However, a decrease in cortical tubular casts was measured together with

an increase in KIM1 positive tubules (figure 22f,g).
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Figure 22: Changes in clinical parameters of renal function after unilateral IRI in WT and Aoc1-/-

mice.
a) Schematic of the used study design. Aoc1 WT and Aoc1-/- mice were subjected to 25 min unilateral
renal ischemia followed by 21 days of reperfusion. b) Immunoblotting of AOC1 protein and GAPDH in
contralateral control kidneys and kidneys that underwent IRI of Aoc1 WT and Aoc1-/- mice. c) Weight
of the ischemic kidney adjusted to the animals’ body weight. d) Serum osmolality, creatinine, and
urea 21 days after unilateral IRI. e) Urine osmolality, creatinine, and albumin 21 days after unilateral
IRI. f) Histomorphologic changes in Aoc1 WT and Aoc1-/- kidneys 21 days after IRI. Significances
were calculated using unpaired t-test testing for normal distribution of data using the Shapiro-Wilk test
(*p<0.05; **p<0.01) g) Representative images from the renal cortex of both genotypes contralateral and
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ischemic kidneys 21 days after surgery. Asterisks indicate the presence of tubular casts. Scale bar
represents 100 µm. Adapted from Sieckmann et al. [161].

To detect if certain processes involved in renal pathophysiology are influenced, selected

transcripts were measured by qPCR. As demonstrated in figure 23, expression of Lcn2,

Tnfα and sXbp1 is significantly downregulated. For the mRNA levels of polyamine regulating

enzymes, no difference is detectable with exception of the strong decrease in detected Aoc1.

Figure 23: Changes in renal gene expression 21 days post IRI.
Renal gene expression changes of various genes involved in renal pathophysiology or polyamine
metabolism in Aoc1-/- animals. Values are displayed as log2-fold change of indicated mRNAs relative
to WT animals (n=9). Significances were calculated using unpaired t-test after testing for normal
distribution of data using the Shapiro-Wilk test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Error
bars show minimum and maximum value. Adapted from Sieckmann et al. [161].

IRI leads to a decrease in renal putrescine and spermine levels while spermidine is elevated

(figure 6). In figure 24a, kidneys from untreated control animals, the contralateral control

kidney and kidneys 21 days after ischemia were used. This setup allows to compensate for

possible extrarenal sources of polyamines as the post IRI kidneys can be compared to two

separate controls. While the Aoc1 knockout stabilizes renal putrescine levels, the increase

in spermidine is unaffected. Spermine however exhibits no significant changes between the

treatments and within one genotype. For serum polyamine levels (figure 24b) only an increase

in putrescine is detectable. As polyamines are freely filtered, changes in serum polyamine

levels can be compensated by altered polyamine excretion. As shown in figure 24b, Aoc1-/-

mice excrete increased putrescine and spermidine amounts 21 days after IRI compared to

Aoc1 WT animals.
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Figure 24: Changes in polyamine levels 21 days post IRI.
a) Changes in renal polyamine levels were determined in untreated control animals, the contralateral
control kidney, and the ischemic kidney 21 days after IRI. Data of control animals is adapted from
figure 20. b) Changes in serum and urinary polyamine levels of Aoc1 WT and Aoc1-/- mice 21 days
after unilateral IRI. The red plus-signs indicate the measured mean amount of each polyamine in
untreated control animals (cf. figure 20), significances and tests for these comparisons are given
within the text. Significances were calculated using unpaired t-test (for b) or by two-way ANOVA (for b)
after testing for normal distribution of data using the Shapiro-Wilk test (*p<0.05; **p<0.01; ***p<0.001;
****p<0.0001). Data of polyamine levels from this experiment were used for visualizing figure 6. Adapted
from Sieckmann et al. [161].
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3.13 Influence of Aoc1 on renal structure and function after
14 days of adenine feeding

To explore the role of Aoc1 after kidney injury further, a second injury model was used.

Here, tubulointerstitial nephritis was induced by feeding an adenine enriched diet for 14 days

(figure 25a). Increased AOC1 protein is detectable in Aoc1 WT animals after adenine feeding

but not in Aoc1-/- mice (figure 25b). The two genotypes do not differ in their kidney weight

(figure 25c), excretory kidney function (figure 25d,e), or in histomorphology (figure 25f).

Figure 25: Changes in clinical parameters of renal function after 14 days of adenine feeding in
Aoc1 WT and Aoc1-/- mice.
a) Schematic of the used study design. Aoc1 WT and Aoc1-/- mice were fed a synthetic diet containing
0.2% adenine. After 7 days, mice were able to return to a normal diet for one day before continuing
the adenine enriched diet. b) Immunoblotting of AOC1 protein and GAPDH in kidneys of Aoc1 WT and
Aoc1-/- mice fed with normal chow or adenine enriched chow (0.2% adenine). c) Weight of both kidneys
adjusted to the animals’ body weight. d) Serum osmolality, creatinine, and urea after 14 days of adenine
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feeding. e) Urine osmolality, creatinine, and albumin after 14 days of adenine feeding. f)
Histomorphologic changes in Aoc1 WT and Aoc1-/- kidneys after 14 days of adenine feeding.
Significances were calculated using unpaired t-test after testing for normal distribution of data using the
Shapiro-Wilk test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Adapted from Sieckmann et al. [161].

Measurement of a panel of different genes involved in renal pathophysiology revealed reduced

amounts of the pro-inflammatory cytokine Il1b (figure 26). Other investigated processes

including tubular injury, fibrosis and other immunomodulatory genes exhibited no change.

Within the polyamine homeostatic genes, only reduced expression of Aoc1 is detected

(figure 26).

Figure 26: Gene expression changes in kidneys of mice after 14 days of adenine nephropathy.
Gene expression of various genes involved in renal pathophysiology and polyamine metabolism were
measured in Aoc1-/- mice kidneys by qPCR. The values are shown as log2-fold change of indicated
mRNAs in relation to kidneys from WT animals, normalized to Actb. Significances were calculated
using unpaired t-test after testing for normal distribution of data using the Shapiro-Wilk test (*p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001). Adapted from Sieckmann et al. [161].

While renal function, histology and gene expression remain mainly unchanged, polyamine

levels exhibit large differences. As shown in figure 27a, renal putrescine is elevated in

Aoc1-/- animals compared to Aoc1 WT animals and untreated animals. Interestingly, the

interindividual differences in renal putrescine content are very large. While renal spermidine

levels remain unchanged, a decrease in spermine is detectable for both genotypes (figure 27a).

For serum and urinary polyamines, putrescine levels are significantly elevated in Aoc1-/-

animals compared to Aoc1 WT while elevated spermidine is only detected in urine (figure 27a).

Substantially, serum and urine putrescine content is significantly (p<0.0001; two-way ANOVA)

higher in KO animals after adenine feeding compared to untreated controls (red plus signs in

figure 27). Aoc1 WT and Aoc1-/- animals show elevated serum spermidine levels (p<0.01;

two-way ANOVA) but only knockout mice excrete increased spermidine via urine (p<0.01;

two-way ANOVA) compared to the untreated control animals.
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Figure 27: Changes in polyamine levels in renal tissue, serum, and urine of WT and Aoc1-/- mice
with adenine nephropathy.
a) Changes in renal polyamine levels were determined in untreated control animals and mice after
14 days of adenine feeding. Data from control animals is adapted from figure 20. Significances were
calculated using two-way ANOVA (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). b) Changes in serum
and urinary polyamine levels of Aoc1 WT and Aoc1-/- mice after 14 days of adenine feeding. The red
plus-signs indicate the measured mean amount of each polyamine from untreated control animals (cf.
figure 20), significances and tests for these comparisons are given within the text. Significances were
calculated using unpaired t-test after testing for normal distribution of data using the Shapiro-Wilk test
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Adapted from Sieckmann et al. [161].
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4 I Discussion

4.1 The polyamine system in kidney injury

This study demonstrates that the polyamine system undergoes uniform changes after kidney

injury following a conserved scheme (figure 3 and 4). It is shown that the genes involved

in polyamine synthesis (Odc1, Srm, and Sms) are negatively correlated, while the catabolic

gene Aoc1 is positively correlated with different markers of tubular injury and repair (figure 4).

Little is known about the polyamine synthesizing enzymes in kidney injury so far. Two studies

reported a decrease of renal ODC1 in kidney injury by streptozotocin induced diabetes and

IRI [132, 168]. Here, downregulation of Odc1 expression was present in all models of kidney

injury tested (figure 3). Data from this study support the hypothesis that enzymes involved

in polyamine catabolism are commonly upregulated after kidney injury. Previous studies in

models of kidney injury reported an increased expression of polyamine catabolic enzymes,

such as Sat1, after bilateral IRI and increased SAT1 enzyme activity after kidney injury

induced by folic acid and type 1 diabetes [104, 132, 169]. Following cisplatin-induced AKI,

increased renal SAT1 and SMOX levels were also observed [124]. Upregulation of Aoc1 is

most frequently observed (figure 3). There have been few reports on the induction of Aoc1

after renal injury, though the data presented in this study are consistent with hints found in

previous studies. Increased Aoc1 mRNA during the kidney repair phase was detected using

microarray data after IRI [143]. In another transcriptomic study, increased Aoc1 expression

was detected after transplantation [170]. Furthermore, increased AOC1 activity was detected

in CKD patients with undisclosed etiologies undergoing dialysis [171]. This indicates, that the

results of this study might also have implications in patients with kidney disease. The increase

in Sat1 expression observed in this study (figure 3) is most prominent in the early stages

of kidney injury, as seen in kidney samples harvested after 24 hours after rhabdomyolysis

and 6 hours after IRI. This is consistent with previous reports of increased SAT1 after

bilateral IRI and kidney injury induced by folic acid, which peaked at 12 hours and declined

thereafter [104, 120]. These findings suggest that the dysregulation of the polyamine system

may be regulated spatiotemporally. It is possible that polyamine catabolism is upregulated in a

biphasic manner, with Sat1 expression being an early response to injury followed by increased

Aoc1 expression during regeneration. The localization of the injury may also be important, as

the increase of Smox in hypertension or diabetic nephropathy models (figure 3) may be due to

vascular or glomerular injury, respectively, leading to the absence of Aoc1 expression. Further

research, including longitudinal measurement of these genes after injury and determination of

polyamine levels, is needed to fully understand these dynamics.

The genes encoding polyamine synthesizing enzymes were most prominently downregulated

and Aoc1 as a catabolic enzyme shows a strong negative correlation to Odc1 and Sms

(figure 4). It is noteworthy that this inverse regulation is additive and may result in an overall
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shutdown of the polyamine system. Interestingly, a strong decrease of putrescine levels

was observed after IRI (figure 6a and 24a) which was abrogated in the Aoc1 knockout mice

(figure 24a). After adenine nephropathy, renal putrescine levels in WT mice remained equal

to untreated control animals (figure 27a). Consistent with the IRI model, renal putrescine

levels increased in Aoc1 knockout mice after adenine feeding compared to Aoc1 WT mice

(figure 27a). This demonstrates that the upregulation of AOC1 is the major regulating factor

for the renal putrescine levels after kidney injury. Still, differences between both models were

observed. Besides the different mechanisms of injury, the timepoints of analysis were different.

It is possible that an early rise in putrescine levels is compensated by later increase in AOC1.

This is in line with earlier reports showing increasing renal putrescine levels 6, 12 and 24 hours

after IRI [104, 172]. Another possibility is that increased renal putrescine levels result from

the drastic increase in serum and urine putrescine levels observed after adenine treatment

(figure 27b), but not after IRI (figure 24b). In this study, the kidneys were not perfused prior

to measurement of tissue polyamines. It is therefore possible that remaining blood and urine

within the kidney increases the measured tissue putrescine levels.

Within the serum, Aoc1-/- mice exhibit increased putrescine levels in comparison to Aoc1

WT mice (figure 24b and 27b). And elevated serum putrescine and spermidine levels are

detected in Aoc1 WT mice after IRI and adenine feeding (figure 6b and 27b). Elevated

serum spermine is only detected after IRI (figure 6b). The observation of increasing serum

putrescine, is consistent with reports of increased serum putrescine in CKD patients [115,116].

The detected elevation in serum spermidine and spermine however is contradictory to the

reported decrease in CKD patients [115,116]. For the unilateral IRI model the reason for these

discrepancies may be that the contralateral kidney can compensate the resorptive capacity of

the injured kidney, thus elevating serum spermidine and spermine levels. As elevated serum

spermidine levels are also detected in adenine nephropathy (figure 27b), it could also be that

the assessed timepoints are not comparable to the progression of CKD in patients.

Interestingly, the renal polyamine system exhibits and maintains a strong spatial separation

between synthesis and catabolism. The most prominent changes observed after kidney IRI

were the reduction in cortical Odc1 expression and the strong induction of cortical Aoc1

expression (figure 7 and 8a). Previous research has identified Odc1 in the proximal tubules

of healthy rats and mice [169, 173, 174], and the finding of the present study of tubular Odc1

expression (figure 7) is consistent with this. As ornithine reabsorption, which is necessary for

the synthesis of putrescine, occurs primarily in the proximal tubules [175], the reduction in Odc1

expression may be due to reduced ornithine availability resulting from damage to these tubules.

Within the healthy kidney, Aoc1 was not expressed in the cortex but rather in the medulla

(figure 8a). This is supported by qPCR data, indicating the highest levels of Aoc1 expression

in the inner stripe of the outer medulla and inner medulla [176]. Additionally, the expression

of other genes regulating the polyamine system was generally downregulated throughout the

entire kidney (figure 7). In accordance with the RNAScope data, cortical expression of Srm
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and Sms (figure 7) has been described before [176]. The weaker expression of Srm and Sms

in comparison to Odc1 may highlight the role of Odc1 as the "gatekeeper" of the polyamine

system. The strong cortical tubular Sat1 expression (figure 7) is also in line with previous

reports [174,176]. The expression of the interconverting enzyme Paox was relatively weak but

exclusive to cortical tubules (figure 7), as previously reported in the proximal tubules within the

cortex and outer stripe of the medulla [176, 177]. The limited presence of Paox, compared to

Sat1, may lead to decreased putrescine pools, as Paox is necessary for back-conversion.

Interestingly, it is known that the different polyamines are unevenly distributed across the

kidney [178]. Localizing the different polyamines before and after injury could provide valuable

insights into their possible roles. Finally, the presented data is only based on expression and

further experiments should be dedicated to localizing the corresponding proteins.

4.2 Increasing polyamine catabolism as a reaction to injury

Across all evaluated models, a shift in the expression of the renal polyamine system towards

degradation is evident (figure 3). This shift is independent of the underlying etiology, as

almost all studied models exhibit decreased Odc1 expression and increased expression of

Aoc1, Sat1, or Smox. As this dysregulation was observed in eleven murine models of kidney

injury with different etiologies, a potentially conserved mode of action is suggested. Odc1

exhibits the strongest negative correlation and Aoc1 the strongest positive correlation with

Lcn2 expression (figure 4 and 5). Other tested markers for processes like fibrosis (αSma,

Vim, Tgf β), inflammation (Il1β, Tnf α) also correlate with downregulation of Odc1 and increase

in Aoc1, however the correlation is weaker. As most detected injury markers correlate with

each other, a categorization of a dysregulated polyamine system to a certain mechanism

is hard to establish. This indicates that changes in the expression of polyamine regulating

enzymes correlate with the severity of injury rather than with a specific type of damage. All the

models in this study showed increased Lcn2 mRNA levels (figure 3). Lcn2 has been shown to

rapidly increase in mRNA levels after kidney injury, with increases detectable three hours after

IRI [30]. Lcn2 is not only a marker of tubular injury, it has been proposed as a biomarker for

the transition from AKI to CKD [143,165] highlighting its role in recovery and adaptation.

It is known that in pathologies of other organs than the kidney, changes in the polyamine

system occur. Tissue damage often results in similar alterations of polyamine levels. In

rats with lesioned brains and mice with IRI of the bladder, an early increase in tissue ODC1

activity with increased putrescine levels was detected, while spermidine and spermine

remained unchanged [179, 180]. Similarly, tissue putrescine and spermidine levels are

increased compared to spermine in rats after partial hepatectomy and in a mouse colitis

model [181,182]. Here, the question arises - is the response of the polyamine system different

in injured kidneys compared to other organs? As in the model of kidney IRI a reduction of

renal putrescine was observed (figure 6a) and all analyzed models of kidney injury showed a

downregulation of Odc1 expression (figure 3). Increased expression of polyamine catabolic
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enzymes as observed in this study (figure 3) is a common feature of various pathologies.

Enhanced polyamine catabolism and Sat1 expression have been detected after traumatic

brain injury and cerebral IRI [183–185], increased SAT1 was also detected in the myocardium

after IRI [186], and enhanced SAT1 and PAOX in early response of the liver to IRI [172].

The importance of this back-conversion is highlighted by the findings that SAT1 deficient

mice show reduced putrescine levels after renal and hepatic IRI compared to wildtype

animals [127] and that brain putrescine levels drop by 70% after inhibition of PAOX [187].

The polyamine back-conversion pathway has been observed to be upregulated in the early

stages after injury in various models, with peak levels occurring between 6- and 12-hours

post-injury [104, 120, 172, 186]. However, later, this pathway is downregulated and there is an

increase in AOC1 expression. After IRI and transplantation [143, 170], in wounded guinea pig

skin [188] and after 70% small intestine resection [189] an increase in Aoc1 is detectable, often

occurring after the initial injury and within the phase of highest proliferation and regeneration.

This proposition of a biphasic response of polyamine metabolism is strengthened by the

observation of a late reduction in renal putrescine levels (figure 6a and 24a). While early SAT1

activity may be responsible for the build-up of increased renal putrescine levels [127], AOC1 is

responsible for the degradation of it (figure 24a and 27a).

These findings suggest a conserved dysregulation of the polyamine system across various

injuries and organs. Further investigation, such as testing IRI on different organs at different

time points, could provide insight into the regulation and potential functions of the polyamine

system in various tissues.

4.3 The role of the putrescine degrading enzyme AOC1 in kidney
injury

Analyzing the histological localization of AOC1 expression after IRI indicated, that regenerating

tubular cells are the main source for AOC1 protein in the injured kidney (figure 11). AOC1 has

been described as a secreted glycoprotein [190]. Nevertheless, a substantial amount of AOC1

protein accumulates in the tubular epithelium, where it is produced (figure 9d). Further studies

are needed to clarify, to what extend AOC1 is secreted from the tubular epithelium into the

circulation. Expression of Aoc1 mRNA is exclusive to the proximal tubule and thin descending

limb of Henle’s loop (figure 10), and colocalizes with KIM1, a marker for regenerating tubular

epithelial cells [191]. This raises the question if AOC1 expression is restricted locally to certain

segments or functionally to specific cells. The restricted expression within the proximal tubule

may be due to initial injury, as it is generally acknowledged that renal IRI damages primarily the

S3 segment of the proximal tubule [192]. The shown correlation of Aoc1 to the severity of renal

injury (figure 5) and the localization within damaged cells (figure 11) hint to a role for Aoc1 in

tissue regeneration. However, it is unclear how Aoc1 contributes to regeneration. Expression of

AOC1 leads to depletion of putrescine, which might counteract proliferation [173]. Furthermore,

it has been shown, that inhibition of AOC1 improves healing in rat models of facial nerve
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injury [193] and small bowel transection resection [194]. Contrary, however Aoc1 expression

is required for normal proliferation in M15 cells (figure 18). There is also low overlap between

apoptotic, necrotic, or proliferating cells and Aoc1-expressing cells (figure 11a), suggesting a

role for Aoc1 in the terminal phase of regeneration. In future studies, Aoc1 expression should

be studied in more diverse injury models. It would be interesting to see, if upregulation of Aoc1

is a conserved mechanism that is not cell type specific. Injury models that specifically damage

the glomerulus or exhibit more distal damage patterns could answer this question. The role of

Aoc1 within regeneration should be addressed in more detail.

4.4 Hyperosmolarity as a stimulus of Aoc1 expression

The new finding of AOC1 upregulation after kidney injury (figure 3) leads to the question, which

factors regulate the expression of AOC1 in kidney injury. Hypoxia and hyperosmolarity were

identified as noxae that resulted in a similar dysregulation of the polyamine system (figure 12),

evident by the downregulation of Odc1 and upregulation of Aoc1. The relationship between

hypoxia and an altered polyamine system is controversial, as some studies have shown that

hypoxia leads to increased polyamine synthesis and ODC1 levels in cancer cell lines [195]

and in fetal rat brain [196]. Others have shown, that hypoxia leads to decreased ODC1

activity in rat lung [197] and increased SMOX levels in retinal glial cells [198], thus favoring

catabolism. Interestingly, elevated AOC1 levels under hypoxia have been only described in

plants as in fava beans or soy beans, leading to increased GABA production [199,200]. These

discrepancies in different reports could be based on the type of tissue that was assessed or

based on the time point. In fact, ODC1 activity is first increased and later decreased in hypoxic

cardiomyoblasts [201]. The hypothesis, that the type of tissue determines changes in the

polyamine system under hypoxia, is strengthened by the observations, that Aoc1 expression

is only induced in embryonic kidneys under hypoxia but not in adult primary proximal tubules

or cell lines (figure 13a). In contrast, hyperosmolarity was further confirmed as a stimulus

of Aoc1 expression in cell lines and primary proximal tubule (figure 13a). Furthermore,

renal Aoc1 expression was detected in the medulla of healthy kidneys i.e., the tissue with

the highest osmolality (figure 8). Consistent with this, elevated Aoc1 mRNA levels were

detected in embryonic kidneys, primary proximal tubules, and cell lines upon cultivation under

hyperosmotic conditions (figure 13a). However, little is known about the effects of tonicity on

the mammalian polyamine system. Previous studies have reported increased Odc1 activity

in hypotonic conditions in mouse leukemia cells, which confers protective effects [202, 203].

Consistently, hyperosmotic stress leads to a reduction of putrescine in HeLa cells [204]. These

findings align with the shown positive correlation between increasing osmolality and Aoc1

expression (figure 13d). Interestingly, bacteria also reduce putrescine content with increasing

tonicity [205, 206], while plants exhibit increased putrescine biosynthesis under hyperosmotic

stress [207]. These differences might resemble the structural specificities of these cells.

While plant cells have a cell wall that is capable of sustaining large turgor pressure [208],

mammalian and bacterial cells need to rapidly adapt to changes in external tonicity. Here,
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osmoregulatory processes are initialized by cell volume regulation and organic osmolyte

accumulation. Polyamines can block different channels such as porins in bacteria [209, 210],

inward rectifier K+ channels and TRP channels in mammalian cells [211, 212]. As such,

increased polyamine catabolism may reduce the blocking of these channels and allow for a

compensatory influx of ions and osmolytes to counteract external tonicity.

Interestingly, upregulation of Aoc1 under stress conditions might be restricted to epithelial

cells. Aoc1 is elevated only in epithelial cells after IRI (figure 11) and in epithelial cell

lines under hyperosmotic stress (figure 13d). Also in the embryonic kidney explant culture,

AOC1 appears in the epithelial cells in hypertonic conditions (figure 13c). Epithelial and

mesenchymal cells can respond differently to hyperosmotic stress [213]. Therefore, it would

be interesting to test how different epithelial and mesenchymal cell lines react to exposure

to hyperosmotic stress and if they increase Aoc1 mRNA. Additionally, the influence of Aoc1

and polyamines onto mammalian osmoregulation should be assessed. Here, measuring the

volume of Aoc1 overexpressing or Aoc1 deficient cells exposed to increasing tonicity could

give some new insights.

The mechanisms by which hyperosmolarity is increasing Aoc1 mRNA are transcriptional

induction by NFAT5 and mRNA stabilization (figure 14 and 15). Hyperosmolarity is known

to activate NFAT5 [214] which regulates downstream targets for osmoprotection [215, 216].

Hyperosmotic conditions can damage cells through various mechanisms, including the

production of reactive oxygen species [217,218], the inhibition of replication [219], transcription

and translation [220], and depolarization of mitochondrial membranes [221]. After renal

IRI, cortical NFAT5 expression can be detected in damaged proximal tubules [222, 223]. In

agreement, Aoc1 expression is induced via direct influence on an upstream NFAT5 binding site

in vitro (figure 14b,c). However, it remains unclear if NFAT5 is the common factor driving Aoc1

activation in both the osmoadaptive response and renal injury. The increased mRNA stability

is another regulatory mechanism contributing to the elevated Aoc1 mRNA levels under high

tonicity (figure 15). While a clear increase in stability is observed, the exact mechanism behind

this increase has not been determined. Cells overexpressing Aoc1 under control of a CMV

promoter show elevated AOC1 protein levels, when exposed to hypertonicity. This may be

due to increased mRNA stability or other processes, such as increased translation or protein

stabilization. Hyperosmolarity is well known to influence mRNA stability [224], translation

efficiency [225] and protein stability [226]. Future studies using chromatin immunoprecipitation

of DNA from injured kidneys could reveal if NFAT5 activates Aoc1 transcription in vivo. The

characterization of the molecular processes leading to increased Aoc1 mRNA levels and

protein could place Aoc1 correctly within its regulatory network. This way the function of AOC1

after renal injury and hyperosmotic stress could be better understood.
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4.5 Subcellular localization of the different AOC1 isoforms

Aoc1 has several transcripts, which have not been further characterized. Hyperosmolarity

induced Aoc1 promoter activity by NFAT5, binding upstream of the Aoc1-205 isoform

(figure 14a). Elevated Aoc1-205 mRNA levels were detected under hyperosmolarity and after

kidney injury [161]. This suggests a potential link between the response to hyperosmotic stress

and renal injury, with Aoc1-205 expression possibly playing a role in both situations. Aoc1-205

is the only Aoc1 isoform containing an additional coding exon. This exon corresponds to 22

additional amino acids N-terminally before the AOC1 signal peptide. The presence of the

full-length proteinogenic transcript was confirmed through PCR (figure 16b). In silico analysis

of the N-terminus of Aoc1-205 revealed that the amino acid sequence is still recognized as

a signal peptide (figure 16a). Within the constructed signal peptide-eGFP fusion constructs,

a strong influence on the subcellular localization and secretion of the protein was observed

(figure 17). Specifically, the addition of the +22AA signal peptide led to increased secretion

into the medium. AOC1 is known to be a secreted glycoprotein [190,227], but the influence of

the alternative first exon has never been described before. Various stimuli have been linked to

increased secretion of AOC1, including heparin and other glycosaminoglycans [190,228,229]

triglycerides and fatty acids [230], fat absorption [231], intestinal ischemia [232], and

pregnancy related secretion from the placenta [233]. The N-terminal addition of the AOC1-205

signal peptide further increases the secretion (figure 17d). Signal peptides are generally

heterogeneous and variable in length [234,235]. Despite this heterogeneity, their composition

is relatively conserved as they consist of a positively charged N-terminus, a hydrophobic core

region and a polar C-terminus containing the cleavage site. The N-terminus is usually short

consisting of 4-5 residues [236] but variations exist. While the exact amino acid sequence

does not affect secretion [237] its net positive charge is required [238]. Therefore, it is possible

that the elongation or alteration of charge of the AOC1-205 signal peptide leads to increased

secretion. To identify the structures in which AOC1 is translocated could give further insight

into the secretion mechanism. Using immunohistochemistry to localize AOC1 along with

markers of different organelles could be informative. Additionally, studying protein-signal

peptide interactions to identify potential binding proteins may help to understand how the

elongated signal peptide facilitates secretion.

Within the kidney, AOC1 is localized in renal tubules in vesicles along the plasma membrane

[239] where it is found in microsomes [240]. This is in line with the localization of the Aoc1

signaling peptide within extranuclear bodies (figure 17b’,c’) and after renal injury, AOC1 protein

is localized perinuclear (figure 9a’). It is generally thought that AOC1 is readily stored in

vesicles within the kidney and intestine and released upon stimulation, with release from the

small intestine occurring upon heparin stimulation into the venous effluent [147]. Here, it can be

bound in vasculature [241,242], possibly regulating circulating histamine and polyamine levels.

This is in line with the observation that serum putrescine levels are significantly upregulated in

Aoc1-/- animals (figure 20). However, it is unclear whether the renal tubules secrete AOC1 into
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the tubular lumen or basolateral into the circulation. Quantification of AOC1 in urine and blood

could determine whether regenerating tubules are secreting AOC1 basolaterally or luminally.

4.6 The Influence of AOC1 on cellular processes

The function of AOC1 is clearly described as a histamine and putrescine degrading enzyme.

Nevertheless, the consequences of this enzymatic activity on the diverse cellular processes are

poorly understood. The increase of Aoc1 expression in kidney injury and hyperosmolarity may

be detrimental or required for normal repair. To address this question, the influence of AOC1

on different aspects of regeneration was tested. Regeneration of biological structures requires

significant changes within the damaged tissue, including proliferation and migration to replace

necrotic cells. Polyamines and their ability to activate eIF5A are crucial for proliferation [72]

and migration [243,244], so increasing AOC1 levels could deplete polyamine pools and reduce

proliferation and migration. Reduced proliferation through AOC1 was demonstrated in prostate

cancer cells [245], fibroblasts [173], and lymphocytes [246]. Consistently, suppression of

AOC1 leads to increased proliferation after ileal resection [194]. However Aoc1 is necessary

for normal proliferation but not for migration in M15 cells (figure 18a,b). Overexpression of

AOC1 does not influence neither proliferation nor migration (figure 18a,b). Consistently, it was

shown that AOC1 is required for normal kidney organogenesis and AOC1 inhibition disrupts

tubular branching [247]. Elevated AOC1 levels have been linked to increased proliferation

and migration in various cancer cell lines including gastric cancer cells [149], colorectal

cancer cells [248] and in hepatocellular carcinoma cells [150]. In gastric cancer cells and

hepatocellular carcinoma cells, AOC1 influenced proliferation and migration by modulating

various pathways, including AKT and JAK/STAT3 [149,150], with reduced AOC1 levels leading

to a decrease in tumor growth [149]. It is possible that the effect of AOC1 on proliferation

depends on the specific cell type and its effect on polyamine pools or modulation of signaling

pathways.

To further understand the role of AOC1 in proliferation, several key questions need to be

answered. To reveal the mechanism of AOC1’s involvement, intracellular and extracellular

polyamine levels should be quantified. Additionally, it will be necessary to test whether the

absence of AOC1 changes known signaling pathways that influence proliferation.

4.7 The role of AOC1 in renal physiology and polyamine
metabolism

The renal polyamine system has been described incomplete so far. While Aoc1 exhibits only

a weak renal expression within the medulla, its germline deletion could cause pathologic

changes within the kidney. As shown, Aoc1-/- mice are viable and show only little changes

in renal function (figure 19). While it was shown that AOC1 is needed for normal branching
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morphogenesis during embryonic development [247], adult Aoc1-/- mice show no visible

changes in total renal mass or renal histology. Serum creatinine is elevated in some animals,

however cystatin C levels are unchanged (figure 19d). This increase of only a single marker

of decreased kidney function could be the result of the ubiquitous Aoc1 knockout. As

creatine synthesis and polyamine synthesis are linked through arginase activity, changes in

the polyamine system could influence creatine biosynthesis. In Aoc1-/- mice, Arg1 mRNA

is reduced, hinting to changes in arginase availability (figure 21). Consistently, it was

shown that some patients with arginase 1 deficiency exhibit increased plasma creatine levels

[249]. The reduced serum urea may be based on reduced hepatic urea production. As

putrescine builds up, it is possible that arginase activity is diminished as a compensatory

mechanism leading to reduced ornithine and urea production. This is partly strengthened

by the observation of reduced Arg1 mRNA in kidneys of Aoc1-/- mice (figure 21). To clarify

if both creatinine and urea synthesis are influenced by arginase activity through deletion of

Aoc1, arginase enzyme activity should be quantified together with arginine and ornithine levels.

These mice further show reduced levels of different transcripts involved in immunomodulatory

functions (figure 21). In line with these observations, it is known that putrescine levels can

modulate macrophage activation [250] and differentiation of dendritic cells [251]. Expression

of polyamine synthesizing enzymes is also reduced in Aoc1-/- mice compared to Aoc1 WT mice

(figure 21). Here, it is likely that the lack of putrescine degradation is compensated by reduction

of Odc1 and Srm expression. This compensatory mechanism and the relative low expression

levels of Aoc1 within the kidney (figure 7) may explain the unchanged renal polyamine levels of

Aoc1-/- mice (figure 20). Elevated serum putrescine in the Aoc1-/- mice might be a result of the

ubiquitous Aoc1 deletion, including the gut. AOC1 degrades putrescine in the small intestine

and inhibition of AOC1 leads to elevated putrescine uptake [252]. In future studies, it would be

beneficial to use a kidney specific Aoc1 deletion to dismiss influences arising from ablation of

Aoc1 in distant organs.

4.8 Influence of Aoc1 on the outcome of kidney injury models

Both serum putrescine and renal putrescine levels are elevated in Aoc1-/- animals compared

to Aoc1 WT after IRI and adenine feeding (figure 24a,b and 27a,b). Furthermore, in both injury

models, Aoc1-/- animals excrete more putrescine and spermidine via the urine (figure 24a,b

and 27a,b). These changes in polyamine levels had only limited effect on the outcome after IRI

or adenine nephropathy. While major descriptors of renal excretory function are unchanged

between Aoc1 WT and Aoc1-/- mice (figure 22d,e and 25d,e), Aoc1-/- animals exhibit reduced

tubular cast formation (figure 22f,g). The formation of intratubular casts by detached epithelial

cells and cellular debris is as common process after IRI. A reduction of tubular casts

can therefore hint to either reduced shedding of cells or improved clearing of the tubular

lumen. Consistently, administration of putrescine in acute liver injury exhibited anti-apoptotic

effects [253]. While there was no detected difference in TUNEL positive cells 21 days after

IRI, this could be explained by the late timepoint with most apoptosis occurring seven days
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after unilateral IRI and subsequent normalization thereafter [36]. Other protective effects could

include the increase in KIM1 as seen in more KIM1 positive tubules (figure 22f). Here, KIM1

is involved in mediating phagocytic processes, thus reducing renal injury [254]. The reduced

Tnfα expression in Aoc1-/- mice after IRI (figure 23) could be another antiapoptotic factor as

it was demonstrated that tubular apoptosis after IRI is induced by TNFα [255]. Consistently,

Aoc1-/- mice exhibit decreased Lcn2 expression as well as decreased spliced Xbp1, a marker

for endoplasmatic reticulum stress [256].

As demonstrated, Aoc1-/- animals exhibit increased renal putrescine levels compared to

Aoc1 WT animals after kidney injury (figure 24a and 27a). Eventhough renal putrescine

levels are elevated in both models, only a mild influence on the outcome is detectable.

Earlier studies described renoprotective effects of Sat1 ablation and reduction of renal

putrescine levels [127]. Consistently it was shown that excess putrescine levels decrease

cell viability in hepatocytes [172] likely through inhibition of eIF5a formation and increased

apoptosis [257, 258]. However, next to toxic effects mediated by the increased putrescine

levels, it is also possible that catabolism of putrescine itself is damaging through resulting

products like hydrogen peroxide or acrolein. The combination of increased putrescine levels

which could be damaging, together with reduced catabolism through Aoc1 deletion could

therefore result in effects being reciprocally neutralized.

Overall, Aoc1-/- mice exhibit a mild improvement in outcome after kidney injury by IRI. Due to

the redundancy within the polyamine system and the shown compensatory counter-regulation

upon Aoc1 knockout, it is likely that more factors than a single enzyme must be changed to

achieve a therapeutic effect. Here, two strategies could be interesting to test. First, the genetic

deletion of ODC1 antizymes in Aoc1-/- animals, thus stabilizing ODC1 expression, leading to

a further increase in putrescine levels. And second, a double germline deletion of Aoc1 and

Sat1, inhibiting the major polyamine degrading enzymes.

4.9 Translational aspects

Within this work, the suppression of polyamine synthesis and activation of polyamine

catabolism is presented as a common process in various types of kidney injury. Both, the

downregulation of Odc1 and therefore putrescine synthesis and upregulation of polyamine

catabolism through de novo expression of Aoc1 are common to most renal injuries. Within

different models, renal polyamine levels are disturbed after kidney injury with Aoc1 being the

major regulating factor of renal putrescine levels after injury. These data are from rodent

models only and need therefore to be extended to clinics involving AKI and CKD patients.

Here, biopsies of AKI and CKD patients could be used for determination of polyamine levels

and expression of polyamine homeostatic genes.

Expression of Aoc1 is regulated by the transcription factor NFAT5 upon hyperosmotic stress in
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vitro and by stabilization of Aoc1 mRNA. Identification of factors regulating AOC1 expression

could serve as a foundation for new pharmacologic treatment options. After injury, one

specific isoform is strongly expressed, exhibiting increased secretory ability. Here, the specific

detection of Aoc1-205 in blood and urine could answer the question if AOC1 is secreted

basolaterally or luminally.

Germline deletion of Aoc1 increases the renal putrescine level after injury but offers only

mild improvement in renal function. While the deletion of Aoc1 may be compensated by

decreasing expression of polyamine synthesizing genes, an acute reduction of Aoc1 after

injury could be beneficial. Here inhibition of AOC1 activity by administration of aminoguanidine

could overcome the compensatory mechanisms and lead to improvements. Furthermore,

adjustments of the polyamine system by combined therapies could alleviate the consequences

of renal injury. Here, inhibitors of different enzymes of the polyamine system are available and

could be used for influencing renal polyamine levels. Overall, thorough investigation of the

dysregulated polyamine system could be an entry point for development of new therapeutics

or diagnostic approaches.
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6 I Appendix

6.1 Makros

Makro for scratch closure calculation:

1 run("Duplicate...", "duplicate");

2 run("Find Edges", "stack");

3 run("Gaussian Blur...", "sigma=4 stack");

4 run("Auto Threshold", "method=Intermodes white stack");

5 run("Invert", "stack");

6 run("Analyze Particles...", "size=50000-Infinity display summarize add stack");
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