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I. Abstract 

The primary cilium is an evolutionary conserved sensory organelle present on most 

mammalian cell types. In the kidney, cilia project from the apical surface of tubular epithelial cells. 

Defects in the structure or function of primary cilia lead to ciliopathies, such as autosomal dominant 

and recessive Polycystic Kidney Disease (ADPKD/ARPKD), and several genetic syndromes, including 

Nephronophthisis (NPH), Joubert Syndrome (JBTS) or Bardet-Biedl Syndrome (BBS). These syndromes 

display overlapping symptoms in different organs and tissues, such as retinopathy, polydactyly, 

neuronal developmental disorders or obesity, and commonly exhibit development of (poly-)cystic 

kidney disease. The cystic kidney disease observed in NPH and NPH-related ciliopathies (NPH-RC), such 

as JBTS or BBS, develops during childhood and adolescence and is accompanied by a massive loss of 

epithelial cells, as well as inflammation and interstitial fibrosis. This thesis, therefore, follows the 

hypothesis that regulated cell death (RCD) pathways play a role in the pathogenesis of the kidney 

phenotype in NPH and NPH-RC, and investigates the bidirectional interconnection between RCD and 

the primary cilium, as well as the role of RCD in NPH/NPH-RC.  

In the first part, we studied how loss of primary cilia would affect the RCD response in murine 

inner medullary collecting duct cells. This revealed increased expression of the necroptosis key 

regulator receptor-interacting protein kinase 3 (RIPK3) in cells lacking primary cilia, and increased 

phosphorylation of the mixed lineage kinase domain-like pseudokinase (MLKL) suggesting elevated 

necroptosis. In summary, cells lacking primary cilia were prone to undergo necroptosis upon induction 

of cell death, which was not observed in ciliated cells. This resulted in the first conclusion that the 

absence of primary cilia increases susceptibility to necroptotic cell death. Conversely, the presence of 

cilia to some extent may offer protection against necroptosis.  

In the second part, we aimed to understand the contribution of RCD pathways to the 

pathogenesis of cystic kidney disease in the well-established Nphp9/Nek8jck mouse model, in which a 

point mutation in the Nphp9/Nek8jck gene leads to a severe and early on-set cystic kidney disease. 

Crossing this mouse with a conventional knockout of Ripk3 led to an amelioration of cystic kidney 

disease and kidney function. Notably, this double knockout led to an upregulation of key pyroptotic 

regulators such as the NLR family pyrin domain containing 3 (NLRP3), Caspase-11 or Gasdermin D 

(GSDMD). Consistently, the deletion of GsdmD a key regulator of pyroptosis in the Nphp9/Nek8jck 

mouse model also improved the phenotype and function of the kidney. In summary, the in vivo data 

demonstrate that necroptosis, and to a certain extent pyroptosis and the inflammasome, contribute 

to the loss of kidney function in the studied ciliopathy model.  

In the third part of this thesis, we present a mouse model in which the deletion of the Bbs 

gene, Bbs8, results in the development of a kidney phenotype, in particular, tubule cystic kidney 
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disease. Our data support the hypothesis that in the kidneys of the Bbs8 deficient mice pyroptosis and 

fibrosis is expressed, without the regulation of necroptosis. Mechanistically, loss of BBS8 resulted in 

increased expression and activity of the histone deacetylase 2 (HDAC2), which in turn destabilized 

ciliary microtubules by deacetylation of acetylated alpha-tubulin. In conclusion, the primary cilium 

exhibits a protective function to prevent RCD, particularly necroptosis and pyroptosis, and both 

pathways contribute to cystic kidney disease. Future work will have to address to what extent RIPK3 

and GSDMD might serve as potential therapeutic targets in NPH or NPH-RC. 
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II. Zusammenfassung 

Das primäre Zilium ist ein evolutionär konserviertes sensorisches Organell, dass bei den meisten 

Säugetierzelltypen vorhanden ist. In der Niere bilden sich Zilien von der apikalen Oberfläche der 

Epithelzellen des Nierentubulus aus. Defekte in dieser Struktur oder Störungen der Funktion führen zu 

Ziliopathien, wie zu autosomal-dominanten und -rezessiven polyzystischen Nierenerkrankung 

(ADPKD/ARPKD), sowie verschiedenen weiteren genetischen Syndromen, wie zum Beispiel 

Nephronophthisis (NPH), das Joubert-Syndrom (JBTS) oder das Bardet-Biedl-Syndrom (BBS). Diese 

Syndrome können überlappende Symptome in diversen Organen und Geweben aufweisen, wie 

Retinopathie, Polydaktylie, neuronale Entwicklungsstörungen oder Fettleibigkeit. Die Entwicklung 

einer (poly-) zystischen Nierenerkrankung zeigt sich in diesen regulär als konstante Manifestation. Die 

zystische Nierenerkrankung, die bei NPH und NPH-verwandten Ziliopathien (NPH-RC) wie bei JBTS oder 

BBS beobachtet wird, entwickelt sich im Kindes- und Jugendalter und wird von einem massiven Verlust 

von Epithelzellen der Niere sowie von Entzündungen und interstitieller Fibrose begleitet. Diese Arbeit 

geht daher von der Hypothese aus, dass regulierter Zelltod (RCD) eine Rolle bei der Entstehung des 

Nierenphänotyps in NPH und NPH-RC spielt, und untersucht die bidirektionale Verbindung zwischen 

RCD und dem primären Zilium, sowie die Rolle von RCD in NPH/NPH-RC.  

Im ersten Teil dieser Thesis wurde untersucht, wie sich der Verlust der primären Zilien auf die 

RCD-Reaktion in Zellen des inneren medullären Sammelkanals der Niere in der Maus auswirkt. Dabei 

zeigte sich eine erhöhte Expression von Nekroptose-Schlüsselregulatoren, wie unter anderem von 

Receptor-interacting protein kinase 3 (RIPK3), sowie eine erhöhte Phosphorylierung der Mixed lineage 

kinase domain-like pseudokinase (MLKL). Zusammenfassend zeigen Zellen ohne primäre Zilien eine 

erhöhte Neigung zu Nekroptose nach Induktion von Zelltod, welches in zilierten Zellen nicht 

beobachtet werden konnte. Hierdurch ließ sich feststellen, dass das Vorhandensein von primären 

Zilien bis zu einem gewissen Grad Nekroptose verhindert.  

Darüber hinaus war das Ziel die Rolle von RCD-Signalwege, sowie deren Beitrag zur 

Pathogenese der Zystennierenerkrankung zu untersuchen. Hierzu wurde das etablierte Mausmodell 

Nphp9/Nek8jck verwendet, welches durch eine Punktmutation in diesem Gen zu einer schweren und 

früh einsetzenden Zystennierenerkrankung führt. Die Kreuzung dieser Maus mit einem 

herkömmlichen Ripk3 Knockout Model führte zu einer Verbesserung der zystischen Nierenerkrankung, 

sowie der Nierenfunktion. Bemerkenswert war, dass der doppelte Knockout zu einer Hochregulierung 

von pyroptotischen Schlüsselregulatoren, wie NLR family pyrin domain containing 3 (NLRP3), 

Caspase-11 oder Gasdermin D (GSDMD) führte. Dem einhergehend verbesserte der zusätzliche Verlust 

von GsdmD in der Nphp9/Nek8jck Maus ebenfalls den Phänotyp und die Funktion der Niere. 
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Zusammenfassend zeigen die in vivo Daten, dass Nekroptose, sowie zum Teil Pyroptose und das 

Inflammasom, zum Verlust der Nierenfunktion im untersuchten Ziliopathie-Modell beitrugen.  

Final konnten wir zeigen, dass die Deletion des Bbs-Gens Bbs8 zur Entwicklung einem 

tubulären zystischen Nierenphänotyps führt, unter dem potentiellen Einfluss von Pyroptose. Darüber 

hinaus führte mechanistisch gesehen der Verlust von Bbs8 zu einer erhöhten Expression und Aktivität 

der Histondeacetylase 2 (HDAC2). Hierbei destabilisiert HDAC2 die primären Zilien durch 

Deacetylierung von Alpha-Tubulin. Zusammenfassend zeigt sich, dass das primäre Zilium eine 

Schutzfunktion besitzt, um RCD, insbesondere Nekroptose und Pyroptose, zu verhindern, und dass 

beide RCD-Wege akut zur zystischen Nierenerkrankung beitragen. Aus diesem Grund sollten sich 

künftige Arbeiten mit der Frage befassen, inwieweit RIPK3 und GSDMD als potenzielle therapeutische 

Ziele bei NPH und anderen NPH-RC dienen könnten. 
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1. Introduction 

Ciliopathies are rare genetic disorders which, collectively, affect millions of patients worldwide. These 

disorders frequently involve multiple organs and tissues, with the kidneys being commonly affected 

e.g. chronic kidney disease (CKD). However, the role of cilia in the development and maintenance of 

kidney architecture and function is not fully understood. Therefore, it is important to investigate renal 

ciliary functions, especially as defects can cause cystic kidney diseases. One potential process 

underlying CKD and the accompanied loss of tubules and inflammation could be regulated cell death 

(RCD). RCD comprises a network of interconnecting pathways, like apoptosis, necroptosis and 

pyroptosis. Taken together, it is crucial to understand how the cilium influences these processes of cell 

death in the context of CKD. This could lead to novel strategies to protect renal cells from damage and 

cell death, improve regenerative responses, and ultimately ameliorate the devastating consequences 

of renal disease. Unravelling the intricate mechanisms not only expands our fundamental 

understanding of renal ciliopathies, RCD and the primary cilium, but also provides tangible benefits to 

patients worldwide, offering hope and new opportunities in the field of medicine and renal disease. 

1.1 Primary cilium 

The primary cilium is a highly specialized microtubule-based sensory organelle which extends from the 

apical surface of most mammalian cells, including fibroblasts and neurons 1,2. This evolutionarily 

conserved structure was first discovered in 1675 3,4. However, it took almost 200 years until they were 

observed in the kidney for the first time, and eventually the term 'cilium' was introduced in reference 

to its microscopic, hair-like structure 5,6. As another century passed, primary cilia (dys)function was 

found to be linked to human diseases 7,8.  At the same time, the term ‘cilium’ was more specifically 

differentiated, distinguishing single unfrequented immotile ‘primary’ cilia from multiple ‘motile’ cilia 9. 

The architecture of the primary cilium consists of the axoneme, the basal body complex (BB) 

and the transition zone (TZ) (Fig. 1 A). The shaft of the cilium (axoneme) contains nine outer doublets 

of microtubules (MT) arranged as a ring, lacking a central MT pair (9+0), which is covered by a ciliary 

membrane 10. Recently, cryo-electron tomography of primary cilia on resin-embedded MDCK-II cells, 

discovered that the arrangement of “9+0” can be found only at the very base of the primary cilium 

before resolving towards unstructured small MT-binding protein (EB1)-decorated microtubules and 

actin filaments 11. The TZ is situated between the BB and the axoneme, and acts as a highly specialized 

gatekeeper, controlling the entry and exit of proteins in and out of the axoneme 12. This zone is 

characterized by the Y-shaped linkers, attaching the outer doublets to the ciliary membrane 13. In some 

cell types, in proximity to the primary cilium, there are two membrane invaginations at the same height 

as the TZ, so-called ciliary pockets (CP). These CP are rich in budded clathrin and connect the periciliary 
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to the ciliary membrane 14,15, linking the primary cilium to the actin cytoskeleton 16,17. The function of 

the CP is thought to be to be equal to the function of ‘flagella pockets’ within endo- and exocytosis 

and vesicular-trafficking activity 15. However, the appearance of the CP has been postulated as a 

consequence of two distinct pathways of primary ciliogenesis dependent on the proximity of the 

centrosome to the plasma membrane 17,18. Although they are found with a low frequency in mouse-

derived inner medullary collecting duct cells (mIMDC3) 15, polarized renal epithelial cells like Madin-

Darby canine kidney cells do not have a CP 19,20. It is clear that the CP is organized differently in different 

cell types 21; for this reason, little is known regarding the mechanism and the occurrence of these pit-

like structures. The BB anchors the cilium to the cell and consists of a mother and a daughter centriole 

surrounded by pericentriolar material (PCM) 22. This complex is required to assemble and disassemble 

the primary cilium. The distal appendages are required for the mother centriole to attach preciliary 

vesicles during ciliogenesis 23. The subdistal appendages anchor the BB to the MT network and regulate 

the position of the primary cilium 24.  

Overall, the primary cilium is a complex structure with a highly specified and highly dynamic 

protein composition. Besides the evolutionary conserved fundamental role in development and tissue 

homeostasis, this organelle can be found in almost all cells, influencing novel and tissue-specific 

functions 25,26. Disruption of the machinery caused by pathogenic variants of ciliary proteins leads to 

defects and subsequently to disease patterns in different organs and tissues. 

Figure 1 The primary cilium. A. Schematic overview of the 9+0 primary cilium. PCM: Pericentriolar material; TZ: 

Transition zone; BB: Basal body complex; CP: Ciliary pocket. 
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1.1.1 Ciliary dynamics 

Primary cilia have one feature which is unique among organelles: they periodically appear and 

disappear during the cell cycle. This process of ciliogenesis is directly connected to mitosis and, 

therefore, proliferation. The assembly of the primary cilium occurs in the late G1 phase (Fig. 2 A), when 

the BB migrates towards the plasma membrane 27. This is inducible in vitro by serum starvation, 

through which cells uniformly synchronize 28. After docking to the actin-rich cortex, the outgrowth of 

axonemal microtubules is induced. The assembly and length of the cilium are controlled by multiple 

cilium-associated disease genes e.g. tuberous sclerosis 1 (Tsc1), Tsc2 29,30, Retinitis pigmentosa 1 (RP1) 

31 or the nephronophthisis-related protein nephrocystin 4 (NPHP4) 32,33,  but mainly through 

intraflagellar transport (IFT). IFT transports signalling molecules to and along the primary cilium since 

no translation occurs in the ciliary compartment 34. Thereby, the bi-directional movement is organized 

by IFT-A, IFT-B (intrinsically divided into IFT-B1 and IFT-B2) and the BBSome complex 35,36. Each IFT 

complex is composed of multiple proteins polymerised into functional trains responsible for 

transporting cargo along microtubule tracks within the cilium. The transport is initiated by the 

autopolymerisation of the IFT-B complexes which act as the binding platform for IFT-A, dynein-1b, and, 

finally, kinesin-2 37. During anterograde transport, the IFT complex is transported via kinesin into the 

cilium and along the axoneme to the tip 38. Before entering, structural or signalling cargos are 

transported to the base of the cilium through the BBSome complex and then attach to the IFT train 39. 

At the tip of the cilium, the IFT complex undergoes conformational changes into the retrograde train 

and, through dynein-1b, it is transported back to the ciliary base, carrying a new selection of cargos 40. 

Intermediate-resolution cryo-electron tomography revealed that each of the 20 IFT proteins has its 

own specific and fundamental role 38, which substantiates that a disturbance leads to an imbalance 

and consequently to disease. One example is IFT88, an IFT-B1 complex protein whose C terminus is 

required for the docking to the C terminus of IFT144 in IFT-A 41. When mutated, the tethering between 

IFT-B and IFT-A becomes loose and the machinery does not work properly resulting in aberrant primary 

cilium assembly. In this case, IFT88 dysfunction triggers downstream polycystic kidney disease (PKD) 8. 

Other cilia-related genes prevent cilia assembly upon dysfunction, e.g. kinesin family member 3a 

(Kif3a) 31,42. Kif3a deletion is also known to induce PKD, besides other symptoms 43,44, by inhibiting renal 

ciliogenesis, as it is important for the anterograde transport mediated by kinesin-II, the heterotrimeric 

protein composed of two motor subunits (KIF3A and KIF3B) 45. Hence, disruptions in the assembly of 

primary cilia prevent ciliary signalling and support cell proliferation.  

Primary cilium function is also significantly dependent on ciliary length. The length is 

determined by disassembly-proteins, which are regulated by their own signal transduction pathways 

46–48. Disassembly has been observed in a biphasic manner: the first wave after growth factor 
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stimulation (G0/G1-S transition), and the second phase right before mitotic onset 49. Within this 

process, the primary cilium length decreases, which is tightly regulated by Aurora kinase A (AURA) and 

polo-like kinase 1 (PLK1) activity, after the cells re-enter the cell cycle from G0/G1 
50

. Two main proteins 

have been described as regulators of AURA: Pitchfork 51, a protein associated with the basal body; and 

human enhancer of filamentation 1 (HEF1) 52, a scaffolding protein. AURA and PLK1 synergistically 

activate histone deacetylase 6 (HDAC6), which functions as an α-tubulin deacetylase 52,53. This 

enzymatic activity facilitates the deacetylation of ciliary microtubules during the intricate process of 

ciliary disassembly 54 (Fig. 2 B). Another regulator of AURA is the histone deacetylase 2 (HDAC2), 

whereby inactivation of HDAC2 leads to a decrease of AURA expression and, therefore, elongation of 

the primary cilium 55. This cascade is under the control of the casein kinase 2 (CK2) 56. However, other 

proteins are also involved in the disassembly process, for example, von Hippel-Lindau (VHL), and 

glycogen synthase kinase beta (GSK-3β) 57. Consequently, defects in cilium disassembly have been 

reported to cause imbalanced ciliary signalling, axoneme elongation and to suppress re-entry into the 

cell cycle.  

Primary cilia function as dynamic organelles, perpetually undergoing assembly and 

disassembly processes. This process of is significantly regulated by the ciliary function as a cell cycle 

checkpoint regulator. In the G1/G0, of the late S-phase or early G2 phase, depending on the cell type, 

the cilium reassembles, and the BB is duplicated. The BB is utilized as a microtubule-organization 

centre (MTOC) and turns into the centrosomes of the spindle poles during mitosis 58. Consequently, 

primary cilia are absent during mitosis and the occurrence of the primary cilium is conventionally 

denoted as a ciliary checkpoint within the cell cycle (Bettencourt-Dias et al., 2011). Given that, there 

are phases in the cell cycle, in which cells are ciliated or unciliated, this creates specific time points for 

signalling targeting. One process is through budding of extracellular vesicles from the ciliary membrane 

to transmit signals into the extracellular matrix, which can then be absorbed by other cilia 59. This 

indicates that other signalling mechanisms, besides IFT, are indispensable for vital embryonic 

development and tissue homeostasis. Disruption of the primary cilium machinery can be either 

characterized by the total absence or by a shortening or prolongation of the primary cilium. These 

diverse patterns of affected and dysfunctional primary cilia lead to a various spectrum of pathological 

conditions including e.g. retinal degeneration, obesity and cystic kidney diseases 60–62.  
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Figure 2 Ciliary dynamics. A. Cell cycle-related ciliogenesis (Adapted schematic 49) . B.  Under the control of HEF1, 

AurA is activated, leading to an increase of HDAC6 expression and subsequently to a regression of the primary 

cilium. Inactivation of HDAC6 leads to an elongation of the primary cilium. Therefore, modulated expression of 

these proteins could influence the length of the primary cilium.   

 

1.1.2 Ciliary signalling pathways  

In addition to the role in cell cycle regulation and the dynamics of assembly and disassembly, cilia serve 

as central signalling hubs for the maintenance of homeostasis 63. This is important as not every 

ciliopathy displays a phenotypically affected cilium. Disturbance of ciliary signalling can result in the 

same contribution to ciliopathy development 64. To fulfil its specific signalling functions, the entry and 

exit of proteins is strictly regulated. Therefore, the ciliary membrane is composed of various receptors 

to receive extracellular signals, such as growth factors or hormones. One receptor family found in this 

membrane are multiple G-protein coupled receptors (GPCRs) 65, for example, somatostatin receptor 3 

(SSTR3) 66, melanin-concentrating hormone receptor 1 (MCHR1) 67, serotonin receptor 6 (5HTR6) 68, 

and kisspeptin 1 receptor (KISS1R) 69. These receptors are important for ciliary signalling  70, like 

neuronal ciliary function and are, therefore, essential for normal brain development 34. Important 

signalling pathways and their related signalling proteins include members of hedgehog (Hh) 71,72, 

Platelet-derived growth factor (PDGF) receptor (PDGFR) 73  and wingless (Wnt) signalling pathways 74.  

Hh signalling is important for normal organ development, cell proliferation and stem cell 

homeostasis 75, and it is initiated by three ligands: Sonic-Hh (Shh), Indian-Hh (Ihh) and Desert-Hh (Dhh) 
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76–78. Each of the ligands has a specific function when binding to Hh receptors. The first identified 

receptor was Patched (PTCH) 79. PTCH is a transmembrane protein which constitutively represses Hh 

signalling. The binding of the Hh ligand to PTCH inhibits the repression of the GPCR superfamily 

member: Smoothened (SMO). Subsequently, zinc-finger proteins of the glioma-associated oncogene 

transcription factors (GLI) family are activated, and, as transcription factors, they can influence 

transcription. Therefore, the transport of GLI into the nucleus is key in Hh signalling 80. Importantly, 

several human diseases, which display symptoms characteristic of defective Hh signalling, are caused 

by photogenic variants of ciliary components 81. PDGFR signalling is also described as one of the cilia-

associated signalling pathways and is important for directional cell migration of fibroblasts in wound 

healing 73. During G0 fibroblasts, mesenchymal-derived cells, and PDGFR-α are located around the 

primary cilium to activate the MEK1/2-ERK1/2 and Akt pathways 82. PDGF is a dimeric glycoprotein that 

can be composed of two A subunits (PDGFaa) which bind as ligand to the PDGFR-α receptor at the 

ciliary membrane 83. Through this, MEK1/2 becomes phosphorylated within the cilium, at the basal 

body. Thereby, PDGFaa induces the translocation of inversin (INVS) to the basal body and, further, to 

the CP to interact with the active phosphorylated (p)-Akt 84. As a result, PDGFRs have been linked with 

the resorption of cilia, and, therefore, as a key step in cell cycle progression. The accompanying 

regulation of INVS and Akt levels leads to a functional development and signalling of the primary cilium. 

However, if the cilium fails to generate PDGFRs, the increased PDGFaa levels enhance the localisation 

of INVS-p-Akt to the basal body, and as a consequence, the loss of Akt reduces cilia growth 84. The Wnt 

signalling pathway has a similar significance, being activated during normal injury repair, and kidney 

development 85,86. This pathway is separated into the canonical (β-catenin dependent) and non-

canonical (β-catenin independent) pathways 87. In the canonical pathway, β-catenin translocates into 

the nucleus, where it binds to either T-cell factor (TCF 1, 3, 4) or the lymphoid enhancer factor (LEF) to 

activate downstream target genes like cyclin-D1, c-Myc, and Axin-2 88–90. Interestingly, over the last 

couple of years, research has shown an interaction between nuclear factor 'kappa-light-chain-

enhancer' of activated B-cells (NF-кB) signalling and the canonical Wnt pathway, consequently linking 

Wnt to inflammation 91,92. Otherwise, the non-canonical Wnt pathway is initiated by the binding of Wnt 

to Frizzled (FZD) and, subsequently, to diverse co-receptors, revealing five potential Wnt pathways 93–

96.  Interestingly, mutations in the non-canonical Wnt pathway, e.g. in Wnt5a, show urogenital defects 

in the kidney and urinary tract 97. All of these pathways are initiated by the primary cilium and are 

involved in fundamental processes. Disruption of the system leads to critical consequences for cell 

growth, differentiation, and functionality of organs, in particular the kidney.  
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1.1.3 Ciliopathies 

A large group of inherited genetic disorders and syndromes, summarised under the umbrella term 

‘ciliopathy’, are caused by mutations in ciliary-  and ciliopathy-associated genes 98–100. These result in 

defects in the assembly, maintenance or function of primary cilia. Nevertheless, the pathomechanisms 

underlying ciliopathies remain unclear although they have been extensively studied, for example, in 

genetically engineered flies or mice. Taking the widespread occurrence of the primary cilium on the 

surface of almost all mammalian cell types into account, the large variety of overlapping phenotypes, 

e.g. retinopathy, polydactyly and obesity, in different described ciliopathies is not surprising (Tab. 1) 

101–105.  This significant range of overlapping symptoms is caused by the distinct functions of the primary 

cilium. In special cases the function is additionally related to specific organs or cell types, one example 

being the photoreceptors of the eye. The photoreceptor cells of the retina exhibit a highly modified 

primary cilium, namely the connecting cilium and the outer segment. The connecting cilium hereby 

corresponds to the ciliary transition zone and the entire outer segment is equivalent to the ciliary 

axoneme 106. This, however, implies that ciliary defects have a big impact on such specialised cell types 

and, subsequently, organs. As functional photoreceptors are essential for vision, it is not surprising 

that retinal degeneration is one of the most common ciliopathy phenotypes. However, photoreceptors 

are not the only ocular cells displaying a primary cilium and, therefore, having a significant influence 

on vision.  For example, the retinal pigment epithelium (RPE), which is essential for photoreceptor 

maintenance and survival, needs a functional primary cilium during development to achieve full 

maturation and functionality 107 . In the Bbs8 KO mouse, the RPE showed defective polarization and 

morphology, and thereby displayed a retinal degeneration phenotype 108,109. However, the primary 

cilium is also known as a signalling hub and plays a vital role in various developmental signalling 

pathways. Symptoms like polydactyl, neuronal defects and situs inversus manifest during embryonic 

development, in which the primary cilium has a critical function in guiding cell migration, proliferation 

and differentiation 110. Defective Hh signalling through loss-of-function mutations, for example, results 

in neural tube phenotypes 76, whereas gain-of-function mutations can lead to polydactyly 111. 

Mutations in the ciliary polycystin-1-like protein (PKD1L1) are described to cause situs inversus 112. In 

addition, it is known that PKD1L1 interacts with the PKD causing protein polycystin-2 (PKD2) 113. In 

short, any imbalance in primary cilia function has a significant influence on a living organism. However, 

among all the symptoms of ciliopathies, the kidney is the most affected.  
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Table 1 Ciliopathies and their phenotypes. 
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1.2 Renal ciliopathies 

The kidney is an essential bilateral organ, responsible for systemic fluid and electrolyte homeostasis 

114. The overall structure of the kidney is described as having an outer cortical region, a medullary 

region and the hilum 115 (Fig. 3 A). Each human kidneys, contains about 1 million functional units, called 

nephrons 116,117. These nephrons are comprised of a microvasculature filtration unit, the so-called 

glomerulus, and the tubular system, which is divided into the proximal tubule, loop of Henle, distal 

tubule (each with different segments), and the collecting duct (Fig. 3 B). Each of these subunits of the 

nephron has specific functions. In the glomerulus, about 180 litres of primary urine are generated each 

day via ultrafiltration of the plasma 118. Primary urine enters the proximal tubule, where the major part 

of reabsorption occurs, through the brush borders. Thereby, mainly NaCl, glucose, water, amino acids 

and some proteins are reabsorbed into the blood 114,119,120. This occurs alongside the elimination of 

waste products, like the excretion of creatinine, antibiotics, diuretics and uric acid 121. Crossing the 

Loop of Henle, situated in the medulla, urine concentration takes place, as well as further reabsorption 

of electrolytes, such as sodium, calcium, potassium, and magnesium 122. Further, the Loop of Henle is 

responsible for excreting NaCl to regulate the high saline environment in the medullary region. In the 

distal tubule, calcium and sodium are reabsorbed, but additional secretions of potassium and urea 

from the surrounding blood vessels occur 123,124. All of this waste fluid is collected and concentrated in 

the collecting duct and transported to the ureter through the hilum for secretion 125,126.  

Shortly summarized, the kidney is responsible for the selective filtration of metabolic by-

products and substances from the bloodstream. Additionally, the kidney is also responsible for other 

significant roles, for example, in electrolyte and fluid balance. Thereby, the renin-angiotensin-

aldosterone system in the kidney orchestrates these electrolytic concentrations within the 

bloodstream 127,128. Another example is the regulation of the concentration of erythropoietin, which 

balances hypoxia or anaemia and also is important for the formation of red blood cells. Furthermore, 

the kidney mediates essential interactions with several organs to sustain vital functions, including 

regulation of H2O balance and thirst, ventilation, potassium balance, erythropoiesis, calcium and 

phosphate metabolism, and acid-base homoeostasis 120,129.  

Many of the cell types in the kidney are ciliated, in particular the cells lining in the nephron 

tubules and collecting ducts 130. In 1999, the first specific link of PKD to primary cilia was made by 

analysing the disease-causing proteins polycystin-1 and -2 (PKD1 and PKD2) 7,131. PKD1 is a homologue 

of the C. elegans ‘location of vulva’ (LOV1), proceeding from sensory neuronal cilia, indicating that PKD 

in human kidneys could be connected to defects in the primary cilia. Later it was described that almost 

all ciliary proteins are involved in the formation of cystic kidneys 7,8, therefore, kidney diseases display 

a pronounced genetic overlap.  Due to this large cohort of different syndromes all exhibiting kidney 
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phenotypes caused by ciliary dysfunctions, the term renal ciliopathies was coined. Today, two major 

and overarching diseases of renal ciliopathies have been described: autosomal dominant polycystic 

kidney disease, and Nephronophthisis (NPH)-related ciliopathies (NPH-RC). This present thesis focuses 

in particular on two renal ciliopathies: NPH and NPH-RC Bardet-Biedl Syndrome. However, the main 

mouse model carrying a mutation in an NPH gene resembles the phenotype of ADPKD. Therefore, the 

following paragraphs will focus primarily on autosomal dominant polycystic kidney disease (ADPKD), 

NPH, and Bardet-Biedl Syndrome (BBS). 

 

 

Figure 3 The kidney. A. Schematic depiction and anatomy of the kidney B. Anatomy of the nephron.  

 

1.2.1 Autosomal dominant polycystic kidney disease 

Cystic kidney diseases are a group of complex renal disorders characterized by the development and 

growth of dilated tubules and fluid-filled cysts within the kidney 132,133. The genetic abnormalities that 

affect the renal tubular epithelial cells lead to disruptions of the intricate architecture of the renal 

tubules and varying degrees of impairment in renal function 130. Most conditions are frequently 

classified as ADPKD 134,135 and is rooted under the umbrella of PKD associated syndromes. ADPKD 

occurs with a hereditary prevalence  of 1:400-1.000 worldwide 133,136, and is typically diagnosed in early 

adulthood 137. Patients with ADPKD present a progressive formation of numerous cysts resulting in 

massively enlarged kidneys 138, which display a considerable heterogeneity in factors such as cyst 

number, size, location within the kidneys, symptom severity, and disease progression 139. In the 

majority of cases, ADPKD inexorably advances to end-stage renal failure (ESRF), requiring interventions 

like dialysis and kidney transplantation 133. ADPKD is caused by mutations in genes for polycystin 

proteins PKD1 and/or PKD2. PKD1 is  located in the primary cilium but can also be found at the plasma 
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membrane, tight junctions, adherents junctions, desmosomes, and focal adhesions 133. These proteins 

are  important for many signalling pathways, such as Wnt, Hippo, and mTOR 133,140. PKD1 is regarded 

as a cell surface receptor, and with a conformational change of its large N-terminal domain, PKD1 

senses the alterations of the extracellular mechanical status. Subsequently, PKD2, which sits not only 

at primary cilium but also at the endoplasmic reticulum and the plasma membrane, is stimulated and 

increases the formation of calcium channels to facilitate mechanosensation 141,142. PKD2 is a 

nonselective cation channel, among others in the collecting duct, being permeable to Na+ and K+ ions. 

Interestingly, the primary cilium calcium signalling does not react to fluid flow changes 143. Alterations 

in the electrolyte balance influence proliferation, cell orientation and differentiation, hence, it is highly 

likely that RCD is also influenced 144.  

To date, mouse models of ADPKD are still a challenge, as heterozygous mutations do not show 

a phenotype as human dominant heterozygous mutations do. PKD is a hereditary disorder 145,146 and 

primarily follows a monogenetic pattern, where mutations in single genes play a pivotal role either in 

a dominant or recessive manner. Autosomal recessive polycystic kidney disease (ARPKD) occurs less 

frequently (approximately 1:20.000) than ADPKD. ARPKD often progresses to ESRF within the first 

decade of life in over 50% of cases 147. Patients typically exhibit cysts predominantly in renal distal 

tubules and collecting ducts, resulting in kidney enlargement, and hepatic fibrosis, which frequently 

requires a combined kidney and liver transplantation 147. The primary genetic causes underlying ARPKD 

are mutations in the gene PKD and hepatic disease 1 (PKHD1), which encodes for fibrocystin (FC) 148,149. 

FC is also known to be localized to the primary cilium and basal body; however, its function remains 

unclear 150.  

1.2.2 Nephronophthisis 

In contrast to the enlarged kidneys in ADPKD/ARPKD, kidneys in the pediatric disease 

Nephronophthisis (NPH) are of a normal or reduced size 151. NPH is a rare autosomal recessive disease, 

first described in 1951 152, with a prevalence between 1:50.000 and 1:900.000 153–155. Importantly, 

patients with NPH are born without a kidney phenotype and the kidneys are not grossly or 

microscopically conspicuous at this time point. However, NPH is one of the most common genetic 

causes of  ESRF at an average age of 13 years 156. Thereby, the kidney pathology can be termed a 

histological triad by cyst formation, inflammation and fibrosis as well as basement membrane 

disintegration 157. The ESRF is mainly triggered by the NPH accompanying symptoms, like polydipsia, 

and polyuria, which are caused by decreased urinary concentrating ability and anaemia 155,157. NPH is 

caused by mutations in genes encoding for several NPH proteins (NPHP).  So far 20 NPHPs have been 

identified 158, which in general have been linked to the primary cilium, where the majority are located 

at the TZ 159,160. However, more genes, then reported NPHP, are assumed to cause NPH or an NPH-like 
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phenotype 161,162. This leads to a phenotypic and  genetic overlap of NPH and NPH-RC diseases 158. The 

kidney phenotype of NPH, as well as  additional the extra-renal manifestations in NPH-RC, are 

dependent on the affected ciliary gene 151. However, the cause of NPH and the function of NPHP and 

NPH-related proteins are still ambiguous; for that reason, there are no specific treatment options 

available. 

The juvenile form of NPH occurs in 21 % of cases, and is mainly described with a pathogenic 

variant of NPHP1 (average age of ESRF 13 years), whereas the adolescent form, with a mean age of 

ESRF of 19 years, is commonly  caused by NPHP3 163–165. The third and rare variant of NPH is called 

infantile NPH, which displays a severe phenotype already in utero and leads to ESRF within the first 

year of life 166. Infantile NPH is displayed by enlarged cystic kidneys and no changes in the tubular 

basement membrane, in contrast to the other NPH variants. 

To study the complex mechanism of ciliopathies and especially NPH, in vivo models are crucial. 

Unfortunately, many NPH mouse models do not recapitulate the human phenotype. Over the last 

decades many mouse models have been developed, carrying null alleles for Nphp1-12, out of which 

only the Glis2 (Nphp7) displays all hallmarks of human NPH 167,168. The phenotype of the Sdccag8 

(Nphp10) mouse model is at least reminiscent of NPH 169. The majority of mouse models, however, 

develop massively enlarged kidneys mimicking the renal phenotype of human ADPKD, contrary to the 

human pathology of NPH. This was particularly prominent in mice lacking functional alleles of Nphp3 

170 and Tmem67 (Nphp11) 171. This ADPKD-phenotype has been also documented in a mouse model 

carrying a spontaneous juvenile cystic kidney (jck) mutation in the Nek8 (Nphp9) gene, which arose by 

a double nucleotide substitution 1346G>T and 1348G>T, whereby the second latter leads to valine to 

glycine non-conservative substitution 172,173. In contrast to the point mutations, the total knockout of 

Nphp9 results in perinatal lethality 174. Overall, it is not surprising that there are differences between 

mice and human phenotypes as these could be affected by the sterile environment of the mice holding. 

Furthermore, the function of the conserved proteins in mice and humans can be different, or the 

protein activity in mice could be compensated by other non-active proteins in human. However, the 

additional genetic overlap of specific ciliary proteins (BBS16 = NPHP10) makes the investigation of NPH 

mechanisms much more difficult.  

1.2.3 NPH-related ciliopathies 

While NPH occurs as an isolated renal phenotype, however it is frequently accompanied by extra-renal 

manifestations, such as retinopathy, or polydactyly (Tab. 1). This group of phenotypically and 

genetically overlapping diseases is consolidated as autosomal recessive NPH-related ciliopathies 158. 

Within this group, we can find associated syndromes like Senior-Løken syndrome (SLSN), Meckel-

Gruber syndrome (MKS), Joubert syndrome (JBTS) and Bardet-Biedl syndrome (BBS) 175,176. BBS depicts 
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the archetypical ciliopathy, as it shows almost all ciliopathy-related symptoms. This disease was first 

described by Laurence and Moon in 1866 in a family with Retinitis Pigmentosa 177 and was previously 

referred to as Laurence-Moon-Bardet-Biedl syndrome 178,179. This rare disorder occurs with a 

prevalence of 1:100.000 worldwide 180 and is caused by mutations in one of the related BBS genes, 

encoding for proteins localized to the primary cilium, basal body or centrosome 181, which are 

important to maintain the structure and the function of the cilium 182. There is little genotype-to-

phenotype correlation, and mutations in any of the BBS genes can cause indistinguishable ciliopathy 

symptoms 130,183. However, in some cases BBS1 and BBS10 correlate in the ocular and renal phenotype. 

A key aspect in the development of renal ciliopathies, particularly in NPH, is a significant loss 

of tubular epithelial cells during the course of the disease. Therefore, this work investigates the extent 

to which pathways of regulated cell death (RCD) might be significant in the pathogenesis of renal 

ciliopathies. These pathways will be summarized in the following paragraphs.  
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1.3 Regulated cell death and related signalling pathways  

Regulated cell death is a necessary event to maintain homeostasis, and was first discovered in 1842 

when Karl Vogt noticed dying cells in toads 184,185. Following this, more and more reports of dying cells 

in different organisms, e.g., amphibia and poultry, were published 186. These early findings of dying 

cells had already highlighted the importance of the topic and how substantially controlled cell death is 

for normal development. Dying cells have been observed as part of the normal development of various 

tissues in many species, including mammals, thus, displaying how fundamental and evolutionary 

conserved this progress is 187,188. One pivotal example is the embryonic development of digits (fingers 

and toes). During embryogenesis, the hand is initially shaped as one related surface, finger digits are 

formed by the death of cells in between 189. Similar to this, many other tissues are formed, and in the 

context of embryonic development the term programmed cell death (PCD) was established. 

Furthermore, PCD is  important to eliminate unrequired or damaged cells,  under the control of specific 

cell death genes 190. Embryonic PCD does not cause inflammation, therefore, it is mainly referred to as 

apoptosis. Thus, the role of PCD in physiological and pathological settings is emphasized, and is an 

attractive target for therapeutic development 191–193. Non-PCD is defined as occurring by accidental cell 

death (ACD), initiated by environmental factors like toxins, wounds and infections 194. However, since 

many types of so-called ACD have turned out to be strictly regulated, those have been described as 

RCD, more specifically as stress-driven RCD 195. Nonetheless, there are still ACD pathways remaining 

which cannot be impeded by pharmacological or genetic interventions 196. If a cell is damaged and 

dying, it sends stress signals, commonly referred as damage-associated molecular patterns (DAMPs) 

197,198. Accordingly, cell death pathways can be classified by the amount of DAMPs released and, thus, 

the level of inflammation (Fig.4 A). Thereby, apoptosis is thought to be the ‘clean’ death, showing 

almost no DAMP release and, thus, no inflammation or harm to the surrounding tissue. The level of 

inflammation starts to increase through pathways such as necroptosis, ferroptosis and pyroptosis, 

therefore, these are categorized as inflammatory pathways 196,199. To investigate RCD in vivo, 

examinations of the skin or the kidney are the main focus of research.  

The kidney is a particularly well-suited organ to investigate RCD, not only because there are 

two within the mammalian organisms but also because the kidney can give a clear functional readout. 

One kidney can be manipulated, for example via pinched off at the single artery, or via ischaemic-

reperfused injuries (IRI) to induce acute kidney injury (AKI) without causing a significant systemic 

effect. This maintains a functional kidney. In comparison, there are other single tissues like the heart, 

brain or liver, which have a more complex connection to the cardiovascular system, and are, therefore, 

more difficult to manipulate. To understand how RCD is involved in kidney damage and how the 

individual pathways contribute to renal diseases, progress has been made in developing mouse models 
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or treatments. Especially renal cell death in AKI, which has a rising incidence with approximately 13.3 

million people each year 200, is providing new insights into this field.  

 

 

Figure 4 Regulated cell death and correspondent level of inflammation. A. Damage-associated molecular 

patterns (DAMPs) are released upon cell death and vary due to local or systemic inflammation, or even 

uncontrolled DAMP release. This inflammation increases in inflammatory pathways like necroptosis, ferroptosis 

and pyroptosis. Adapted schematic 199. B. RCD pathways, apoptosis and necroptosis are shown with the induction 

through the TNF receptor. Within the apoptotic pathway, the formation of complex IIa/b is blocked by cIAP2 and, 

therefore, FADD can activate Casp8, which finally leads to cell death. Upon blocking cIAP2, the formation of either 

complex IIa or IIb is common. Complex IIa still leads to Casp8 activation and, therefore, to apoptosis. The 

additional blocking of Casp leads to the complex IIb formation. Here Ripk1 and Ripk3 become autophosphorylated 

to subsequently phosphorylate Mlkl which, through pore formation, leads to DAMP release and inflammation. 

Pyroptosis is activated upon e.g. bacterial stimuli, DAMPs or Casp11 activation, which leads to the inflammasome 

formation. Subsequently, Casp1 is activated and leads to cleavage of GsdmD. The hereby cleaved GsdmD-N is 

transported to form a pore in the plasma membrane.  

 



Introduction 

16 
 

1.3.1 Apoptosis 

Apoptosis is referred to as  ‘cell suicide’ and is important for normal tissue development 201.  The term 

apoptosis was first coined by John Kerr 202 and is derived from the old Grecian word ἀπόπτωσις 

(apoptosis), meaning “falling off”, such as leaves from a tree 203. Apoptosis can be divided into extrinsic 

and intrinsic pathways, which are both completely dependent on caspase proteins. Caspases (Casp) 

have proteolytic activity and cleave proteins. There are three main types of caspases described: 

initiators (Casp2,8,9,10), effectors or executioners (Casp3,6,7), and inflammatory caspases (Casp1,4,5) 

204,205. Casp11-14 are further described with different functions 206–209. However, not all Casp proteins 

play a role in apoptosis, such as Casp1/4/5/11. The intrinsic pathway is initiated by internal stress 

factors, like DNA damage or biochemical stress, whereas the extrinsic pathway acts in response to 

extracellular stress, such as ligand binding to ‘death’ receptors on the cell surface (Fig. 4 B). Both 

pathways lead to cell shrinkage, collapse of the cytoskeleton, release of apoptotic bodies, disassembly 

of the nuclear envelope, and DNA degradation mediated by caspase proteins 210. The intrinsic 

apoptosis pathway affects the inner mitochondrial membrane and subsequently leads to the loss of 

the mitochondrial transmembrane potential and the release of cytochrome C and Smac/DIABLO 211. 

The final ‘apoptosome’ is formed of cytochrome C which binds and activates Apoptotic protease 

activating factor-1 (APAF-1) as well as Casp9 212. In order to activate apoptosis, Smac/DIABLO inhibits 

the inhibitors of apoptosis proteins (IAP) 213. This leads to the release of a second group of proteins 

from the mitochondria, e.g. apoptosis inhibitor factor (AIF), and caspase-activated deoxyribonuclease 

(CAD), under the control of the Bcl-2 family of proteins which can be separated in anti-apoptotic 

proteins (Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w, BAG), and pro-apoptotic proteins (Bcl-10, Bax, Bak, Bid, Bad, 

Bim, Bik, Blk) 214–216. AIF  translocates to the nucleus and causes DNA fragmentation, referred to as 

“stage I” condensation 217. The oligonucleosomal DNA fragmentation and advanced chromatin 

condensation by CAD, activated through cleavage through Casp3, is referred to as “stage II” 

condensation 218. The extrinsic pathway is triggered by death receptors, which define the secondary 

cascade of apoptosis, e.g. the tumour necrosis factor (TNF) pathway or the fatty acid synthetase (FAS) 

pathway 219. The homologous trimeric ligand binds to the death domain of the receptor to initiate a 

caspase cascade. Here, cytoplasmic adaptor proteins, such as TNF receptor-associated death domain 

(TRADD) and Fas-associated death domain (FADD), bind to the specific receptor complex to form the 

death-inducing signalling complex (DISC) 220. This leads to Casp8 activation, which, in turn, triggers the 

caspase cascade, culminating in apoptosis. In terms of controlling the process of death receptor-

mediated apoptosis, c-FLIP can bind to FADD and Casp8 to inhibit the follow-up cascade 221. 
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1.3.2 Necroptosis 

Necroptosis is a lytic and caspase-independent pathway, which typically causes massive local 

inflammation and DAMP release. It has been described by studies on its three key proteins (Fig. 4 B): 

Receptor Interacting Serine/Threonine Kinase 1 (RIPK1) 222, RIPK3 223 and Mixed lineage kinase domain-

like protein (MLKL) 224. These three classical ‘necroptosis proteins’ work together in a cascade to trigger 

inflammation. Initiation of necroptosis through the TNF superfamily receptors, the toll-like receptors 

(TLR3 and TLR4), or through the ligand-bound TNF receptor 1 (TNFR1) is well characterized, of which 

the latter is the classical and also best described pathway of necroptosis 225. TNFR1 is responsible for 

controlling the downstream response of cell survival, apoptosis and necroptosis 226 upon TNFα binding. 

Binding of TNFα leads to the short-lived membrane signalling complex: complex I 227. Within Complex I, 

TRADD recruits RIPK1 to TNFR1, which leads to the reinforcement by binding the cellular inhibitor of 

apoptosis 1 and 2 (cIAP1/cIAP2), as well as tumour necrosis factor receptor-associated factors 

(TRAF2/3/5) into the complex. Complex I is stabilized by cIAP1/2 and TRAF2/5 mediated ubiquitination of 

RIPK1, which leads to the alternative pathway of cell survival: NF-кB and the mitogen-activated 

protein-kinases (MAPK) mediated pathway 228,229. NF-кB counteracts the cytotoxic effect of TNFα, and 

lead to pro-survival, mediated by cIAP1/2 and c-FLIP 230. Thereby, cellular FADD-like IL-1β-converting 

enzyme-inhibitory protein (c-FLIP) is responsible for inhibiting Casp8, and, therefore, execution of 

apoptosis, whereas cIAP blocks the formation of complex IIb by inhibition of RIPK1. The formation of 

complex IIa (TRADD, FADD and Casp8) or complex IIb (RIPK1, RIPK3, FADD and Casp8) can both lead to 

the activation of apoptosis. As soon as c-FLIP inhibits Casp8, which blocks the activity of RIPK1 and 

RIPK3, complex I becomes destabilized through deubiquitination of RIPK1 231. Thus, RIPK1 interacts 

with FADD, TRADD and RIPK3, and forms the complex IIb. RIPK1 interacts with RIPK3 through receptor 

homology domain (RHD) and, therefore, forms the necrosome 232. Upon recruitment and 

phosphorylation of Ser227 (mouse: Thr231/Ser232) of RIPK3 by the active autophosphorylation 225,233, 

MLKL could bind to the necrosome (complex IIc) 234. Importantly, RIPK1 is not absolutely necessary for 

necroptosis activation, resulting in a RIPK1-independent necroptosis pathway. Nonetheless, the 

autophosphorylation of RIPK1 can trigger TNF-induced necroptosis 235. Autophosphorylated RIPK3 

activates MLKL by phosphorylation and further stimulates the inflammatory response and DAMP 

release. Phosphorylated MLKL leads to conformational change of the protein and activation. The 

oligomerization of MLKL 236 promotes its membrane translocation and pore formation accompanied 

by local calcium influx and, thus, to permeabilization of the plasma membrane, release of cellular 

components and finally to inflammation 237,238.  
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1.3.3 Ferroptosis 

Ferroptosis, which was described for the first time in 2012 239, differs significantly from apoptosis and 

necroptosis in terms of activation and morphological consequence. This iron-dependent pathway is 

characterized by the key events of lipid peroxidation and iron accumulation, which subsequently leads 

to plasma membrane rupture 240, but also to a decreased mitochondrial volume and an increase in the 

membrane density. The process of ferroptosis is initiated by the occurrence of oxidative perturbations 

in the intracellular microenvironment under the control of a variety of metabolomics and molecular 

signalling pathways 241. More specifically, lipid peroxidation by reactive oxygen species (ROS) is 

constitutively regulated by the activity of the glutathione peroxidase 4 (GPX4) in which GPX4 catalyses 

the reduction of lipid peroxide 242. Loss of GPX4 leads to an increase in the depletion of glutathione 

(GSH) and, therefore, to an increase of glyceraldehyde-3-phosphate dehydrogenase (NAPDH) 

oxidation, as well as pro-inflammatory DAMP release 243. 

1.3.4 Pyroptosis 

Pyroptosis, one of the RCD pathways with high levels of inflammation, was first described in 2000 244 

as the death of infected macrophages by Salmonella typhimurium. Nonetheless, the first indications 

of pyroptotic cell death were found in 1986, where it was described as cell death in primary mouse 

macrophages, which had been treated with anthrax lethal toxin 245. Pyroptosis was finally termed in 

2001, with the origin of the name coming from the Greek pyro (fire/fever) and ptosis (to-sis, falling), 

to describe pro-inflammatory RCD 246. To date, multiple other bacterial triggers have been described 

to cause pyroptosis 247–250. Cells undergoing pyroptosis show cell blebbing, chromatin condensation 

and DNA damage, all similar morphologies to apoptosis. However, pyroptosis additionally presents 

with cell swelling, osmotic lysis, pyroptotic bodies, pore formation and inflammation 251. Pyroptosis 

also involves different molecular pathways, like the canonical inflammasome pathway (Fig. 4 B) which 

is composed of Casp1, the adaptor protein apoptosis-associated speck-like protein containing a CARD 

(ASC), and a sensor protein like the nucleotide-binding oligomerization domain (NOD)-like receptors 

(NLRs) 252–254. Thereby, each NLR protein has a specific function. For example, NLRP3 is important for 

DAMP release, whereas other NLRPs, such as NLRP2/6/12, are important for negative regulation of NF-

κB 255. Casp4/5 (in humans) and Casp11 (in mice) are part of the non-canonical inflammasome pathway, 

which is activated upon direct sensing of cytosolic LPS 256–258. In the downstream process, Casp1/4/5/11 

catalyse the release of pyrogenic interleukin-1β (IL-1β) and IL-18 259 by cleavage of Gasdermin D 

(GSDMD). GSDMD is cleaved at a C-terminal-repressor and N-terminal-pore-forming domain, whereby 

the N-terminal domain can oligomerize to form pores in the cell membrane with an inner diameter of 

18–22 nm and, subsequently, lead to membrane rupture 260,261. Thereby, the cleavage of GSDMD is 
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assumed to be coupled with Casp1/4/5/11 260,262. Further, there is evidence that Casp8 also plays a role 

in GSDMD cleavage showing how tightly the different RCD pathways are connected 263. However, the 

cell also has mechanisms to protect itself, for example, through cleavage of the GSDMD Asp87 site by 

Casp3/7, which causes the inactivation of the pyroptotic activity 264. To date, multiple proteins of the 

conserved superfamily of gasdermins have been described: GSDMA/B/C/D and GSDME/DFNA5, from 

which GSDMD and GSDME are the most studied 265. 

1.3.5 NF-κB 

The NF-κB pathway itself is not a pathway of RCD, however, it has a significant impact up- and 

downstream of RCD 266. NF-κB can regulate pro-survival signalling and is important for the activation 

and differentiation of innate immune cells and inflammatory T cells 267. In the NF-κB signalling cascade, 

two proteins of the NF-κB transcription factor family form homo- or heterodimers, the best described 

dimer in the canonical NF-κB pathway being the NF-κB1/p50 and RelA/p65 heterodimer 268. These 

dimers are controlled by inhibitory IκB proteins, out of which IκBα regulates p65/p50 269,270. The 

activation of NF-κB signalling typically occurs in response to extracellular stimuli, such as pro-

inflammatory cytokines, e.g. TNFα, or various internal and external stress signals 271. As soon as the 

cascade is initiated, the inhibitor IκB is phosphorylated and subsequently degraded by the proteasome 

272. Through this, p65/p50 is released, allowing the translocation of RelA/p65 into the nucleus 270, 

where it orchestrates gene expression, including genes crucial for kidney health. Thereby, the 

expression outcome depends on the stimuli that leads to the cascade activation and, therefore, could 

either induce cell survival or inflammation, production of chemokine and cytokine (e.g. IL-1 or IL-6), 

together with activation of immune cells, such as macrophages 273–275. In its pro-survival function, 

NF-κB induces transcription of anti-apoptotic genes, for example, cIAP1, cIAP2, X chromosome-linked 

inhibitor of apoptosis (XIAP) and c-FLIP 276. Therefore, NF-κB signalling is essential for immune response 

modulation and maintaining tissue integrity 277. For instance, it regulates the expression of pro-

inflammatory genes, such as those encoding cytokines and adhesion molecules, facilitating the 

recruitment of immune cells to sites of infection or injury 278.  

1.3.6 Autophagy 

Autophagy is not described as RCD and does not lead to inflammation. Nevertheless, it’s correlated to 

other RCD pathways. Autophagy was first described in 1967 279 and describes ‘self-devouring’  derived 

from the Greek word autóphagos. It is a well-preserved cellular process that occurs through the 

formation of an autophagosome, which fuses with lysosomes and serves to degenerate cellular 

constituents into their basic components 280. Those can be reused by the cell to build new compounds 

or provide energy. To orchestrate autophagy, multiple key players work together: Autophagy-related 
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proteins (ATG), which are involved in the formation of the autophagosome, including lipidation of 

Microtubule-associated protein 1A/1B-light chain 3 (LC3) 281. LC3 helps to identify and mark cells which 

are degraded by autophagy and it is essential for autophagosome membrane elongation 282. 

Sequestosome 1 (SQSTM1/p62) recognizes and binds ubiquitinated proteins or cellular debris marked 

for degradation and transports them to the autophagosome 283. For the final fusion of the 

autophagosome with the lysosome, lysosome-associated membrane protein 2 (LAMP2) is responsible 

284. The activation of autophagy is controlled by the protein kinase mammalian target of rapamycin 

(mTOR), whereby active mTOR inhibits autophagy. Autophagy is activated through the inhibition of 

mTOR by nutrients, or by external or energy stress285. However, autophagy-dependent RCD has also 

been described, which depends on the autophagic machinery. It has been reported that the autophagic 

receptor optineurin (OPTN) actively influences RIPK1 and, therefore, RIPK1-dependent necroptosis, as 

the loss of OPTN induces axonal degeneration  286. Further, LC3  was found to be an interactor of RIPK1 

and RIPK3, thus LC3 regulates necroptosis 287. More broadly, the necrosome is associated with the 

autophagy machinery, in which p62 recruits RIPK1 and, therefore, actively influences the switch 

between apoptosis and necroptosis 288. 
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1.4 Regulated cell death in acute kidney injury 

Acute kidney injury occurs suddenly, within a few hours to a few days. In this case, the kidney loses 

the ability to filter properly and consequentially the fluid and electrolyte metabolism is imbalanced. 

However, acute kidney failure may be reversible. To this fact, AKI is commonly used to investigate RCD 

and potential treatment.  

It has already been described that apoptosis is increased in normal kidneys during 

development and constitutes a normal part of development 289. The first link between apoptosis,  renal 

injury, and various kidney diseases was found in 1992 when apoptosis was discovered directly after 

renal ischemia 290. Since then, apoptosis has been linked to AKI, by increased levels of cytochrome-C 

release, the activity of Casp3 or AIF, and TdT-mediated dUTP nick end labelling (TUNEL) staining 291. 

Apoptosis is described as contributing to the loss of parenchymal cells in the kidney but not to 

inflammation 292. For proof of concept, several therapeutic interventions targeting the apoptotic 

pathway were used: zVAD, a known pan-caspase inhibitor, was shown to ameliorate the function of 

the kidney in multiple AKI animals 293,294. As this caspase inhibition simultaneously decreased renal 

inflammation observed in cases of IR or sepsis-induced AKI, it remains unclear which of the two 

pathophysiological processes, apoptosis or inflammation, is more pertinent in the kidney 295.  

Notably, the investigation of necroptosis in IRI should give further insights. Necroptosis leads 

not only to significant damage and loss of renal cells but also results in inflammation affecting other 

organs 296. The importance of necroptosis in IRI was initially demonstrated by  treatment with 

necrostatin-1 (Nec-1; inhibitor of Ripk1), which reduced organ damage and renal failure 297. However, 

new studies have revealed that the usage of Nec-1 has to be replaced with Nec-1s (stable). Nec-1 in 

low dosages is sensitized in vivo to TNF-induced mortality, whereas Nec-1s could also be used in low 

doses with fewer side effects 298. To date, there are multiple rodent models deficient for necroptosis 

proteins like Ripk3 or Mlkl. Subsequent investigations using Ripk3 knockout mice revealed Ripk3 as a 

crucial mediator in IRI-AKI, with prevented tubular necrosis 299,300. Work on Ripk3 and Mlkl knockout 

mice supported the role of necroptosis in AKI, where the loss of these necroptosis signature genes 

diminished the damage of proximal tubules 301. Additionally, the accommodating upregulation of 

TNF-α and interferon-γ (IFN-γ), important promotors of necroptosis, could be proven in vitro by 

inducing necroptosis through a treatment combination of TNF-α and IFN-γ, to mimic the in vivo 

environment. This supports the in vivo data of cisplatin-induced AKI which also shows an increase in 

these pro-inflammatory cytokines 302. Further indications showed that the deletion of either Ripk1, 

Ripk3, or Mlkl significantly increases the survival upon IRI 303. Interestingly, the knockout of Casp8 is 

lethal304, however the double knockout of Ripk3 and Casp8 showed 100% survival upon IRI 305. This 
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shows that Casp8 plays an important role as a regulator of necroptosis, as it inhibits RIPK3-mediated 

necroptosis and acts as a control module in the molecular switch for apoptosis and necroptosis 263.  

Interestingly, especially AKI upon IRI is described with ongoing necroptosis, supplemented 

through ferroptosis 306. Ferroptosis is additionally described as a potential pathway for the death of 

tubule segments, in which NADP(H) concentrations vary along the renal tubule and become insufficient 

in preventing lipid peroxidation, accompanied with a wave of calcium 307,308. Therefore, it cannot be 

ruled out that ferroptosis is a major contributor to AKI and may play a role in other kidney diseases. 

Ferroptosis has already been described as a critical player in multiple kidney diseases, as well as in 

many others, such as those affecting the heart 309. In different rodent models of AKI, e.g. AKI  induced 

by IRI, cisplatin or folic acid (FA), an accumulation of free iron 310,311 and high levels of renal lipid 

peroxidation 312 have been observed. Through treatments with ferroptosis inhibitors, it could be shown 

that these factors are diminished and ferroptosis does indeed play a role in FA- and cisplatin-induced 

AKI models 313.  

The role of pyroptosis in sepsis is well studied, as pyroptosis is described in autoimmune and 

inflammatory diseases. Nonetheless, there is also evidence for pyroptosis in kidney diseases, 

suggesting pyroptosis as an effector of AKI. Here, pyroptosis is induced through GSDMD cleavage by 

Casp11 and IL-1β activation in tubule epithelial cells but also through the NLRP3 inflammasome 314,315. 

However, these investigations lacked specificity by not focusing specifically on pyroptosis. Therefore, 

there is the possibility that this lytic cell death is rather caused by ferroptosis 314. Further studies 

describe GSDMD-mediated pyroptosis in cisplatin-induced AKI and IRI-AKI, leading to an increase of 

Casp11 in the whole-kidney and tubular epithelium and, further, excretion of IL-18 via urine 316. Mice 

deficient for Casp11 or GsdmD were successfully protected from cisplatin-induced AKI. Already some 

studies showed GSDME-mediated pyroptosis in a model of cisplatin-induced AKI 317,318. Strikingly, the 

deletion of GsdmE in mice leads to ameliorated AKI and inflammation 319, showing an convincing 

approach. Nonetheless, this result needs to be repeated. In  contrast, it was shown that GsdmD 

knockout mice are hypersensitive to AKI, leading to an increase of necroptosis 320. The additional 

knockout of Mlkl reversed this phenotype. Furthermore, the authors showed that GSDMD is not 

expressed in isolated mouse kidney tubules but in the peritubular interstitial space. This is important 

as its shows that the expression of GsdmD is cell type specific, but through the systemic inflammation 

also the tubules are affected. Other researchers have already proposed a role of RIPK3 in the GSDMD-

mediated pyroptosis pathway 321. Currently, it remains unclear to what extent pyroptosis contributes 

to AKI and other kidney disorders 322–324. 

NF-κB signaling is particularly significant in the context of kidney function, where it contributes 

to both normal physiological processes and the pathogenesis of kidney diseases 325. In the context of 

the kidney, NF-κB signalling and RelA translocation play vital roles in both physiological and 
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pathological processes. In normal renal function, NF-κB signalling is essential for immune response 

modulation and maintaining tissue integrity 277. For instance, it regulates the expression of pro-

inflammatory genes, such as those encoding cytokines and adhesion molecules, facilitating the 

recruitment of immune cells to sites of infection or injury 278. Additionally, NF-κB signalling helps 

protect renal cells from apoptosis and oxidative stress 326. Consequently, dysregulated NF-κB signalling 

is often associated with the pathogenesis of various kidney diseases, including AKI, CKD and 

glomerulonephritis 327–329. Excessive activation of NF-κB and aberrant RelA translocation can lead to 

sustained inflammation, tissue damage and fibrosis, contributing to disease progression 275. 

Furthermore, the therapeutic potential of targeting NF-κB signalling in kidney diseases is often 

addressed by particularly inhibiting RelA translocation, to potentially mitigate renal inflammation and 

fibrosis, thus preserving kidney function 330. 

To protect the kidney, basal autophagy also plays a fundamental role, to maintain kidney 

homeostasis, structure, and function 331,332.  Autophagy in IRI leads to ROS and damaged mitochondria 

333,334, and therefore, to an altered cell cycle, DNA damage and cell death 335. As ROS triggers 

ferroptosis, it is considered that autophagy regulates RCD under stress stimuli 336,337. This also supports 

the argument that autophagy is crucial for protecting the kidney after AKI 338. The deletion of 

autophagy in mice by knocking out Atg5 or Atg7 in proximal tubules resulted in an increase of AKI, 

indicated by renal functional loss, tissue damage, activation of tumour suppressor p53 and apoptosis  

339–341, showing the importance of autophagy in healthy kidneys. 

Although, AKI is a good model to study RCD, there are multiple problems. Many RCDs are 

tightly interconnected and cannot not be investigated individually. Furthermore, the cell specific 

expression of RCD proteins could not be elucidated and needs to be examined further. 
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1.5 Regulated cell death in chronic kidney disease 

As previously described, RCD plays a fundamental role in kidney development and homeostasis, as well 

as in kidney pathology. However, most studies regarding RCD in kidney injury are described in (IRI-) 

AKI. Nonetheless, CKD and AKI are admittedly connected but in principle different. The huge difference 

between both manifestations is that AKI develops suddenly and can be cured completely due to 

treatment, whereas CKD develops over time and is described as a gradual loss of kidney function which 

cannot be reversed. Thereby, AKI increases the susceptibility to gain CKD, whereas CKD promotes AKI 

showing the direct feedback loop of these diseases. Studies addressing the conversion from AKI to 

CKD, or to single causes of CKD, are limited so far.  It is important to note that CKD presents a distinct 

and specific set of characteristics compared to AKI, such as anaemia, anxiety, cognitive impairment 

and high blood phosphate level. The common causes of CKD include, for example, glomerulonephritis, 

PKD, urinary infections, and nephrotoxins 342, and also diabetes and hypertension 343. These lead to a 

variety of final manifestations in CKD of non-resolving inflammation, cystic and malfunctioning 

kidneys, and fibrosis 344. Hereditary cystic kidney diseases, which are nowadays regarded as 

ciliopathies, are one of the causes of CKD. The associated massive loss of tubule epithelial cells in the 

kidney indicates cell death in cystic kidney diseases and, therefore, in CKD 167. Limited data have 

already supported the role of necroptosis, ferroptosis and pyroptosis in CDK. 

CKD in rats, caused by subtotal nephrectomy leading to loss of function, could be partially 

reduced through treatment with Nec-1 (Ripk1 inhibitor) 345. The identical treatment in mice, with 

unilateral ureteral obstruction (UUO)-induced CKD, decreased inflammation and fibrosis 346. The same 

result of reduction of fibrosis and kidney function in UUO and adenine-induced CKD was observed in 

the knockout of Ripk3 347,348. Interestingly Mlkl knockout mice do not show an amelioration in UUO-

induced kidney fibrosis 347, leading to the idea that Ripk3 exhibits extra necroptotic functions. The 

ferroptosis inhibitor Liproxstatin 1 could additionally decrease UUO-dependent renal fibrosis. Further, 

the role of pyroptosis in UUO or subtotal nephrectomy was investigated by the knockout of GsdmE or 

GsdmD 349–351. Both deletions alleviated renal fibrosis and improved kidney function. Moreover, it has 

been shown that pyroptosis causes albuminuria, kidney inflammation, and glomerulosclerosis in the 

podocyte-specific APOL1 G2 knockout mice, which is accompanied by an increase of NLRP3, Casp1, 

and GSDMD cleavage 352. These symptoms could be pharmacologically prevented through treatment 

with the small-molecule inhibitor of NLRP3: MCC950 353. Patient biopsies with high-risk APOL1 

genotypes confirmed the NLRP3 inflammasome-activated pyroptosis in podocytes 352. The presence of 

APOL1 risk alleles further induces albuminuric nephropathy, which could be prevented by treating the 

mice with disulfiram, a pyroptosis inhibitor 352. Further genome analysis of CKD revealed the expression 

of Dpep1 and Chmp1a, which are key regulators of ferroptosis 354. More specifically,  ferroptosis was 
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found in diabetic nephropathy, in which the ferroptosis-related inhibitor molecule GPX4 is decreased 

355. This was also observed in the context of fibrosis 356. Dysregulation of iron exporters and a decrease 

of GPX4 were found in ADPKD through Pkd1 deficiency 357. Interestingly, Nec-1 treatment of ADPKD 

with a deletion of Pkd1 aggravated the disease 358. There was evidence that autophagy is also relevant 

for CKD, because an increased synthesis of LC3 and formation of the autophagosome was found in 

patient material 359. 

The role of RCD in CKD seems to be more complex than in AKI, as the cell death dynamics are 

modulated and occur over a longer time period. However, one problem in the rodent models is that 

they do not mimic the full complexity of human CKD. However, RCD in CKD is overall just loosely 

described and needs to be investigated further to be considered as a potential therapeutic target. 
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1.6 Thesis Aims 

Cystic kidney disease is caused by pathogenic variants of ciliary proteins and characterized by loss of 

function of the primary cilium. Both the primary cilium and RCD play essential roles in embryonic 

development but also in tissue homeostasis in adults. For cystic kidney disease, the role of cilia in 

pathogenesis is well established. The massive loss of epithelial cells suggests that RCD might play a 

major role as well.  This current thesis aims to comprehensively explore and understand the influence 

of the primary cilium on RCD and the in vivo role of RCD in models of ciliopathies. Beyond unravelling 

a potential connection between cilia and RCD, it aims to provide novel insights into the disease 

mechanism, which might help to develop future treatment strategies for patients with renal 

ciliopathies. In particular, this thesis follows three aims:  

(1) Unravelling the impact of the primary cilium on regulated cell death 

As the connection between the primary cilium and RCD has not yet been described, this thesis 

aimed to unravel a potentially intricate relationship between the primary cilium and RCD. For this, 

ciliated and non-ciliated subclones of the mIMCD3 were treated with cell death inducers or inhibitors.  

These experiments and their in-depth analysis shed light on the impact of the primary cilium and its 

role in the fundamental biological processes of RCD.  

(2) Examining the effect of cell death pathways in murine models of renal ciliopathies 

Many studies have shown that RCD plays a role in AKI, however, the role in CKD has not yet 

been extensively investigated. To that end, this thesis examined the role of RCD in renal ciliopathies in 

relation to the functionality of the primary cilium. The Nek8jck mouse, which displays a PKD-like 

phenotype in a genetic NPH background, develops a severe renal phenotype early in life. Through the 

additional knockout of crucial RCD genes, we were able to examine the potential influence of RCD in 

developing the severe phenotype in the context of a defected primary cilium.  

(3) Investigation of the archetypical renal ciliopathy Bardet-Biedl Syndrome (BBS) in vivo 

The third aim expanded the focus of this thesis to another renal ciliopathy, BBS. The loss of the 

ciliary protein Bbs8 in vivo affects the functionality of the primary cilium and, in consequence, should 

potentially lead to a renal phenotype. The goal was to characterize the Bbs8-/- phenotype and the 

potential involvement of RCD. This is important to create a better understanding of the mechanisms, 

and, therefore, improved insight into potential treatments, for either overarching renal ciliopathies or 

adapted for specific renal ciliopathies. 
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2. Material and methods 

2.1 Material 

2.1.1 Chemicals and reagents 

Table 2 Chemicals and reagents used. All reagents are listed with their respective company and product numbers. 

Trivial names and/or molecular formulas in brackets. 

Reagent Product no. Company  

0.05% Trypsin-EDTA Solution (1X), cell culture 25300-054 Gibco 

0.9% Isotonic NaCl solution 19PCA510 Fresenius KABI 

Acetic acid  7332.1 Carl Roth 

Acetonitrile  701881 AppliChem 

Agarose A9539 Sigma-Aldrich 

Ammonium bicarbonate (TEAB)  A6141 Sigma-Aldrich 

Ammonium persulfate (APS) A0834 AppliChem 

Ampicillin Sodium Salt  K029.2 Carl Roth 

Aprotinin A162.1 Carl Roth 

Benzonase® Nuclease 70746-3 Millipore 

Birinapant SEL-S7015 Biozol 

Bovine Serum Albumin (BSA)  1066 Gerbu 

Bromphenol Blue A512 Carl Roth 

Calcium chloride (CaCl2)  HN04.2 Carl Roth 

Casy Clean 5651786001 OMNI Life Science 

Casy Ton   5651808001 OMNI Life Science 

Chloroacetamide (CAA) 8.02412.0100 Merck 

Citric acid monohydrate 27490 Fluka 

cOmplete™ EDTA-free Protease Inhibitor Cocktail  4693132001 Roche 

Coumaric acid C9008 Sigma-Aldrich 

Cycloheximide C4859 Sigma-Aldrich 

Dextran T 250  9233.1 Carl Roth 

Dimethyl sulfoxide (DMSO) for cell culture  A3672,0100 AppliChem 

Dithiothreitol (DTT)  6908.1 Carl Roth 

Dithiothreitol (DTT) (Mass spec) A1101,0025 AppliChem 

DiYO-1 ABD-17580 Biomol 

DMEM-F12 D6421 Sigma-Aldrich 
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DNase/RNase-Free Distilled Water   15657708 Thermo Fisher Scientific 

dNTP Mix (10 mM each) R0191 Thermo Fisher Scientific 

Dulbecco’s Modified Eagle Medium (DMEM)  D6429 Sigma-Aldrich 

Emricasan SEL-S7775 Biozol 

Ethanol (99.8%) (EtOH) 9065.3 Carl Roth 

Ethidium bromide solution  2218.1  Carl Roth 

Ethylenediaminetetraacetic acid (EDTA)  E5134 Sigma-Aldrich 

Fetal Bovine Serum (FBS)  S 0115 Biochrom AG 

Formaldehyde 4% 200-01-8 Walter CMP GmBH & Co 

Formic Acid  94318 Fluka 

GeneRuler 1 kb DNA Ladder  SM0311 Thermo Fisher Scientific 

GeneRuler 50 bp DNA Ladder SM0372 Thermo Fisher Scientific 

Glucose G7021 Sigma-Aldrich 

GlutaMAX  35050061 Thermo Fisher Scientific 

Glycerol 3783 Carl Roth 

Glycine 3908.2 Carl Roth 

Go Taq G2 Flexi Polymerase  M7808 Promega 

GSK-872 HY-101872 Sigma-Aldrich 

Halt Protease & Phosphatase Inhibitor Cocktail 

(100x) (PPI) 
78444 Thermo Fisher Scientific 

Heparin Natrium solution  15782698 Braun 

HEPES  H0887  Sigma-Aldrich 

Histomount HS-103 National Diagnostics 

Hoechst 33342 Solution (20 mM)  62249 Thermo Fisher Scientific 

Hydrogen chloride (HCl)  T134  Carl Roth 

Hydrogen Peroxide (H2O2) 30% 107209 Merck 

IgePAL CA-630  I8896 Sigma-Aldrich 

Incidin PLUS 225194 Igefa 

Interferon-γ (IFN-γ) 315-05 PeproTech 

Isopropanol  5752.3 Carl Roth 

KH2PO4  P5655 Sigma-Aldrich 

Ketaminhydrochlorid (Ketamin) 40031018 Zoetis 

LB-Medium  X964.2 Carl Roth 

LB-Agar X965.1 Carl Roth 

Leupeptin 108975 Sigma Aldrich 
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Luminol  09253 Fluka 

Magnesium sulphate heptahydrate (MgSO4) P027.2  Carl Roth 

Magnesium chloride (MgCl2) 1.05833.0250 Merck 

Methanol (MtOH) 4627.5 Carl Roth 

Meyer’s hematoxylin solution  A0884 AppliChem 

N,N,N´, N´-tetramethylethylenediamine (TEMED)  2367.3  Carl Roth 

NEBuffer™ 3.1  B7203 New England Biolabs 

Necrostatin-1s 221984 Abcam 

Neutral-red C.I.50040 Sigma-Aldrich 

Normal Donkey Serum (NDS) 017-000-121 Dianova 

Oxidized L-Gluthathion G4376 Sigma Aldrich 

PageRuler Plus Protein Ladder 26620 Fermentas 

Penicillin-Streptomycin 10,000 U/mL (Pst)  15140-122 Thermo Fisher Scientific 

Periodic acid (99%)   3257.1 Carl Roth 

Phenylmethylsulfonyl fluoride (PMSF)  A0999 AppliChem 

Phosphate buffered saline   15374875 Thermo Fisher Scientific 

PhosSTOP™ 4906845001 Roche 

Polyacrylamide (PAA)  T802.1 Carl Roth 

Potassium chloride (KCL) 6781 Carl Roth 

ProLong™ Diamond w/o DAPI P36965 Thermo Fisher Scientific 

ProLong™ Diamond with DAPI P36962 Thermo Fisher Scientific 

REDTaq® Ready Mix R2523 Sigma-Aldrich 

RNase Inhibitor, murine M0314L New England Biolabs 

RNase-free water Ultra Pure 10977-035 Thermo Fisher Scientific 

RNaseOUT™ Recombinant RNase Inhibitor 10777-019 Thermo Fisher Scientific 

Ropun® 2% Xylazine 80721102 Bayer Healthcare GmbH 

ROTI® Block  A151.1 Carl Roth 

Schiff's reagent 1.090.330.500 Merck 

Sodium citrate (Na3C6H5O7) HN12.4 Carl Roth 

Sodium chloride (NaCl)  3957.1 Carl Roth 

Sodium deoxycholate D6750 Sigma-Aldrich 

Sodium dodecyl sulfate (SDS) pellets CN30.3 Carl Roth 

Sodium dodecyl sulfate (SDS) powder  A2263 AppliChem 

Sodium fluoride (NaF)  S1504 Sigma-Aldrich 

Sodium hydrogen phosphate (Na2HPO4)  S9390 Sigma-Aldrich 
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Sodium hydroxide (NaOH)  A3910.1000 AppliChem 

Sodium orthovanadate (Na3VO4) S6508 Sigma-Aldrich 

T4 ligase buffer (10x) B69 Thermo Fisher Scientific 

Tetrasodium pyrophosphate (Na4P2O7)  106591 Merck 

TNFα aa80-235 R&D 

TRI Reagent®  T3934-200ML Sigma-Aldrich 

Tris Hydrochloride (Tris-HCL)  9090.3 Carl Roth 

Trizma® base T1503 Sigma-Aldrich 

TritonX-100 3051.2 Carl Roth 

Trypon 1010817 MP Biomedicals 

Tween-20  3472 Caesar & Loretz 

Urea U1250 Sigma-Aldrich 

Xylene 371.5  Th. Geyer 

Yeast Extract  2363.1 Carl Roth 

β-Mercaptoethanol  M7522  Sigma-Aldrich 
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2.1.2 Assays and Kits 

Table 3 List of all kits used. All kits are listed with their respective company and product number. 

Assay/Kit Product no. Company  

AimPlex™ premixed multiplex kit mouse custom 10-

Plex  
T2C1020628 Biosciences Inc. 

Dako Liquid DAB+ Substrate Chromogen System K3468 Dako 

DeadEnd™ Fluorometric TUNEL System G3250 Promega 

Direct-zol™ RNA Miniprep 2050 Zymo Research 

GeneJET Gel Extraction kit K0691 Thermo Fisher Scientific 

High Capacity cDNA Reverse Transcription kit  4368814 Applied Biosystems 

High Select TiO2 Kit A32993 Thermo Fisher Scientific 

ImmPACT® DBA Substrate kit, peroxidase SK-4105 Vector Laboratories 

Masson-Goldner’s trichrome staining kit 3459 Carl Roth 

Nuclei Isolation kit: Nuclei EZ Prep NUC101-1KT Sigma  

NucleoBond® Xtra Midi Prep kit 740410  Macherey-Nagel  

NucleoSpin® Gel and PCR clean-up 740609.250 Macherey-Nagel 

NucleoSpin® Plasmid Easy Pure 740727.250 Macherey-Nagel 

PCR Mycoplasma Test Kit I/C PK-CA91-1096 PromoKine 

Pierce™ BCA Protein Assay 23225 Thermofisher 

Precellys Lysing kit 
P000933-

LYSK0-A 
Precellys 

Q5® High-Fidelity DNA Polymerase M0491L New England Biolabs 

SuperScript™III Reverse Transcriptase   18080093 Invitrogen™ 

SuperSignal West Femto Chemiluminescent Substrate 34095 Thermo Fisher Scientific 

SYBR Green PCR Master Mix 4309155 Thermo Fisher Scientific 
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2.1.3 Enzymes 

Table 4 Enzymes for bacteria culture. Listed with their respective provider and product number. 

Enzyme Product no. Provider 

MluI R0198L New England Biolabs 

Not1 RO189L New England Biolabs 

T4 Ligase M0202M New England Biolabs 

T4 polynucleotide kinase M0201S New England Biolabs 

Trypsin 37286.03 Serva 

Lysyl Endopeptidase (Lys-C) 125-05061 Wako 
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2.1.4 Buffers and solutions 

Table 5 Compositions of buffers or other solutions. The compositions were declared with the final concentration 

or with fixed volumes. 

Buffer Composition 

Base Buffer (50x) 12.5 ml NaOH (5 N) 

1 ml EDTA (0.5 M)  

36.5 ml ddH2O 

Blocking Solution 10% (v/v) NDS  

0.1% (v/v) PBSTx-100 

Cell Culture Medium (HEK293T) 10% (v/v) FBS  

In DMEM with GlutaMAX 

Cell Culture Medium (mIMCD3 - starvation) 1 x Pst 

2 mM GlutaMAX  

 In DMEM-F12 

Cell Culture Medium (mIMCD3) 10% (v/v) FBS 

1 x Pst 

2 mM GlutaMAX  

In DMEM-F12 

Citric acid Buffer pH 6.0 (10x) 87.4 mM Na3C6H5O7  

12.6 mM citric acid monohydrate 

Destaining Buffer 50 % EtOH  

49% ddH2O  

1% acetic acid 

Enhanced Chemiluminescence Solution (ECL) 100 mM Tris (pH 8.5)  

1.25 mM Luminol  

0.2 mM Coumaric acid  

0.75% (v/v) H2O2             

EZ-Lysis Buffer EZ Lysis Buffer (Sigma NUC-101) 

1x Protease Inhibitor (PIM) w/o EDTA 

0.1% RNase Inhibitor 40 U/µl 

Freezing Medium 70 % (v/v) FBS  

20 % (v/v) Cell Culture Medium  

10 % (v/v) DMSO 
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HEBS (2x) 42 mM HEPES, Free Acid 

274 mM NaCl 

10 mM KCl 

1.4 mM Na2HPO4 Heptahydrate 

15 mM Dextrose 

pH 7.09 

IP Lysis Buffer 20 mM Tris 

1% (v/v) TritonX-100  

50 mM NaCl  

15 mM Na4P2O7  

50 mM NaF  

44 μg/μl PMSF  

2 mM Na3VO4      

pH 7.5 

Laemmli (1x) 50 mM Tris  

2% (w/v) SDS  

10% (v/v) Glycerol  

Bromphenol Blue  

50 mM DTT  

pH 6.8  

Laemmli (2x) 100 mM Tris  

4% (w/v) SDS  

20% (v/v) Glycerol  

Bromphenol Blue  

50 mM DTT  

pH 6.8  

Laemmli (5x) 250 mM Tris  

10% (w/v) SDS  

50% (w/v) Glycerol 

Bromphenol Blue 

50 mM DTT  

pH 6.8 

LICOR wash Buffer (10x) 0.1% (v/v) Tween-20 

in 1x PBS 
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Modified RIPA Buffer (cell lysate) 1% IgePAL 

150 mM NaCl 

0.25% Na- Deoxycholate 

50 mM Tris (pH 7.5) 

44 μg/μl PMSF 

2 mM Na3VO4 

Modified RIPA Buffer (tissue lysate) 50 mM Tris-HCl (pH 7.5) 

150 mM NaCl 

0.1 % NP-40 

0.5 % Na-Deoxycholate 

1.0 % (v/v) SDS 

1:2000 Benzonase® Nuclease 

1:25 cOmplete™ 

1:20 PhosSTOP™  

Narcosis 6.8 ml 0.9% NaCl (sterile) 

1 ml Ketamin 

400 µl Xylazin 

Neutralization Buffer (50x) 15.75 g Tris-HCl 

in 50 ml of H2O 

Nuclei Suspension Buffer 1x PBS (sterile) 

2% BSA 

0.1% RNase Inhibitor 40 U/µl 

PBST 0.05% Tween-20  

in 1x PBS 

PBSTx-100 0.1% TritonX-100  

in PBS (1x) 

Phosphate Buffered Saline (PBS) (10x) 137 mM NaCl  

2.7 mM KCl  

10 mM Na2HPO4  

2 mM KH2PO4  

Protein Wash Buffer (10x) 30 mM Tris  

300 mM NaCl  

0.3% Tween-20 

pH 7.5 
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Resolving Gel 750 mM Tris  

10% (v/v) PAA  

0.2% (w/v) SDS      

pH 8.8 

Running Buffer 25 mM Trizma® base  

192 mM Glycine  

0.1% (w/v) SDS 

SOC medium 2% (w/v) Tryptone  

0.5% (w/v) Yeast Extract  

8.6 mM NaCl  

2.5 mM KCl  

20 mM MgSO4  

20 mM Glucose 

Stacking Gel  250 mM Tris  

5% (v/v) PAA  

0.2% (w/v) SDS   

pH 6.8 

Stage-tip Buffer A  0.1% formic acid 

Stage-tip Buffer B 0.1% formic acid  

80% acetonitrile 

Staining PBS  1 mM CaCl  

0.5 mM MgCl2  

in 1 x PBS 

TAE Buffer (25x) 121 g Trizma® base 

28.5 ml Acetic Acid  

18.6 g Na2EDTA 2xH2O       

pH 8.5 

TAE-EtBr Buffer TAE Buffer 1x 

1% EtBr 

in ddH2O 

  

  

  

 Table continued on the next page 
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Tissue lysis buffer (Cytokine Assay) 200 mM NaCl 

10 mM Tris-HCl (pH 7.4) 

5 mM EDTA 

1% NP-40 

10% Glycerol 

1 mM oxidized L-Glutathione 

100 µM PMSF 

2.1 µM Leupeptin  

0.15 µM Aprotinin 

Transfer Buffer 25 mM Tris  

188 mM Glycine 

0.1% (w/v) SDS 

Tris Buffered Saline (TBS) (20x) 300 mM Tris-HCl (pH 7.6) 

92.5 mM Tris Base  

3 M NaCl  

Tris-EDTA  10 mM Tris Base 

1 mM EDTA 

0.05% Tween-20 

pH 9.0 

Urea Buffer 8 M Urea  

50 mM TEAB  

1x Halts phosphatase-protease-Inhibitor 
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2.1.4 Oligonucleotides 

Table 6 Cloning primer set with MluI/ Not1 modification. Melting temperature (Tm) in °C was calculated using 

the NEBTmCalculator®. 

Gene Forward 5’-3’ 

Clamp MluI   

Reverse 5’-3’        

Clamp Not1  

Tm [°C] size 

[bp] 

source 

Bbs8 

CCCGCG ACGCGT 

ATGAGCTCGGAGATG 

GAGCCG  

CCCGCG GCGGCCGC 

TCAGAGCATAGCAAA 

ATGCTG 

64 1547 NM_144596.4 

 

Table 7 Sanger sequencing primer.  

Allele Forward 5’-3’                       Reverse 5’-3’ 

Bbs8 ATACTCATGTGGAAGCCATCG ATAGAAGCAACACAGCCCC 

 

Table 8 Polymerase chain reaction (qPCR) oligonucleotides. Forward and reverse primer in the direction of 5’-3’, 

with the annealing temperature of 60 °C and their efficiency. No oligonucleotide set amplifies gDNA.  

Target Forward 5’-3’ Reverse 5’-3’ Efficienc

y [%] 

Casp11 ACAATGCTGAACGCAGTGA  CTGGTTCCTCCATTTCCAGA 105 

Casp3 CAAAGGACGGGTCGTGGTT GCGCGTACAGCTTCAGCAT 95 

Casp8 CTAGACTGCAACCGA GAGG GCAGGCTCAAGTCATCTTCC 97 

Ccl2 CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA 86 

Col1a1 TCAGCTTTGTGGACCTCCG GGACCCTTAGGCCATTGTGT - 

Ctgf GGGCCTCTTCTGCGATTTC ATCCAGGCAAGTGCATTGGTA - 

Fadd TGCGCCGACACGATCTACTGC CACACAATGTCAAATGCCACCTG 92 

Fibronectin GCCACCATTACTGGTCTGGA GAGAGCTTCCTGTCCTGTCT - 

GsdmD GCGATCTCATTCCGGTGGACAG TTCCCATCGACGACATCAGAGAC 107 

Hprt1 GCTGACCTGCTGGATTACAT TTGGGGCTGTACTGCTTAAC 105 

LC3 GACGGCTTCCTGTACATGGTTT TGGAGTCTTACACAGCCATTGC 100 

Mlkl CTGTGGACGGTAGGAGTCTT CGTGGATTCTTCAACCGCAG 95 

NF-kB/p50 GAAATTCCTGATCCAGACAAAAAC ATCACTTCAATGGCCTCTGTGTAG 96 
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Nlrp3 AGAGCCTACAGTTGGGTGAAATG CCACGCCTACCAGGAAATCTC 103 

RelA/p65 CTTCCTCAGCCATGGTACCTCT CAAGTCTTCATCAGCATCAAACTG 86 

Ripk1 GAAGACAGACCTAGACAGCG CCAGTAGCTTCACCACTCGA 99 

Ripk3 GTGCTACCTACACAGCTTGAAC CCCTCCCTGAAACGTGGAC 88 

Sqstm1/p62 TGTGGAACATGGAGGGAAGAG TGTGCCTGTGCTGGAACTTTC 90 

Tgf-β1 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG - 

TNFα CTA CCT TGT TGC CTC CTC TTT GAG CAG AGG TTC AGT GAT GTA G 110 

 

Table 9 Oligonucleotides used for mouse genotyping. Sequences in the direction of 5’ to 3’. Expected signals on 

base pair (bp) size.  

Allele Oligonucleotides (5’-3’) Size [bp] 

Fadd 

TCACCGTTGCTCTTTGTCTAC  
wt:      200 bp 

fl :       280 bp 

ko:      380 bp 

GTAATCTCTGTAGGGAGCCCT 

AAGGCATCAGCAAGAGCAGT 

GsdmD 
GAGGAAAGACAAGGCAGTGG wt:      420 bp 

ko:      315 bp GAGGAAAGACAAGGCAGTGG 

Jck 

AAGTACTGGAAGCTTCCTTCCCCAGTGG 

wt:      220 bp 

ko:      255 bp 

TCTAGCCCACCATTGTAGAAGCCTTGTTG 

GGGCCACGGAGAGGTAGACAGGTATAGG 

AGGCCACCTGCACCATCTCATAGTCA 

Kif3a 

AGGGCAGACGGAAGGGTGG 

wt:      360 bp 

fl:        490 bp 
TCTGTGAGTTTGTGACCAGCC 

GGTGGGAGCTGCAAGAGGG 

Ksp:Cre 

GCAGATCTGGCTCTCCAAAG 

wt:      351 bp 

tg:       531 bp 

GCAAACGGACAGAAGCATTT 

CCTGACAGTGACGGTCCAAAG 

CATGACTCTTCAACTCAAACT 

Ripk3 

CGCTTTAGAAGCCTTCAGGTTGAC 

wt:      320 bp 

nko:    485 bp 
GCCTGCCCATCAGCAACTC  

CCAGAGGCCACTTGTGTAGCG  
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2.1.5 Antibodies 

Table 10 List of primary antibodies. Antibodies are listed with their respective provider and product number. 

Further, the host and the dilution, either for western blot (WB) or immunofluorescence (IF), are declared. rb: 

rabbit; m: mouse; gp: guineapig. 

Antibody Host Dilution 

WB 

Dilution 

IF 

Product no. Provider 

acetylated Tubulin m 1:1000 1:800/ 

1:1000 

T6793 Sigma Aldrich 

ARL13B rb - 
1:400/ 

1:800 
17711-1-AP Proteintech 

Calnexin rb 1:1000 - 10427-2 AP Proteintech 

CD3 rat - 1:100 MCA-1477 Biorad 

Cleaved-Casp3 (Asp175) rb 1:1000 - 9661 Cell Signaling 

Flag  rb 1:1000 - F7425 Sigma-Aldrich 

GAPDH  rb 1:2000 - 5174 Cell Signaling 

GSDMD rb 1:1000 - ab219800 Abcam 

HDAC2 rb 1:1000 - ab32117 Abcam 

HSP27 rb 1:1000 - 2442S Cell Signaling 

IκB-α (C-21) m 1:1000 - sc-1643 Santa Cruz 

LC3B rb 1:1000 - 2775S  Cell Signaling 

NF-κB (RelA) p65 rb - 1:1000 8242 Cell Signaling 

NLRP3 rb 1:1000 - 15101 Cell Signaling 

Pan-Actin  rb 1:1000 - 8456S Cell Signaling 

pIκBα (Ser32/36) m 1:1000 - 9246S Cell Signaling 

pMLKL (Ser345) rb 1:1000 - 37333S Cell Signaling 

pNF-κB p65 (Ser536) rb 1:1000 - 3033 Cell Signaling 

RIPK1 m 1:1000 - 610459 BD Bioscience 

RIPK3 rb 1:1000 - ADI-905-242 Enzo 

Slc12a3 rb - 1:500 HPA028748 Sigma Aldrich 

SQSTM1/ p62 gp 1:1000 - GP62-C  Progen 

yH2AX m - 1:1000 ab22551 Abcam 

β-Tubulin m 
1:500/ 

1:1000 
1:500 E7 DSHB 
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Table 11 List of secondary antibodies. Antibodies are listed with their used dilution as well as respective provider 

and product number.  

Epitope Dilution Product no. Provider 

Cy3-α Smooth muscle actin 1:0000 C6198 Sigma Aldrich 

Dapi 1:400 6843.1 Roth 

Donkey anti-mouse 555 1:400 A31570 Invitrogen 

Donkey anti-mouse A488 1:500 715-545-150 Jackson ImmunoResearch 

Donkey anti-mouse Cy3 1:500 715-165-150 Jackson ImmunoResearch 

Donkey anti-mouse Cy5 1:500 715-175-150 Jackson ImmunoResearch 

Donkey anti-rabbit A488 1:400 A11034 Invitrogen 

Donkey anti-rabbit A647 1:500 711-605-152 Jackson ImmunoResearch 

Donkey anti-rabbit Cy3 1:500 711-165-152 Jackson ImmunoResearch 

Fluorescein Lotus Lectin (LTL) 1:250 VEC-FL-1321 Biozol 

Goat Anti-Rabbit IgG (H+L) 1:30.000 111-035-003 Jackson ImmunoResearch 

IRDye® 680RD anti-mouse IgG 1:10.000 926-68070 LI-COR Biosciences 

IRDye® 680RD anti-rabbit IgG 1:10.000 926-68071 LI-COR Biosciences 

IRDye® 800CW anti-mouse IgG 1:10.000 926-32210 LI-COR Biosciences 

IRDye® 800CW anti-rabbit IgG 1:10.000 926-32211 LI-COR Biosciences 

Rodamin-DBA 1:500 RL-1032-2 Vector Laboratories 
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2.1.6 Cell lines 

Table 12 Cell lines used for experiments. Human and mouse cell lines are listed in the table below. If a cell line 

was sorted or genetically modified, the genotype and the parental cell line were listed as well. 

Name Species Parental cell line Genotype 

HEK293T human -  WT 

mIMCD3 WT  mouse -  WT 

mIMCD3 WT #2 mouse mIMCD3 WT WT 

mIMCD3 WT #8 mouse mIMCD3 WT WT 

mIMCD3 Myo5a-/- mouse mIMCD3 WT Myo5a-/- 

 

 

2.1.7 Plasmids 

Table 13 Plasmids used for overexpression in HEK293T cells. All plasmids are listed with the DNA insert and the 

related tag. The table also includes the vector name. Further, the molecular weight of the construct of DNA insert 

and tag are declared in kDa. 

Plasmid Size [kDa] Provider 

F.hBBS8 pcDNA6       65 Generated within this work  

F.EPS1-225 pcDNA6       32 Nephrolab, Cologne  
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2.1.8 Consumables 

Table 14 List of consumables used. All consumables are listed with their respective provider and product number. 

Consumable Product # Provider 

10 cm dish for Agar Plates  82.1473 Sarstedt 

384 PCR-Plate full skirt   72.1984.202 Sarstedt 

5 ml Polystyrene Round-Bottom tube 352052 FALCON® 

8-Lid chain, flat  65.989.002 Sarstedt 

96-well plate, sterile, f-bottom, with lid 655180 Greiner BioOne 

Adhesive qPCR seal 95.1999 Sarstedt 

Advanced PAP Pen  Z672548 Merck 

BeadBeater® Glass-pellets ø 1.0 mm 11079110z Carl Roth 

Blotting paper (Type BF4, 580 x 600) FT-2-521-580600G Sartorius Stedim Biotech 

Casy Cups 5651794001 OMNI Life Science 

Cell lifter, 18 cm, S 3008 Corning 

Cell strainers 40 µm 83.3945.040 Sarstedt 

Cellstar® tubes, 15 ml, PP, sterile 188 271-N Greiner BioOne 

Cellstar® tubes, 50 ml, PP, sterile 227 261 Greiner BioOne 

Combs (10 well, 1 mm) for acrylamide gels NC3010 Invitrogen 

Combs (12 well, 1 mm) for acrylamide gels NC3012 Thermo Fisher 

Cover Glass 22 x 22 mm  631-0215 VWR 

Cover Glass ø 12 mm  2 Menzel-Gläser 

Cover slips 24 x 50 mm  1.5 Menzel-Gläser 

Cryo.S™, PP with screw cap, sterile 123278 Greiner BioOne 

Disposable cup 100 ml 75.563 Sarstedt 

Disposable Scalpel No.22 pfm 02.001.30.022 Feather® 

Filter Tip 1000 μl, sterile 70.3050.255 Sarstedt 

Filter Tip 20 μl, sterile  70.3030.265 Sarstedt 

Filter Tip 200 μl, sterile 70.3031.255 Sarstedt 

Gel cassette (1 mm) NC2010  Invitrogen 

Histosette® I  M499-11 Simport 

Immobilon®-FL Transfer Membrane IPFL00010 Millipore 

Immobilon®-P Transfer Membrane  IPVH00010 Millipore 

M2 beads (Anti-FLAG) Affinity Gel A2220 Sigma-Aldrich 
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Micro tube 1.5 ml 72.690.001 Sarstedt 

Micro tube 1.5 ml, PP 72.692.005 Sarstedt 

Microcentrifuge tubes wit lid locking 2.0 ml 780546 Brand 

Multiply®-µStrip 0.2 ml chain  72.985.002 Sarstedt 

Needle 21G x 1½"  304432 BD Microlance™ 3 

Needle 23G x 1" 300800 BD Microlance™ 3 

Needle 27G x 3/4"  4657705 Braun 

Needle 30G x 1½" 8300054707 Covetrus™ 

Nitrile Examination glove, Ultra long, M D1402-26 Dermagrip® 

Parafilm® M HS234526B Th. Geyer 

PCR Soft-tubes 0.2 mL 8 Tubes/Flat Caps, clear  710970 Biozym 

Peha-soft® nitrile S 942206 Hartmann 

Petri dish, PS, 35/10 mm with vents, sterile 627161 Greiner BioOne 

SafeSeal tube 1.5 ml, brown 72.706.001 Sarstedt 

Screw cap for 100 ml cup 76.564 Sarstedt 

Stripettes (10 ml)  86.1254.001 Sarstedt 

Stripettes (25 ml)  86.1685.001 Sarstedt 

Stripettes (5 ml)  86.1253.001 Sarstedt 

SuperFrost®/Plus microscope slides  7695002 Th.Geyer Group 

Syringe 1 ml 303172 BD Plastic™  

TC Dish 100, Standard, F 83.3902 Sarstedt 

TC Plate 12 Well, Standard, F 83.3921 Sarstedt 

TC Plate 24 Well, Standard, F 83.3922 Sarstedt 

TC Plate 6 Well, Standard, F 83.3920 Sarstedt 

TipOne (0.1-10 μl XL), sterile  S1110-3810 Starlab 

TipOne (101-1000 μl graduated), sterile  S1111-6811 Starlab 

TipOne (1-200 μl beveled), sterile  S1111-1816 Starlab 

TipOne Pipette Tip 10 μl, refill  S1111-3700 Starlab 

TipOne Pipette Tip 1000 μl, refill  S1111-6700 Starlab 

TipOne Pipette Tip 200 μl, refill  S1111-1700 Starlab 

Weighing tray 140 x 140 mm  2159.1   Carl Roth 

Weighing tray 89 x 89 mm 2150.1 Carl Roth 
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2.1.9 Equipment 

Table 15 List of appliances used. All appliances are listed with their respective product number and 

manufacturers. 

Appliances Model Manufacturer 

Autoclave  V-150 Systec 

Avanti centrifuge  J-26S XPI Beckman Coulter 

AxioCam  MRm Zeiss 

Axiovert microscope  200M Zeiss 

Casy® counter 05651697001 Roche 

Cell Freezing Containers  Biocision Biocision 

Centrifuge 5424 Eppendorf 

Centrifuge (refrigerated)  5810 R Eppendorf 

Centrifuge (refrigerated) 5415 R Eppendorf 

Centrifuge (refrigerated) 5430 R Eppendorf 

Centrifuge (refrigerated) 5417 R Eppendorf 

Centrifuge Mini G S000 IKA 

Cold Plate HistoCore Arcadia C Leica 

Cold Plate EG1150C Leica 

Digital Heatblock  460-3207 VWR 

Dumont #5 forceps  91150-20 WPI 

Electrophoresis Power Supply E831 Consort 

Electrophoresis Power Supply EPS 200 Pharmacia Biotech 

Electrophoresis Power Supply EPS 601 Pharmacia Biotech 

EnSpire Multimode Plate Reader  2300-0000 Perkin Elmer 

Fine Scissors-TroughCut, gerade, 11.5 cm 14058-11 FSI Fine Science 

Fine Scissors-TroughCut, gerade, 9 cm 14058-09 FSI Fine Science 

FiveEasy pH meter F20 30266658 Mettler Toledo 

Fusion Solo chemiluminometer  60-FU-SOLO PeqLab 

Hamilton syringe (50 μl Type 705)  549-1155 VWR 

Heraeus B12 Function Line incubator  50042307 Kendro Laboratory Products 

HistoCore Multicut 00919 Leica 

HistoCore Water Bath W00212 Leica 

Homogenisator  Precellys® 24 Bertin instruments 

Horizontal electrophoresis system size  L 40-1214 PeqLab 
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Horizontal electrophoresis system size  S 40-0708 PeqLab 

IKA®-Schüttler MTS 4 IKA 

IKAMAG® RET Stirring Hotplate RET IKA 

Incubator 940053 Biometra APT Line 

Incubator (Agarose) T 6030 Heraeus 

Incubator (cell culture) 9140-0038 Binder 

IncuCyte® S3 S3 Sartorius 

Infinite® M Plex plate reader 200Pro TECAN 

Intelli-Mixer RM-2S LTF 

Leica Embedding Station  EG1150H Leica 

MACSmix 001459 Miltenyi Biotec 

Microscope Revolve-M270 RVL-100M ECHO 

Microtome RM2235 Leica 

Mini Gel Tank A25977 Thermo Fisher Scientific 

Minishaker MS1 IKA 

MixMate 535303154 Eppendorf 

Multifuge 4 KR Heraeus 

Multitron Pro S-000120234-003 INFORS HT 

Odyssey® M Imaging System ODM-0325 LI-COR 

Pipetboy acu 155 015 Integra Biosciences AG 

Pipetman Pipette set (P2, P10, P100) F167500 Gilson 

Pipetman Pipette set (P20, P200, P1000) F167300 Gilson 

Plate washer LIPN2580PA/4 Millipore 

PowerPac™ HC High-Current Power Supply 1645052 Bio-Rad 

QuantStudio™ 5 Real-Time PCR System A34322 Applied Biosystems™ 

Research® plus, 8-channel, 10-100 μl  3122000035 Eppendorf 

Roller mixer SRT6 Stuart 

S3e Cell Sorter  12007058 Bio-Rad 

Scale PCB1000-2 KERN® 

Scale EMB 100-3 KERN® 

Schieferdecker Staining Jar, 10 Slides 042. Lab Commercial 

Semi-Dry Blotter Owl™ HEP-1 EF7310 PeqLab 

Shaker  KS 260 IKA 

Slidescanner  SCN400 Leica 

Slidescanner  S360 Hamamatsu 
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Sonicator  Bioruptor® Pico Diagenode Diagnostics 

Staining Jars 036.001 Lab Commercial 

Standard Pattern forceps, gerade  91100-12 WPI 

Sterile hood  Mars Safety Class 2 SCANLAF 

Suction pump  181-0067DE VWR 

Suction pump (cell culture)  HLC DITABIS 

Thermal cycler  S1000™ Bio-Rad 

Thermal cycler  C1000 Touch™ Bio-Rad 

Thermomixer Comfort shaker & heating 

plate  
5355 04712 Eppendorf 

Tissue grinder PSTL LC 885301-0015 Kimble 

Tissue grinder Tube - 15 ml 885303-0015 Kimble 

Trans-Blot® SD Cell 44115 Bio-Rad 

UV Transilluminator system  MW312 Intas 

Vortex Mixer  444-1372 VWR 

Vortex Mixer VF2 434550 IKA 

Vortex-Genie 2™ G-560E Scientific Industry 

Water bath 1003 GFL 

Water bath (cell culture) 1004 GFL 

Water bath (digital heating bath)  HBR4 IKA 

Water bath (for paraffin sections)  HI1210 Leica 

Wheaton Dounce tissue grinder  357538 Kimble 
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2.1.10 Software and online tools 

Table 16 List of all used software. The different software are listed with the used version in this study and its 

provider. 

Software  Version Provider 

Aperio ImageScope 12.4.6.5003 Leica 

Bioimage Analysis software 0.4.0 QuPath 

FlowJo 10.7.1 FlowJo, LLC 

GraphPad Prism 10 10.0.0 GraphPad Software Inc. 

HID Real-Time PCR Analysis Software 1.3 Applied Biosystems 

i-Control™ software 2.0.10.0 TECAN 

ImageJ/Fiji 1.53c Wayne Rasband 

ImageStudio  5.2.5  LI-COR  

IncuCyte® Cell-by-cell 9600-0031 Sartorius 

Inkscape 1.2 Inkscape.org 

INTAS GelDoc 2019 Intas 

Mausoleum 7.3.8 b4 Dr. H.-E. Stöffler 

MaxQuant 
1.5.2.8. Computational Systems 

Biochemistry 

Mendeley 1.19.8 Elsevier 

Microsoft Office Suite Professional Plus 2016 Microsoft 

Nanodrop 1000 3.8.1 Thermo Scientific 

Perseus 
1.6.15.0 Computational Systems 

Biochemistry 

ZEN Blue 3.0 Zeiss 
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Table 17  List of all used online tools. Online tools are listed with their current website. 

Online Tool Website 

NEBioCalculator® v1.15.4 https://nebiocalculator.neb.com/ 

NEBTmCalculator® v1.16.5 https://tmcalculator.neb.com/ 

Benchling  https://www.benchling.com/ 

Ensembl  https://www.ensembl.org 

The Human Protein Atlas  https://www.proteinatlas.org/  

NCBI https://www.ncbi.nlm.nih.gov/  

NCBI PrimerBlast  https://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

PRIDE  https://www.ebi.ac.uk/pride/ 

NCBI PubMed  https://pubmed.ncbi.nlm.nih.gov/ 

UCSC In-Silico PCR https://genome.ucsc.edu/cgi-bin/hgPcr 
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2.2 Methods 

2.2.1 Bacterial culture 

2.2.1.1 Cloning PCR 

To construct a new plasmid, firstly, human embryonic kidney cells (HEK293T) RNA was transcribed into 

cDNA using the SuperScriptTM III Reverse Transcriptase kit to generate a human DNA library, from 

where the target gene was then amplified. To set up the PCR, the RNA was mixed with specific 

components (step 1; Tab. 18) and incubated for 5 min at 65°C, followed by a cool down on ice for at 

least 1 min. Hereafter, to the first mixture, additional reagents were added (step 2; Tab. 18) and 

incubated for 60 min at 50°C. The reaction was inactivated at 70°C for 15 min, followed by an 

incubation of 20 min at 37°C with 2 U of Escherichia coli (E. coli) RnaseH. Subsequent PCR amplification 

was conducted with the Q5® High-Fidelity DNA Polymerase according to the manufacturer's 

instructions and incorporated the use of target-specific cloning primers designed with a modification 

of an additional clamp MluI (forward) or clamp Not1 (reverse) site (Tab. 6). The prepared reaction (Tab. 

19) was incubated in a preheated thermocycler for denaturation at 98°C for 3 min. This was followed 

by 34 annealing cycles: 98°C 30 s; 64°C 30 s (BBS8 specific); 72°C 90 s. The final extension was at 72°C 

for 10 min. To purify Q5® PCR products, the GeneJET Gel Extraction kit was used following the 

manufacturer’s instructions. The used plasmids of NPHP1 or EPS1-225 have been previously 

documented 360–362.  

Table 18 Cloning reaction mix. Volume of designated reagents. Stock concentrations in brackets. 

Step 1 

1 µl Oligo(dT)20 (50 µM) 

1 µg Total RNA 

1 µl dNTP mix (10 mM) 

 Fill up to 13 µl with ddH2O 

Step 2 

4 µl 5X First-Strand Buffer 

1 µl DTT (0.1 M) 

1 µl RNaseOUTTM Recombinant RNase Inhibitor (40 U/µl) 

1 µl Super ScriptTM III RT (200 U/µl) 
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Table 19 Components for amplification of insert. 

Volume Components 

5 µl 5X Q5 Reaction Buffer 

0.2 µl 25 mM dNTPs 

1.25 µl 10 µM Forward primer 

1.25 µl 10 µM Reverse primer 

50 ng Human library (template cDNA)  

0.25 µl Q5 High-Fidelity DNA polymerase 

5 µl 5X Q5 High GC Enhancer 

 Fill up to 25 µl with ddH2O 

 

2.2.1.2 Agarose gel electrophoresis  

To verify the DNA amplicon size, the standard procedure of agarose gel electrophoresis was used 363. 

Depending on the experiment, either a 1% or 2% agarose gel was used and run in 1x TAE buffer 

containing ethidium bromide. For 1% agarose gels, a 1 kbp DNA ladder served as the reference marker, 

while for 2% agarose gels a 50 bp DNA ladder was used. If no loading dye was added in the 

experimental set-up, 5 µl of PCR product was supplemented with 1 µl Flexi Buffer before loading onto 

the gel. To visualize DNA fragments, the Intas UV Transilluminator system together with the Intas GDS 

Windows software was used. 

2.2.1.3 Restriction enzyme digestion 

To insert or exchange an insert into a specific vector backbone, the restriction enzymes Mlul and Not1 

were used. First, both purified Q5® insert and vector (2 µg) were digested for 2-6 h at 37°C (Tab. 20). 

To extract the pure backbone of the vector, the digest was loaded in an agarose gel electrophoresis 

(2.2.1.2), from which it was excised. This gel piece was purified using the NucleoSpin® Gel and PCR 

clean-up kit, following the manufacturer’s instructions. A ligation reaction was prepared to incorporate 

the purified insert into the purified backbone. To ensure a proper ligation with an N-terminal MluI and 

a C-terminal Not1 restriction site, the used vector was previously modified with removed internal MluI 

sides. For ligation (Tab. 21), the reaction was incubated for 2 h at room temperature (RT) and finally 

stored at 4°C. 
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Table 20 Digestion mix. 

Volume Components 

26 µl purified Q5® product 

3 µl Buffer 3.1 

0.3 µl MluI 

0.3 µl NotI 

                          Fill up to 30 µl with ddH2O 

 

Table 21 Ligation mix. 

Volume Components 

2 µl Digested pcDNA6 vector 

1.5 µl 10x T4 buffer 

0.3 µl T4 Ligase (5 U/µl) 

7.2 µl ddH2O 

4 µl Digested insert 

 

2.2.1.4 Transformation and isolation of plasmid 

For the production of a plasmid, the generated ligation was transformed into a chemo-competent 

DH10B T1 Phage-Resistant strain of E. coli DH10. Therefore, 50 µl of DH10 mixed with 5 µl ligation was 

incubated on ice for 30 min. Subsequently, a precise 45 s heat shock at 42°C was performed. The 

mixture was returned to ice for 2 min and complemented with 500 μl of pre-warmed SOC medium, 

followed by a 1 h incubation at 37°C at 800 rpm. This bacterial suspension was streaked onto LB-Miller 

Medium 364 agarose dishes, supplemented with 100 μg/ml of ampicillin antibiotic. The bacterial 

cultures were cultivated overnight at 37°C. To isolate the plasmid from the bacteria, single colonies 

were selectively picked and separately cultured in LB medium (20 g/l) with 100 μg/ml of ampicillin. 

These mini cultures were incubated for 16 h at 37°C and 120 rpm. On the following day, 2 ml of the 

bacterial suspension was pelleted by centrifugation for 5 min at 10.000 rpm. The isolation of the 

plasmid DNA was executed using the NucleoSpin® Plasmid Easy Pure kit, following the manufacturer's 

instructions. The correct insert size was confirmed with a control digest (2.2.1.3). To generate a larger 

quantity of plasmid, 2 ml of the remaining mini culture was transferred into a larger amount of LB 

medium/ampicillin. This midi culture was incubated as before. The plasmid was extracted using the 



Material and methods 

53 
 

NucleoBond Xtra Midi kit, following the manufacturer’s instructions. The final plasmid concentration 

was determined using the Nanodrop 1000.  

2.2.1.5 Sanger sequencing 

The accuracy of the plasmid insert sequence was validated by Sanger sequencing. Sample preparation 

involved the use of 480 ng of plasmid, 3 µl of sequencing primer (diluted in a 1:10 ratio; Tab. 7), and 

subsequent filling up with ddH2O, to a total volume of 15 µl. Sequencing samples were handed in to 

the Microsynth Seqlab which offers an automated DNA sequencing service. The obtained sequencing 

data were aligned and analysed using Benchling. Detailed map of the plasmid, generated for this thesis 

can be found in the supplements (Supp. Fig. 2). 

 

 

https://www.microsynth.com/home-ch.html
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2.2.2 Mammalian cell culture 

2.2.2.1 Culture of immortalized cell lines 

Murine inner medullary collecting duct 3 (mIMCD3) cells were sourced from ATCC®. The used ciliated 

(Ckc) and non-ciliated (Nckc) cells were generated through monoclonal cultures from the original 

mIMCD3 clone, obtained from Lena Ebert. The original mIMCD3 cells were additionally used to 

generate the already published Myo5-/- cell line 365. mIMCD3 cells were cultured in Dulbecco’s Modified 

Eagle Medium/Nutrient Mixture F-12 Ham (DMEM-F12), supplemented with 10% Fetal Bovine Serum 

(FBS), 2 mM GlutaMax, and 1% penicillin-streptomycin (Pst). HEK293T, also obtained from ATCC®, were 

cultivated in Dulbecco's Modified Eagle Medium (1x) + GlutaMAX™ (DMEM) supplemented with 10% 

FBS. Cells were kept at 37°C in a humidified atmosphere with 5% CO2. Cells were regularly tested for 

mycoplasma using the mycoplasma kit, following the manufacturer’s instructions.  

2.2.2.2 Passaging, counting, freezing and thawing of immortalized cells 

To passage cells, they were washed once with 1x PBS, followed by an incubation in 1 ml 0.05% trypsin 

at 37°C until almost all cells detached. This reaction was inactivated by adding pre-warmed medium. 

Cells for experimental set-ups were counted and the desired number (mentioned in the single 

experiments) of cells were seeded into a required culturing container: 10 cm dish, 6-, 12-, 24- or 96-

well plate. For counting, the Casy® counter was used according to the manufacturer’s instructions. 

Cells for maintenance were seeded in 10 cm dishes. 

For long-time storage, 100% confluent cells were trypsinized, resuspended in medium and, 

subsequently, centrifuged for 5 min at 1.500 rpm (RT). The resulting pellet was resuspended in 1 ml 

freezing medium and transferred into a cryogenic tube. Subsequently, the cells were initially frozen at 

-80°C in a slow cell-freezing container before transferring them to N2 tanks. 

To thaw cells, the slightly thawed cell suspension was transferred into 4 ml pre-warmed 

medium and centrifuged for 5 min at 1.500 rpm (RT). The supernatant was discarded, and the cells 

were resuspended in fresh cell culture medium prior to plating them in a 10 cm dish. After 24 h, the 

medium was exchanged, and cells could be used for maintenance or experimental set-ups. 

2.2.2.3 Treatment of mIMCD3 cells 

To investigate cell death, cells were treated with different reagents over a specific time. Before 

treatment, cells were seeded and cultured for 24 h. Upon reaching a confluency of 60-70%, cells were 

treated with 0.04 ng/µl TNFα and 2 µg/100 µl cycloheximide (CHX) to induce general cell death. The 

combination of 0.04 ng/µl TNFα and 5 µM SMAC mimetic birinapant (Biri) specifically activated RIPK1-

dependent cell death. Rescue of cell death was initiated by additional 10 µM Casp-8 inhibitor of 
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emricasan (Em), 40 µM RIPK1 inhibitor necrostatin-1s (Nec1s) or 5 µM RIPK3 inhibitor GSK872 in 

different combinations. After applying the treatment, cells were incubated at 37°C for 16 or 24 h, 

depending on the experiment. To induce TNFα independent cell death, 1.000 U/ml Interferon-γ (IFNγ) 

was used and pre-incubated for 8 h before combining the treatment with other reagents. Since all 

reagents were dissolved in DMSO, the control treatment was comprised of an equivalent quantity of 

DMSO. 

2.2.2.4 Live-cell imaging    

For live-cell imaging, 15.000 cells per well were seeded in triplicates in a 96-well plate 24h prior to 

treatment (2.2.2.3). The treatment master mixes were additionally supplemented with DiYO-1 to 

visualize dead cells, and, immediately after adding the treatment, the plate was transferred into the 

IncuCyte® S3 (37°C, 5% CO2), where the first picture was captured (T0). Over a period of 24 h, three 

pictures from each well were taken every two hours with a 20x magnification, thereby capturing the 

green channel with an exposure time of 300 ms and the phase contrast channel. The analysis was 

performed with the included IncuCyte® Cell-by-Cell Analysis Software. 

2.2.2.5 Neutral red assay 

Cell viability was determined under cell death stimuli (2.2.2.3). For this assay, 30.000 cells/well were 

seeded in a 96-well plate 24 h prior to treatment. Triplicates for each reagent were incubated for 16 h. 

After 14 h of treatment neutral-red (4 mg/ml in ddH2O) in a dilution of 1:100 was added, including the 

medium-only control (blank value), and incubated for the remaining 2 h. After the incubation time, the 

medium was removed, and the wells were washed thrice with 1x PBS. Finally, 100 µl of destaining 

buffer was incubated for 15 min at RT under gentle shaking 263. The absorbance at 540 nm was 

determined using the Infinite® M Plex plate reader. 

2.2.2.6 Immunofluorescence staining 

Fluorescence staining was performed on mIMCD3 cells cultured on coverslips. Cells were carefully 

washed with 1x PBS and fixed via 4% formaldehyde, 5 min at RT, and ice-cold 100% MtOH for 4 min at 

-20°C. Samples were washed thrice with 1x PBS, blocked with 1x PBSTx-100, supplemented with 10 % 

normal donkey serum (NDS) for 1h at RT and incubated for 80 min at RT with the primary antibody in 

blocking solution (Tab. 10). Respective secondary antibodies (Tab. 11), diluted in 1xPBS, were 

incubated for 1 h at RT. Coverslips were washed with 1x PBS prior to mounting the samples onto glass 

slides with ProLongTM Diamond with DAPI. Images were acquired using the AxioObserver microscope 

with an axioCam ICc 1, Axiocam 702 mono Apotome system with a 20x magnification objective. Images 

were analysed for cell count and further processed with the open-source software ImageJ/Fiji. 



Material and methods 

56 
 

2.2.2.7 Transfection of HEK293T cells 

Overexpression of proteins was performed by transfection of HEK293T cells. The desired amount of 

plasmids (method section Chapter 3) was precisely dispensed into 1.5 ml tubes, containing 500 µl of 

0.25 M CaCl2 solution. Into the solution, 500 µl of 2x HEBS were gradually added, while thoroughly 

mixing, drop by drop. The combined mixture was slowly added to the cells with a confluence of 

approximately 60%. The medium was replaced after 6-8 h. After a total of 24 h, the cells were either 

harvested or subjected to an additional 24 h period of serum starvation by omitting FBS.  

2.2.2.8 Co-Immunoprecipitation 

To investigate interactions between different proteins, a co-immunoprecipitation (co-IP) was 

performed. Transfected HEK293T cells (2.2.2.7) were scraped in ice-cold 1x PBS, centrifuged at 1.000 

rpm for 5 min at 4°C, resuspended in 1 ml IP-Buffer and incubated on an overhead shaker for 30 min 

at 4°C. Samples were centrifuged at full speed at 4°C for 30 min. 50 µl of lysate (input) was 

supplemented with 2x Laemmli. The remaining lysate (co-IP sample) was supplemented with 30 µl 

anti-FLAG M2 Beads and incubated for 2 h at 4°C on an overhead shaker. Samples were washed thrice 

with IP-Buffer for 10 min at 4°C on an overhead shaker, followed by 3 min centrifugation at 4°C and 

4.000 rpm. The supernatant was carefully removed, and the remaining beads were lysed in 30 µl 2x 

Laemmli. Both samples were boiled at 95°C for 5 min prior to storage at -20°C or immune blotting 

(2.2.6.2 and 2.2.6.3). 
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2.2.3 Mouse work 

2.2.3.1 Mouse holding and mouse lines 

Mice were housed in the CECAD in vivo Research Facility, where they were maintained under 

standardized specific pathogen-free conditions, with a 12-hour light/dark cycle and continuous access 

to food and water. All the mouse experiments conducted in this thesis were approved by both the 

Animal Care Committee of the University of Cologne and the LANUV NRW (Landesamt für Natur, 

Umwelt und Verbraucherschutz Nordrhein-Westfalen, State Agency for Nature, Environment, and 

Consumer Protection North Rhine-Westphalia). All animals used were crossed on a C57BL6/N 

background. 

To generate the transgenic Kif3atko animals, lacking primary cilia specifically in the distal 

tubules and collecting ducts, Kif3afl mice 45 were crossed with Ksp:cre mice 366. These mice do not loose 

cilia right from birth; therefore, two ages were investigated: 4 and 28-days-old.  

Our ciliopathy mouse model carries a jck point mutation in the Nek8 (Nphp9) gene, develops 

an ADPKD-like renal phenotype 172 and was acquired from Jackson Laboratory (Bar Harbor, ME). These 

animals were crossed with either Ripk3 or GsdmD deficient mice to investigate the role of RCD in renal 

ciliopathies. Animals were investigated at the age of 12 weeks. Ripk3 and GsdmD knockout animals 

were shared from the SFB1403 repository.  

The Bbs8-/- mouse has been previously described 367. 

2.2.3.2 DNA extraction from mouse tissue via HotSHOT 

To determine the genotype of specific mice, ear or tail biopsies were used for HotSHOT DNA extraction 

as previously described 368. Briefly, the biopsies, depending on their size (ear tissue or tail) were boiled 

for 30 min at 95°C in 65-150 µl 1x base buffer, cooled down and the reaction was stopped by adding 

an equal amount of 1x neutralization buffer. This genomic DNA (gDNA) was stored at -20°C or used 

immediately for polymerase chain reaction (PCR). 

2.2.3.3 Genotyping PCR 

The extracted gDNA was mixed with gene-specific primers (Tab. 9) and REDTaq® ReadyMix™ PCR 

reaction mix, according to the manufacturer’s instructions. The PCR was performed with unique cycler 

conditions for each gene. After completing the PCR, the product was loaded and run in a 2% agarose 

gel (2.2.1.2). 
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2.2.3.4 Sample collection  

Animals, at specific ages, were weighed and narcotized with ketamine (100 mg/kg body weight) and 

xylazine (20 mg/kg body weight). The abdominal cavity was carefully opened, and a bilateral 

thoracotomy was performed. Blood samples were collected from the right ventricle and, hereafter, 

cardiac perfused with 1x PBS. After total perfusion, the kidneys were collected. For histological 

analysis, half of a kidney was fixed in 4% PFA overnight at 4°C, dehydrated and embedded in paraffin. 

For other experiments, the kidney tissue was immediately frozen in liquid-N2 to preserve its molecular 

characteristics. 

Blood samples were centrifuged at 3.000 rpm at RT and the clear serum was collected. These 

samples were either measured by the Institute of Clinical Chemistry, University Hospital of Cologne, 

Germany, to determine the level of serum creatinine, or kept frozen at -20°C. 

Kidney and blood samples of 46-week-old Bbs8-/- mice were provided by the working group of 

Professor Dr. May-Simera at the Johannes-Gutenberg University in Mainz. 

2.2.3.5 Staining of renal tissue 

To characterize the phenotype of the tissue histologically, several stainings were performed on 

paraffin-embedded tissue sections. Briefly, the tissue was cut into 4 µm thick sections for primary cilia 

staining or into 2 µm thick sections for the rest of the stainings. Sections were dried at 60°C for at least 

1 h before deparaffinization through a decreasing ethanol row (Xylene, 2x 5 min; EtOH 100%, 3x 3 min; 

EtOH 95%, 2x 2 min; EtOH 70%, 1x 1min, water) prior to staining.  

2.2.3.5.1 Periodic-Acid Schiff staining 

To perform Periodic-Acid Schiff (PAS) staining, sections were oxidized with 0.9 % periodic acid for 10 

min, washed in H2O, transferred into Schiff’s reagent for 10 min and washed again. Nuclei were 

visualised with Mayer's Haematoxylin for 20 s, thereafter the slides were washed under running tap 

water for 10 min. Rehydration was performed by incubating the slides in an ascending ethanol row 

(EtOH 70%, 1x 1 min; EtOH 95%, 2x 2 min; EtOH 100%, 3x 3 min; Xylene, 2x 5 min). Samples were 

mounted with Histomount and scanned with the magnification of 20x in the Slidescanner. Further 

analysis was then performed with the software ImageScope or QuPath. 

2.2.3.5.2 Masson Trichrome Staining 

The Masson-Goldner trichrome staining was performed according to the manufacturer’s instructions 

with the following incubation times: Goldner’s stain I for 5 min, Goldner’s stain II and Goldner’s stain 

III for 3 min, followed by a 3 min washing step with 1% acetic acid solution. Finally, the samples were 



Material and methods 

59 
 

incubated in the ascending ethanol row (2.2.3.5.1), however, not more than 1 min per step, and 

embedded with Histomount. Samples were imaged as previously mentioned (2.2.3.5.1). 

2.2.3.5.3 TUNEL staining 

The DeadEnd™ Fluorometric TUNEL System was performed on deparaffinised samples. Sections were 

washed with 0.85% NaCl for 5 min before the apoptosis detection was performed according to the 

manufacturer’s instructions, with an incubation time of 10 min for Proteinase K. Afterwards, the kidney 

samples were incubated with Hoechst (1:1.000 in 1x PBS) for 10 min, washed in 1x PBS and mounted 

in Prolong™ Diamond w/o DAPI. Images were acquired using the AxioObserver microscope with an 

axioCam ICc 1, Axiocam 702 mono Apotome system, with a magnification of 20x.  

2.2.3.5.4 Immunostaining 

For fluorescence labelling, deparaffinised slides were washed twice in special staining PBS. For antigen 

retrieval, either Tris-EDTA or citrate buffer were used to boil the samples for 10 min at 110°C. After 

cooling for 20 min, the samples were washed twice in TBS. This was followed by endogenous 

peroxidase blocking in 3% H2O2 for 15 min. After washing three times in staining PBS, each sample was 

surrounded with an advanced PAP Pen, prior to blocking with 1% BSA and 5% NDS in PBST for 1 h at 

RT. Thrice washing with staining PBS was then performed prior to incubating the primary antibody, 

diluted in 5% BSA PBST, overnight at 4°C. The samples were washed three times in PBST, followed by 

incubation with respective secondary antibodies, diluted in PBST with 5% BSA, for 1 h at RT in the dark. 

The secondary antibodies were selected according to the staining method, for either 

immunohistochemistry or immunofluorescence. The samples were finally washed in PBST. To finalize 

the immunohistochemistry staining, the DBA kit was used, and the sections were counterstained with 

Mayer's Haematoxylin for 20 s and embedded with Histomount. Images were acquired with the 

Slidescanner (20x objective) and analysed in the software ImageScope. For immunofluorescence, the 

samples were incubated for a short time in Hoechst, diluted 1:5.000 in PBST to counter-stain the nuclei 

and then rapidly washed for 10 min with PBST. The samples were mounted with Prolog™ Diamond w/o 

DAPI. Images were acquired as mentioned previously (2.2.3.5.3) and processed with ImageJ/Fiji. 

2.2.3.6 Cyst index analysis 

The cyst index was determined for the entire kidney slice with PAS staining, using an open-source 

bioimage analysis software QuPath v0.40 369. Cysts were initially identified by employing an Artificial 

Neural Network-based pixel classifier. Subsequently, the identified cysts were filtered based on two 

criteria: having a minimum area of 400 µm², and a minimum circularity value dependent on the mouse 
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line: 0.35 for Bbs8; 0.09 for Nek8jck Ripk3 and 0.1 for Nek8jck GdsmD. Data plots were generated using 

the Plots of Data web application, developed by Postma and Goedhart in 2019.  

2.2.3.7 Cytokine assay 

One-quarter of the kidney tissue was homogenized with a douncer 25-30 times in lysis buffer with 

different protease inhibitors with a Wheaton Dounce tissue grinder 370, and incubated overnight at -

20°C. The samples were centrifuged for 1 h at 12.400 rpm at 4°C, of which the supernatant was 

centrifuged a second time for 30 min and the protein concentration was determined (2.2.6.1). The 

AimPlex™ assay was performed according to the manufacturer’s instructions, with the addition that in 

the final step 150 µl reading buffer was added. The assay was measured using the S3eTM Cell Sorter 

using the detector channels FL3 and FL4 and analysed with FlowJo™ Software v10.7.1. 

2.2.3.8 Single-nuclei sequencing 

The used protocol was adjusted from a previously described one371. To generate the samples, one-

quarter of a kidney was chopped on dry ice and afterwards transferred into a tissue grinder containing 

7 ml EZ lysis buffer (incl. inhibitors). The tissue was slowly dounced 25 times and incubated for 5 min 

on ice. The tissue suspension was filtered through a 40 µm Cell strainer and centrifuged at 500 x g for 

5 min at 4°C. The supernatant was discarded. The remaining pellet was carefully resuspended in 4 ml 

EZ lysis buffer (incl. inhibitors) and incubated on ice for 5 min. After another centrifugation step (500 

x g, 5 min, 4°C), the supernatant was discarded, and the pellet was resuspended in 5 ml nuclei 

suspension buffer. Finally, the samples were strained again (40 µm cell strainer) and handed in, to the 

facility. Libraries were generated using Chromium Next GEM Single Cell 3’ HT Reagent kits v3.1 (10x 

Genomics) aiming for a target of 10.000 cells/sample. Pooled libraries were sequenced on an Illumina 

NovaSeq 6000 sequencing instrument with 29+89 bp read length (CCG). A detailed description of data 

processing and analysis is provided in the supplementary materials of the manuscript in Chapter 2.  
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2.2.4 RNA isolation and cDNA transcription 

Ribonucleic acid (RNA) isolation was performed with the Direct-zol RNA Miniprep kit, following the 

manufacturer’s instructions, including the DNase1 treatment step. For kidney tissue, an eighth of a 

kidney was shredded with BeadBeater® Glass-pellets in 1 ml TRI reagent® using the Precellys, followed 

by adding an equal amount of EtOH and continuing with the protocol. For in vitro samples (6-well plate) 

600 µl TRI reagent® were added and incubated for 5 min. Samples were transferred to a fresh tube, an 

equal amount of EtOH was added and the protocol resumed. Total RNA was used as template for a 

reverse transcription into coding DNA (cDNA) using the High-Capacity cDNA Reverse Transcription kit, 

according to the manufacturer’s instructions. 

2.2.5 Quantitative real-time Polymerase Chain Reaction (qPCR) 

To measure the transcription level of mRNA, a quantitative real-time polymerase chain reaction (qPCR) 

was performed. Primers were previously validated using different dilutions of cDNA (50 ng; 5 ng; 0.5 

ng; 0.05 ng) including genomic DNA control. Efficiency was determined using the NEBioCalculator® 

v1.15.4. For the experimental set-up, an equal amount of cDNA was mixed with SYBR Green, 

RNase/DNase-free H2O and target-specific primers (Tab. 8) prior to loading onto a plate. After shortly 

spinning down the plate, the experiment was performed with the QuantStudio™5 Real-Time PCR 

system, and afterwards analysed with HID Real-Time PCR Analysis Software v1.3 and Prism. 

2.2.6 Sample and tissue lysis for immune blotting  

To measure protein expression, samples were lysed prior to immune blotting. In vitro samples were 

carefully washed and scraped in 5 ml 1xPBS and pelleted at 1.000 rpm for 5 min and 4°C. The pellet 

was resuspended in 100 µl modified RIPA buffer for cell lysates (Tab. 5) and incubated for 30 min on 

ice. Whole cell lysates were harvested by washing, scraping in 1xPBS and centrifugation as before. 

However, cell pellets were immediately lysed in 1x Laemmli, without protein concentration 

measurement and boiled at 95°C for 10 min. For kidney tissue, one-quarter of a kidney was chopped 

on ice and afterwards transferred into a tissue grinder containing 700 µl modified RIPA buffer for 

tissue. After grinding, the samples were sonicated using the Bioruptor® Pico for 5 cycles of 30 s on/off, 

followed by centrifugation for 10 min at full speed and 4°C. For samples, the protein concentrations 

were determined via Bicinchoninic Acid (BCA) Protein assay (2.2.6.1). 

2.2.6.1 BCA assay  

The protein concentration of cell lysates was determined with the Pierce™ BCA Protein Assay, 

according to the manufacturer's instructions. Cell culture samples were measured undiluted, whereas 

tissue samples were diluted 1:5 in ddH2O. The prepared assay was incubated at 37°C for 15 min, before 

measuring the absorbance at 562 nm in the EnSpire Multimode Plate Reader. Thereafter, the sample 
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volume was adjusted with ddH2O accordingly to ensure an equal amount of protein was loaded. For 

western blot, samples were additionally supplemented with Laemmli and boiled at 95°C for 10 min. 

2.2.6.2 SDS polyacrylamide gel electrophoresis 

To separate proteins by size, a SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed. To 

prepare a 10% resolving gel, resolving gel buffer was mixed with ddH2O and supplemented with APS 

and TEMED, poured into a gel cassette and covered with isopropanol for 20 min. After polymerization, 

the isopropanol was washed, and the stacking gel was added. Likewise, the stacking solution was 

diluted with ddH2O and supplemented with APS and TEMED. Immediately after the gel was poured, a 

comb was inserted. Equal amount of protein lysates was loaded as well as 3 µl of the PageRulerPlus, 

as reference. The SDS-PAGE was performed in 1x running buffer with the setting of 15 min at 110 V, 

followed by 220 V for 40 min. Depending on the analysis and the proteins of interest, either a 

chemiluminescent or a fluorescent western blot was performed. 

2.2.6.3 Chemiluminescent western blot 

After running the SDS-PAGE (2.2.6.2), proteins were transferred onto a Millipore Immobilon-P 

membrane. The membrane was previously activated in MtOH for 1 min. Filter paper and activated 

membrane were wetted in 1x transfer buffer and assembled in the Owl™ HEP-1 semi-dry 

electroblotting system according to the following order: filter paper, membrane, polyacrylamide gel, 

filter paper. Transfer was performed for 54 min at 12 V. Membrane was dried and reactivated in MtOH, 

washed in ddH2O and blocked in 5% BSA in 1x protein wash buffer for 1 h at RT. The membrane was 

washed thrice with 1x protein wash prior to primary antibody incubation (Tab. 10) overnight at 4°C. 

Hereafter, the membrane was washed thrice with 1x protein wash buffer and incubated with the 

appropriate secondary HRP-conjugated antibody (Tab. 11) for 1 h at RT. After the final three washing 

steps, the signal was developed by incubating the membrane with ECL detection solution or 

SuperSignal West Femto Chemiluminescent Substrate. The signal was visualized using the Fusion Solo 

chemiluminometer. 

2.2.6.4 Fluorescent western blot 

Proteins were transferred onto a Millipore Immobilon-FL membrane. The activation and transfer were 

performed exactly as previously described (2.2.6.3), with the addition that all trays were rinsed with 

MtOH. After blotting, the membrane was dried, reactivated in MtOH and blocked in 1x ROTI®Block 

solution for 1h at RT. The membrane was washed three times in 1x LICOR wash buffer before overnight 

incubation at 4°C with the primary antibody (Tab. 10). Next, the membrane was washed thrice with 1x 

LICOR wash buffer prior to the incubation with the respective secondary LICOR antibody (Tab. 11) for 

1 h at RT in the dark. Afterwards, the membrane was washed again with 1x PBS. Protein expression 
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was detected with the Odyssey® M Imaging System, and finally, the densitometry was determined with 

the Image Studio™ software (version 5.2.5). 

2.2.7 Proteomics and phosphoproteomics  

The samples used to examine protein expression, interaction or even changes in phosphorylation, 

were sent to the CECAD proteomics core facility. For in vitro experiments, treated cells (2.2.2.3) were 

harvested in ice-cold 1x PBS and pelleted by centrifugation at 3.000 rpm for 5 min at 4°C. Cell pellets 

were immediately snap-frozen in liquid N2. Samples were suspended in 200 µl 8 M Urea-Puffer in 50 

mM TEAB supplemented with 1:100 Halt phosphatase-protease-inhibitor (PPI). This suspension was 

thoroughly mixed until dissolved, and sonicated using the Bioruptor® Pico for 5 cycles of 30 s on/off, 

followed by 1 h centrifugation at full speed and 4°C. Kidney tissue samples (30-45 ng) were shredded 

in Precellys Lysing kit tubs containing 200 µl 8 M Urea-Puffer in 50 mM TEAB supplemented with 1:100 

PPI, three times for 20 s. The supernatant was transferred, sonicated, and centrifuged as before. For 

all samples, the protein concentration was determined (2.2.6.1). Equal protein amounts were filled up 

to the total volume of 160 µl with UREA buffer supplemented with PPI. 

Prior to submission, samples were reduced with 10 mM dithiothreitol (DTT), followed by 

alkylation with 50 mM chloroacetamide (CAA), both for 1 h at RT. Tissue samples were additionally 

digested with LysC (1:75) for 2 h at RT. All samples were diluted 1:4 with 50 mM TEAB to reduce the 

concentration of UREA to 2 M, and finally, trypsinized (1:75) for 17 h at RT in the dark. Tissue samples 

for phospho-proteomics were handed in immediately after 17 h to the facility for further processing 

using the High Select TiO2 Kit. For all other proteome samples, the reaction was stopped by 

acidification with formic acid (1:200).  

2.2.7.1 Stage-tip 

The double-layered stage-tip clean-up (C18) was performed, after acidification 372. At first, the stage 

tip, consisting of two layers of SDB-RPS discs, was equilibrated by adding MtOH, Stage-tip Buffer B and 

twice Stage-tip Buffer A, with centrifugation at 2.600 rpm for 1 min in between. Samples were loaded 

and centrifuged at 2.600 rpm until the whole sample had passed through. Thereafter, the stage-tip 

was washed with Stage-tip Buffer A, and twice with Stage-tip Buffer B. The stage-tips were dried 

completely and handed into the facility. 

2.2.7.2 Proteome analysis 

Samples were subjected to analysis at the CECAD proteomics facility using an Orbitrap Exploris 480 

mass spectrometer, which was equipped with a FAIMSpro differential ion mobility device and coupled 

to an UltiMate 3000 system (both Thermo Scientific). The Label-Free Quantification values (LFQ) were 

computed using the DIA-NN R-package 373. To generate a spectral library, a SwissProt mouse canonical 
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database (UP589, downloaded on 18.06.2020) was employed and the library settings were adjusted 

to match the acquisition parameters, with the "match-between-runs" function enabled. Subsequently, 

the same samples were used to refine the library for a second search of the sample data. During this 

process, DIA-NN was executed with additional command-line prompts, including "-report-lib-info" and 

"-relaxed-prot-inf". The resulting data was subjected to further filtering, with a stringent criterion of a 

false discovery rate (FDR), 0.01 N-terminal methionine excision, the maximum number of missed 

cleavages was set to 1 and the minimum peptide length constraints were set between 7 and 30 amino 

acids. Additionally, the precursor ion m/z values were limited to a range of 400 to 1.000, and cysteine 

carbamidomethylation was considered a fixed modification. Thereafter, the DIA-NN output underwent 

additional filtration based on library q-values and global q-values (both ≤ 0.01), with a requirement of 

at least two identified peptides per protein, which was performed using R v4.1.3. After the removal of 

decoy and potential contaminant data 374, data was filtered for 4 out of 4 values in at least one 

condition using LFQ values with Perseus (version 1.6.15.0). The remaining missing values were imputed 

with random values drawn from a normal distribution by sigma downshift (0.3 σ width, 1.8 σ 

downshift), using Perseus default settings. Further statistical analysis was performed, including 

Student's t-tests (S0=0, FDR ≤ 0.05) and Fisher exact tests. 

2.2.7.3 Phosphoproteome analysis 

At the CECAD proteomics facility, measurements were performed using the Q Exactive Plus Orbitrap 

mass spectrometer coupled with an EASY nLC system (Thermo Scientific). Peptides were stage-tipped 

as previously described (2.2.7.1) in the facility. The mass spectrometer operated in a data-dependent 

acquisition mode, with an MS1 survey scan covering the range of 300-1750 m/z and a resolution of 

70.000. The top 10 most abundant peptides were isolated within a 1.8 Th window and subjected to 

HCD fragmentation with a normalized collision energy of 27%. The AGC target was set at 5e5 charges, 

allowing a maximum injection time of 55 ms. Product ions were detected in the Orbitrap at a resolution 

of 17.500, and precursors were dynamically excluded for 25 s. Raw data underwent processing using 

MaxQuant (version 2.2.0.0) 375 with default parameters against the UniProt canonical murine database 

(UP10090, downloaded on 20.01.2023). The "match-between-runs" option was enabled to facilitate 

the comparison between replicates. The samples were categorized into two parameter groups: one 

with enriched samples, featuring phosphorylation (STY) as a variable modification, and the other with 

non-enriched samples, quantified using LFQ. Further analysis was performed using Perseus 1.6.15 374. 

The protein groups of the whole proteome (WP) were filtered for potential contaminants and insecure 

identifications and, in the case of non-enriched fractions, those only identified by modified peptides 

were removed. The enriched fractions of the phosphoproteome (PP) were cleaned up for reverse 

identified. Data were filtered for completeness for at least one condition using LFQ values (WP) or 
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intensities (PP). Imputation was performed with standard parameters by sigma downshift (0.3 σ width, 

1.8 σ downshift). Finally, Student's t-test between sample groups was performed (S0=0, FDR ≤ 0.05) as 

well as a 1D enrichment. 

2.2.8 Raw data deposition 

The proteomics data have been deposited in the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository 376. Login 

information is available upon request.  

 

Table 22 Raw data deposition. Raw data can be found with the respective identifier. 

Experiment Identifier 

Ciliated vs. Non-ciliated mIMCD3 cells PXD035290 

 

2.2.9 Statistics 

Data are reported as mean values along with their respective ± standard deviation (SD). Statistical 

analysis was performed using GraphPad Prism version 9.5.1. The differences between means were 

assessed using one-way ANOVA, Šídák's multiple comparisons test, Tukey test, uncorrected Fisher's 

LSD test or unpaired Student's t-test as deemed suitable and indicated in figure legends. P-value: 

<0.001***; 0.002**; 0.033*; ns = 0.12 was used for all figures. All experiments were performed in at 

least 3 independent biological replicates. All results were normalized to the control group as outlined 

in the figure legends.  
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3. Results 

The results section is divided into three chapters, presented in the form of three manuscripts. 

Each chapter will commence with a brief overview of the primary objective of that specific 

manuscript within the broader context of the entire thesis. This introduction will also provide 

information about the authors and their contributions to the manuscript, along with an 

update on the manuscript's status.  
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3.1 Chapter 1 - Primary cilia suppress Ripk3-mediated necroptosis 

Title:  Primary cilia suppress Ripk3-mediated necroptosis 

Authors:  Emilia Kieckhöfer, Gisela G Slaats, Lena K Ebert, Marie-Christine Albert, Claudia 

Dafinger, Hamid Kashkar, Thomas Benzing, Bernhard Schermer 

Status: Published in ‘Cell Death Discovery’; 02. December 2022 

 

Emilia Kieckhöfer, Gisela G Slaats, Lena K Ebert, Marie-Christine Albert, Claudia Dafinger, 

Hamid Kashkar, Thomas Benzing, Bernhard Schermer. Primary cilia suppress Ripk3-mediated 

necroptosis. (2022) Cell Death Discov 2;8(1):477. 

doi: 10.1038/s41420-022-01272-2 

PMID: 3646063 

 

As elaborated above, the early pathogenesis of Nephronophthisis (NPH) involves a 

pronounced loss of epithelial cells in the kidney. However, NPH is considered a disease 

primarily caused by ciliary dysfunction. Therefore, we aimed to investigate to what extent 

cilia can modulate regulated cell death response. For this purpose, we used kidney cells 

incapable of forming cilia and compared them to corresponding ciliated control cells. Our 

study revealed that cells lacking cilia are significantly more susceptible to necroptosis 

upon induction of cell death. This implies that cells with impaired ciliary function or upon 

disassembly of primary cilia are prone to undergo necroptosis, which could explain both 

the loss of epithelial cells and the development of interstitial inflammation in NPH. Beyond 

this manuscript, which only contains data on Nphp1 deficient cells, we also started to 

examine RCD in cells lacking other NPH proteins (NPHP9 or NPHP10). However, these 

results were less conclusive, which could be correlated to unaffected ciliogenesis. Thus, 

these findings will be part of subsequent manuscripts, where we will investigate the role 

of individual NPH genes in the modulation of RCD in more detail in vivo. The phenotypic 

differences within NPH and NPH-related ciliopathies (NPH-RC) suggest that different 

ciliary proteins modulate cell death to varying extents. Considering the slow progression 

of NPH, it seems plausible that during the pathogenesis, the repair of epithelial damage 

might not be executed properly. Typically, damage in the renal epithelium is repaired by 
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the proliferation of the remaining surviving cells. In this process, cells have to lose their 

cilia, which makes them at the same time more susceptible to necroptosis. The ensuing 

inflammation could make subsequent damage more likely, leading to a progressive 

disease. However, we cannot rule out the involvement of additional cell death pathways, 

as will be suggested in the following chapter. 
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ARTICLE OPEN

Primary cilia suppress Ripk3-mediated necroptosis
Emilia Kieckhöfer1,2, Gisela G. Slaats1,2,3, Lena K. Ebert1,2, Marie-Christine Albert2,4, Claudia Dafinger1,2, Hamid Kashkar2,4,
Thomas Benzing 1,2 and Bernhard Schermer 1,2✉

© The Author(s) 2022

Cilia are sensory organelles that project from the surface of almost all cells. Nephronophthisis (NPH) and NPH-related ciliopathies
are degenerative genetic diseases caused by mutation of cilia-associated genes. These kidney disorders are characterized by
progressive loss of functional tubular epithelial cells which is associated with inflammation, progressive fibrosis, and cyst formation,
ultimately leading to end-stage renal disease. However, disease mechanisms remain poorly understood. Here, we show that
targeted deletion of cilia in renal epithelial cells enhanced susceptibility to necroptotic cell death under inflammatory conditions.
Treatment of non-ciliated cells with tumor necrosis factor (TNF) α and the SMAC mimetic birinapant resulted in Ripk1-dependent
cell death, while viability of ciliated cells was almost not affected. Cell death could be enhanced and shifted toward necroptosis by
the caspase inhibitor emricasan, which could be blocked by inhibitors of Ripk1 and Ripk3. Moreover, combined treatment of ciliated
and non-ciliated cells with TNFα and cycloheximide induced a cell death response that could be partially rescued with emricasan in
ciliated cells. In contrast, non-ciliated cells responded with pronounced cell death that was blocked by necroptosis inhibitors.
Consistently, combined treatment with interferon-γ and emricasan induced cell death only in non-ciliated cells. Mechanistically,
enhanced necroptosis induced by loss of cilia could be explained by induction of Ripk3 and increased abundance of autophagy
components, including p62 and LC3 associated with the Ripk1/Ripk3 necrosome. Genetic ablation of cilia in renal tubular epithelial
cells in mice resulted in TUNEL positivity and increased expression of Ripk3 in kidney tissue. Moreover, loss of Nphp1, the most
frequent cause of NPH, further increased susceptibility to necroptosis in non-ciliated epithelial cells, suggesting that necroptosis
might contribute to the pathogenesis of the disease. Together, these data provide a link between cilia-related signaling and cell
death responses and shed new light on the disease pathogenesis of NPH-related ciliopathies.

Cell Death Discovery           (2022) 8:477 ; https://doi.org/10.1038/s41420-022-01272-2

INTRODUCTION
Primary cilia are antenna-like sensory organelles that receive
signals from the environment, transmit them to the interior of the
cell, and thus modulate the response of cells to environmental
influences [1–3]. For this purpose, cilia are covered by a highly
specialized plasma membrane whose protein composition is
precisely regulated [4]. At the base, a cilium is anchored by its
basal body, which resembles a modified centriole. The import and
export of ciliary proteins are primarily regulated at the transition
zone, located between the basal body and the ciliary shaft [5]. Cilia
modulate multiple signaling pathways, including Hedgehog, Wnt,
Notch, PDGF, and additional GPCR signaling [1]. Dysfunction or
loss of the primary cilium inevitably leads to perturbations of
these signaling pathways and results in diseases known as
ciliopathies [6]. The spectrum of ciliopathies ranges from severe
neuronal developmental disorders and retinal or skeletal ciliopa-
thies to endocrinological conditions and hepatic and renal
diseases [7]. While most ciliopathies occur as syndromes that
affect different organ systems, a significant feature of many
ciliopathies is the involvement of the kidneys. Therefore, this large
subgroup is also referred to as renal ciliopathies [8].

Among renal ciliopathies, autosomal-dominant polycystic kid-
ney disease (ADPKD) is the most frequent form, with an incidence
of 1:1000, typically affecting adults and leading to end-stage
kidney failure at the age of 50 to 60 years [9]. In children,
nephronophthisis (NPH), an autosomal-recessive renal ciliopathy,
is the most frequent genetic cause of renal failure and is
responsible for approximately 10% of children requiring dialysis
[10]. The renal phenotype of ADPKD and NPHP differs: Kidneys in
ADPKD enlarge significantly during the disease and are progres-
sively interspersed with numerous cysts. In contrast, significantly
fewer cysts develop in NPH. Here, kidneys are relatively small and
characterized by tissue degeneration and interstitial inflammatory
fibrosis [11, 12]. Notably, patients with ADPKD or NPH are born
without any overt renal phenotype but massively lose renal
tubular epithelial cells with disease onset and progression. In
ADPKD, apoptosis has been described very early by TUNEL assays
[13] and was later found in several animal models of ADPKD
(reviewed in ref. [14]). More recently, the role of apoptosis in cyst
lumen formation in ADPKD has been suggested [15]. Remarkably,
primary cilia appear to be normal or elongated in kidneys of
ADPKD mouse models [16–18], while loss of NPHP genes often
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results in ciliary abnormalities and lower numbers of primary cilia
[19–22].
In addition to apoptosis, various pathways of regulated cell

death, specifically regulated necrosis (termed necroptosis), have
been described [23] that could contribute to tissue defects
associated with the loss of primary cilia. In contrast to
immunogenically relatively silent apoptotic cell death, necroptosis
involves cellular membrane damage, the release of damage-
associated molecular patterns (DAMPs), and provokes inflamma-
tory tissue conditions which further enhance inflammatory tissue
destruction [24]. The role of necroptosis in the kidney, in particular
in acute kidney injury (AKI) induced by ischemia-reperfusion
damage or by pharmacological means, is well-established [25].
Necroptosis is typically activated downstream of receptor activa-
tion, including death or toll-like receptors, in conditions when
caspase-8 is inhibited [26]. Here, the mechanisms of TNFα (tumor
necrosis factor α) signaling are best understood [27, 28]: Binding
of TNFα to the TNFR1 receptor recruits TRAAD (TNF-receptor-
associated death domain), Ripk1 (receptor-interacting serine/
threonine kinase 1), Traf2 and Traf5 (TNF-receptor-associated
factor 2/5) as well as cIAP1 and cIAP2 (cellular inhibitor of
apoptosis1/2). This active complex I initially results in NF-κB
(nuclear factor κB) and MAPK (mitogen-activated protein kinases)
activation and transcription of pro-survival genes. Dissociation of
the receptor from Ripk1 can result in three different types of
complex II, each promoting cell death. The apoptotic complex IIa
includes TRADD, FADD, and Caspase-8. Complex IIb requires the
absence of cIAP1/2 and results in Ripk1- and Casp-8-dependent
apoptosis. Upon inhibition of Caspase-8 Ripk1 and Ripk3
(receptor-interacting serine/threonine-protein kinase 1/3) form a
complex often called the necrosome (complex IIc) [29]. Subse-
quently, active Ripk3 phosphorylates its substrate mixed lineage
kinase domain-like (Mlkl), which executes cell death. This most
likely involves translocation of Mlkl to the plasma membrane and
the formation of pores that disrupt membrane integrity [29, 30].
Remarkably, either expression of a kinase-dead mutant Ripk1, loss
of Ripk3, or loss of Mlkl protects mice from kidney failure in
different scenarios of AKI [31–33]. In addition, synchronized cell
death through the ferroptotic pathway has also been demon-
strated to contribute to acute damage and to the loss of entire
tubular segments [34]. Upon ferroptotic cell death, however, the
immunological response might be much milder as compared to
necroptosis. Therefore, the kidneys might be able to cope with
ferroptotic cell loss more efficiently than with necroptosis [25].
While the different pathways of necroptosis have been extensively
studied in AKI, their role in renal ciliopathies and, in particular,
their connection with primary cilia remained elusive. Here, we
study how primary cilia modulate cell death induced by TNFα in
combination with the SMAC mimetic birinapant or cycloheximide
(CHX) or by interferon-gamma (IFNγ) under the inhibition of
caspase-8, which typically would promote necroptotic death.
Remarkably, these conditions do not induce necroptosis in wild-
type renal epithelial cells carrying primary cilia, while cells without
cilia display an increased susceptibility towards necroptosis and
Ripk1-dependent apotosis. Mechanistically, this can be explained
by increased expression of Ripk3 and components of the
autophagy-lysosomal pathway in cells without cilia. Moreover,
the deletion of the major gene involved in NPH in non-ciliated
cells further enhanced the susceptibility to necroptosis, support-
ing the role of necroptotic death in renal ciliopathies.

RESULTS
Loss of cilia increases the susceptibility to necroptosis
To study the role of primary cilia in apoptotic and necroptotic cell
death of renal epithelial cells, we used mouse inner medullary
collecting duct (mIMCD3) cells, a well-established model in renal
and cilia research. Notably, several classical ciliary proteins,

including critical components of the intraflagellar transport (IFT)
machinery, can affect inflammatory signaling independent of
primary cilia [35]. Therefore, instead of targeting proteins involved
in IFT to interfere with cilia and ciliogenesis, we generated
subclones from the parental wild-type mIMCD3 cell line by FACS
and screened those subclones for the presence and absence of
primary cilia. We randomly selected two subclones: Ckc (ciliated
kidney cells), with about 80% of cells carrying a primary cilium,
and Nckc (non-ciliated kidney cells) displaying almost no cilia at all
(1%), as demonstrated by cilia staining (Fig. 1A). Induction of
Ripk1-dependent cell death with TNFa and the SMAC mimetic
birinapant (complex IIb) for 16 hours resulted in Ripk1-dependent
cells death and reduced the number of viable cells to 38% in the
non-ciliated cells (Fig. 1B). The Ripk1-inhibitor Nec1s partially
protected from cell death, while inhibition of Ripk3 with GSK872
further enhanced cells death by inhibiting necroptosis but
promoting apoptosis. Combined treatment of non-ciliated-cells
with TNFa, birinapant and the caspase-8 inhibitor emricasan [36]
resulted in almost no surviving cells. Caspase-8 inhibition is known
to unleash necroptotic cell death by involving kinase activity of
Ripk1 and Ripk3 [26]. Consistently, this could be almost rescued
either by inhibition of Ripk1 or by inhibition of Ripk3, indicating
that cell death was caused by nectroptosis. Ciliated cells showed
almost no cell death response upon TNFa and birinapant
treatment. Here, treatment with Ripk1/3 inhibitors slightly
enhanced cell death by promoting apoptosis. Caspase-8 inhibi-
tion, which killed almost all non-ciliated cells, had no significant
effect on cells with cilia (Fig. 1B). To investigate the role of
complex IIa activation, we performed similar assays with induction
of cell death by TNFα and CHX (TC) for 16 hours (Fig. 1C). Here,
only 24% of cells with primary cilia survived, whereas 44% of non-
ciliated cells did not respond to TNFα and CHX, indicating some
protection from apoptosis. Remarkably, simultaneous inhibition of
caspase activity using emricasan (TCE treatment) positively
affected cell survival of ciliated cells (47% viability), while almost
all non-ciliated cells underwent cell death (0.3% viability).
Consistent with the induction of necroptotic death, the Ripk1-
inhibitor Nec1s and the Ripk3 inhibitor GSK872 efficiently reduced
TNF-induced cell death only when caspase activity was blocked by
emricasan (TCEN treatment) in the non-ciliated cells (Fig. 1C).
Immunoblots for cleaved caspase-3 indicated apoptosis occurring
primarily in TC-treated ciliated cells, while phospho-Mlkl (pMlkl) as
a marker for necroptosis was detected only upon TCE treatment in
non-ciliated cells (Fig. 1D). To analyze the temporal dynamics of
cell death and the cellular morphology, we performed a live-cell
analysis of cells upon treatment with DMSO, TC, or TCE over the
period of 24 h. These data confirmed our findings and revealed
rapid cell death upon caspase-8 inhibition in the non-ciliated cells
already at very early time points (Fig. 1E). Ciliated cells exposed to
TC treatment showed membrane blebbing, condensation, and
fragmentation of nuclei indicative of apoptosis, while upon TCE
treatment, they did neither display nuclear condensation nor
formation of apoptotic bodies (Suppl. Fig. 1A). Similarly, dead cells
upon TCE treatment of non-ciliated cells did not resemble
morphological changes of apoptotic cells. Notably, TNFα-inde-
pendent induction of cell death via interferon γ (IFNγ) combined
with caspase-8 inhibition induced necroptotic death only in cells
lacking primary cilia but not in ciliated cells, as shown by
additional live-cell assays (Suppl. Fig. 1B).
For additional confirmation that this switch in the death

response resulted from the lack of cilia and to exclude any clonal
effects, we used Myosin5a-deficient mIMCD3 cells. Myosin5a
(Myo5a) is an actin-based motor and transport protein. Cells
deficient in Myo5a are unable to assemble primary cilia [37]. Here,
loss of cilia is caused by defective transport of the pre-ciliary
vesicle to the mother centriole, the later basal body [38]. Loss of
cilia in Myo5a−/− compared to Myo5a+/+ control cells was
confirmed by immunofluorescence staining using antibodies
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against Arl13B and acetylated tubulin as ciliary markers (Suppl. Fig.
2A). Cell viability assays with TC, TCE, and TCEN treatments
confirmed the findings from the Ckc and Nckc subclones in all
aspects: Myo5a−/− cell without cilia were partially protected from
apoptosis in response to TC treatment. Induction of necroptosis by
TCE treatment led to massive cell death only in Myo5a−/− cells,

which again was sensitive to necrostatin-1s (Fig. 2A). Immunoblots
confirmed cleavage of caspase-3 primarily in ciliated Myo5a+/+

cells which was reduced in Myo5a−/− cells lacking cilia, indicating
a lower rate of apoptosis, while the phosphorylation of Mlkl was
detectable in both, however slightly increased in non-ciliated cells
after caspase inhibition with emricasan (Fig. 2B). Live-cell imaging
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again revealed the increased occurrence of cell death at a very
early time point after TCE treatment (Fig. 2C and Suppl. Fig. 2B).
Interestingly, in contrast to the viability assay in Fig. 2A ciliated
cells also underwent cell death upon TCE, although to a lower rate
as non-ciliated cells. This can be explained by the low cell density
required for live-cell imaging, which results in a higher number of
proliferating and, therefore, transiently non-ciliated cells as
compared to the viability assays. In contrast to the subclones
Ckc and Nckc, differences between Myo5a+/+ and Myo5a−/− cells,
in general, were slightly less pronounced, which might be due to

the fact that the number of ciliated cells in the parental Myo5a+/+

cells (25%) was much lower (Suppl. Fig. 2A) as compared to the
ciliated subclone Ckc used in Fig. 1 (79%; Fig. 1A). Taken together,
these data show that loss of cilia results in a shift from apoptotic
to necroptotic cell death.

Altered Ripk3 and Ripk1 in cells lacking primary cilia
To understand how the loss of primary cilia increases susceptibility
to necroptotic cell death, we analyzed mRNA expression of cell
death-related genes both in untreated and TC-treated cells, again

Fig. 2 Loss of cilia in Myo5a-deficient cells increases susceptibility to necroptotic death. A Neutral-red assay in control and Myo5a−/− cells
after RCD induction through TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for 16 h. Additionally, caspase-8 inhibitor emricasan
(Em, 10 µM) and necroptosis inhibitor necrostatin-1s (Nec1s, 40 µM) were used for 16 h (n= 4). B Immunoblot analysis of ciliated and non-
ciliated cells using the apoptosis marker cleaved caspase 3 (~17 kDa) and the necroptosis marker phospho-Mlkl (~56 kDa). As housekeeping
control either pan-actin (~30 kDa) or beta-tubulin (~55 kDa) were used (n= 3). C Live-cell imaging over the period of 24 h after treatment with
TNF and CHX (TC), and TNF, CHX, and Em (TCE) or DMSO as control. Cells were stained with the dead cell marker DiYO-1. Images were
captured every 2 h (N= 8).

Fig. 1 Primary cilia inhibit necroptotic cell death in renal epithelial cells. A Immunofluorescence staining of primary cilia in the
mIMCD3 subclones Ckc (ciliated kidney cells) and Nckc (non-ciliated kidney cells; ARL13B (magenta), acetylated tubulin (green) and DAPI
(blue); scale bar 20 µm). Quantification of cells carrying primary cilia (n= 3; total count of 404 cells for Ckc and 613 cells for Nckc). B Neutral-red
assay in Ckc and Nckc cells after RCD induction with TNFα (TNF, 4 ng/100 µl) and birinapant (biri, 5 µM) for 16 h. Additionally, caspase-8
inhibitor emricasan (Em, 10 µM), Ripk1 inhibitor necrostatin-1s (Nec1s, 40 µM), and Ripk3 inhibitor GSK872 (GSK872, 5 µM) were used for 16 h
(n= 4). C Neutral-red assay in Ckc and Nckc cells after RCD induction with TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for
16 h. Additionally, caspase-8 inhibitor emricasan (Em, 10 µM) and necroptosis inhibitor necrostatin-1s (Nec1s, 40 µM) were used for 16 h
(n= 4). D Immunoblot analysis of ciliated and non-ciliated cells using the apoptosis marker cleaved-Caspase-3 (~17 kDa) and the necroptosis
marker phospho-Mlkl (~56 kDa). Either pan-actin (~44 kDa) or beta-tubulin (~55 kDa) were used as control (n= 3). E Live-cell imaging over the
period of 24 h after treatment with TNF and CHX (TC), and TNF, CHX, and Em (TCE) or DMSO as control. Cells were stained with the dead cell
marker DiYO-1. Images were captured every 2 h (n= 3).
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comparing Ckc with Nckc (Fig. 3A) as well as Myo5a+/+ with
Myo5a−/− cells (Fig. 3B). While caspase-3 and caspase-8 expres-
sion levels were independent of the presence of primary cilia,
these data revealed significantly higher expression levels of Ripk3

mRNA in non-ciliated cells and a trend toward increased
expression for Ripk1 and Fadd. Immunoblotting confirmed
increased levels of Ripk3 on the protein level in both cell lines
without cilia (Fig. 3C). Susceptibility to TNFα could result from

Fig. 3 Increased expression of Ripk3 in cells lacking primary cilia. A, B Quantitative real-time PCR of several cell death-related genes in
mIMCD3 cells revealed upregulation of necroptosis players in non-ciliated cells: A Ckc versus Nckc (n= 3); B control versus Myo5a−/− (n= 3).
Cells were treated with TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for 16 h or with DMSO. Statistical analysis was performed
by using a one-way ANOVA followed by a two-sided Student’s t test (p value: >0.001***; 0.002**; 0.033*; ns= 0.12). C Immunoblot analysis of
lysates from untreated ciliated (Myo5+/+/Ckc) and non-ciliated (Myo5a−/−/Nckc) cells using Ripk3 (~57 kDa) and HSP27 (~27 kDa) antibodies.
Pan-actin (~30 kDa) or beta-tubulin (~55 kDa) were used as controls.
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reduced NF-κB signaling in non-ciliated cells. However, immuno-
blots revealed increased levels of the NF-κB inhibitor IκBα in cells
lacking cilia (Suppl. Fig. 3A, B), indicating increased NF-κB activity.
Short-term stimulation with TNFα led to increased phosphoryla-
tion and consistently degradation of IκBα while inducing
phosphorylation of NF-κB p65 at Ser536. Consistently, qPCR data
on NF-κB expression (Suppl. Fig. 3C, D) confirmed that NF-κB
activity is not reduced in non-ciliated cells. Therefore, the
upregulation of Ripk3 and Ripk1 in non-ciliated cells can explain
their marked susceptibility to necroptosis, and the underlying
molecular mechanisms leading to Ripk3/Ripk1 upregulation
remain elusive.

Proteomic profiling identifies deregulation of autophagy-
related and lysosomal proteins
To gain additional mechanistic insights into the increase in
necroptotic death and in Ripk3 expression in non-ciliated cells, we
performed an unbiased proteomic analysis to identify differen-
tially expressed proteins and pathways related to the loss of cilia
in the respective cell lines. Principal component analyses clearly
separated CkC from Nckc (Suppl. Fig. 4A), as well as Myo5a−/−

from Myo5a+/+ control cells (Suppl. Fig. 4B). Compared to the
respective controls and based on a Student’s t-test with standard
parameter (S0= 0 and threshold p value > 0.05), we found 3094
differentially expressed proteins in Nckc and 2980 differentially
expressed proteins in Myo5a−/− (Supplementary Table S2). The
identified differentially expressed proteins were used as input for
clustered heat maps of both datasets (Suppl. Fig. 4C, D). To
identify the common proteins and pathways altered upon loss of
cilia, we compared significantly regulated proteins from both
datasets to visualize the similarities of both unciliated cell lines.
Student’s t-test difference of non-ciliated cells versus ciliated cells

correlates, which reveals 2282 equally upregulated and 832
down-regulated proteins demonstrating the similarity between
the two loss-of-cilia models (Suppl. Fig. 4E). Gene ontology and
KEGG pathway analyses of the clustered non-ciliated data set of
significantly up or down-regulated proteins revealed terms
related to spliceosome and lysosome to be enriched (Suppl.
Fig. 5A). Indeed, many autophagy proteins were significantly
altered in both unciliated cell lines, as shown in representative
volcano blots (Suppl. Fig. 5B, C). Strikingly, we observed an
enrichment of proteins previously shown to connect the
autophagosome with the necrosome, particularly an increased
expression of Map1lc3a/b (LC3) and p62/Sqsmt1, as well as Ripk1
and Ripk3 (Fig. 4A). This increased expression of LC3 and p62/
Sqsmt1 in non-ciliated cells could be further confirmed by
immunoblotting (Fig. 4B).

Necroptosis in the kidney upon loss of cilia
To understand the significance of our findings in vivo, we studied
cell death in mice lacking functional primary cilia in the distal part
of the nephron. Specifically, we knocked out the kinesin Kif3a in
the distal tubules and collecting ducts of the kidney using the
Ksp:Cre line. Kif3a is a subunit of the kinesin-2 motor required for
intraflagellar transport, the transport of cargo along ciliary
microtubules [39]. These mice develop cystic kidney disease
starting with tubular dilatations in the first week of their life [40].
We used kidneys of Kif3afl/fl:ksp:cre+/− (Kif3atko) and Kif3afl/
wt:ksp:cre+/− (control) mice at postnatal days P4 and P28 and
found TUNEL positivity increasing with age (Fig. 5A). Notably,
qPCR analysis revealed a significant upregulation of Ripk3 in
Kif3atko kidneys together with an increase in TNFα mRNA levels at
P28, while caspase-3, caspase-8, Fadd, Mlkl, and Ripk1 were not
significantly altered (Fig. 5B). Moreover, we detected high levels of

Fig. 4 Loss of cilia induces upregulation of the p62/Ripk1 module. A Details from the scatter blot (total plot in Suppl. Fig. 4E) highlighting
proteins connecting the autophagosome and the necrosome. B Immunoblot analyses of DMSO treated Nckc versus Ckc for LC3 (~17 kDa) and
p62/Sqstm1 (~62 kDa) expression (n= 4) and densitometric analysis, normalized to pan-actin (n= 4).
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Ripk3 in protein lysates from those kidneys, indicating an
increased propensity to necroptosis during renal cyst formation
and tissue degeneration (Fig. 5C). It is important to note that we
did not detect any significant alterations in the expression of cell
death genes at P4 at the time when kidney tissue showed almost
no signs of cyst formation. However, cilia were described to be
normal at birth (P0) in this mouse model [40], and cells of the
distal nephron still carry some primary cilia at P4 (Suppl. Fig. 6,
DBA-positive tubules). This is in line with the fact that loss of cilia
itself is not sufficient to trigger cell death but can increase
susceptibility to necroptosis under inflammatory conditions
involving TNF or IFNγ. So far, we can only speculate about the

factors that trigger necroptotic cell death during the early phase
prior to cyst formation in Kif3atko mice.

The loss of the ciliary signaling protein Nphp1 enhances
necroptotic cell death
Deletions of NPHP1 are the most frequent cause of NPH, a
pediatric ciliopathy and kidney disease that is characterized by
tubular atrophy, cyst formation, interstitial fibrosis, and inflamma-
tion [11, 12, 41]. Nphp1 does not encode for a structural ciliary
protein but for the key protein of the NPHP-protein complex
involved in ciliary signaling [21]. Nphp1 is localized at the
transition zone of primary cilia [42]. Therefore, Nphp1 deficiency

Fig. 5 Genetic targeting of ciliogenesis leads to cell death and increased Ripk3 expression in vivo. A PAS staining of kidneys from Kif3afl/
fl:Ksp:cre+/− and Kif3fl/wt:Ksp:cre+/− mice at a postnatal age of 4 days (scale bar 200 µm) and 28 days (scale bar 500 µm) showing the loss of
kidney architecture and cyst formation over time. TUNEL staining (scale bar 100 µm) indicates cell death. B Quantitative real-time PCR of
several cell death genes showing upregulation of necroptosis-specific genes in mouse tissue lacking primary cilia (n= 3). Statistical analysis
was performed by using a one-way ANOVA followed by a two-sided Student’s t test (p value: >0.001***; 0.002**; 0.033*; ns= 0.12). Control,
heterozygous transgenic mice. C Immunoblot analysis of 28-day-old mice for Ripk3 expression (~57 kDa; n= 3 individual animals shown).
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does not result in the loss of primary cilia but rather causes cilia
signaling defects. Kidneys have the capacity for intrinsic repair.
Repair is based on dedifferentiation and proliferation of renal
tubular cells without the need for prespecified stem cell
populations and involves regulated disassembly and reassembly
of primary cilia [43, 44], allowing the cells to reenter the cell cycle
and undergo cell division [45]. Since the ciliary basal body, a
modified centriole, is required to form the later spindle poles, cells
have to disassemble the cilium prior to cell cycle re-entry. In this
scenario, increased susceptibility to necroptosis might be of
particular importance. To study whether loss of Nphp1 might
promote necroptotic damage under such conditions, we gener-
ated Nphp1−/− cells in the non-ciliated Nckc subclone. As an
additional control, we used single-copy integration into the Rosa26
locus to re-express low levels of FLAG-tagged Nphp1. Expression of
Nphp1/F.Nphp1 was controlled by immunoblotting of cell lysates
using a specific Nphp1 monoclonal antibody [46] (Fig. 6A). When
performing cell viability assays, we shortened the treatment time
to 8 h to gain a larger number of surviving cells upon TCE
treatment. The knockout of Nphp1 indeed enhanced necroptotic
response, which could be rescued by necrostatin-1s and partially
by the re-expression of FLAG.Nphp1 (Fig. 6B). Immunoblotting

again revealed the activation of Mlkl as indicated by phosphoryla-
tion (Fig. 6C). These data might indicate that in the absence of cilia
Nphp1-related signaling is responsible for suppressing necroptosis.

DISCUSSION
Given the massive loss of tubular epithelial cells during the
progression of renal ciliopathies, we investigated whether cilia
could shape the response of renal epithelial cells upon induction of
cell death. Interestingly, while the majority of ciliated renal
epithelial cells underwent apoptosis after exposure to TNF and
CHX, they did not appear to involve necroptosis as the inhibition of
caspase activity did not induce necroptosis in these cells.
Remarkably, this changed with the loss of primary cilia. In cells
lacking cilia, apoptosis was reduced when exposed to TNF and CHX.
Such protection from apoptosis might be important under
physiological conditions when cells transiently disassemble their
cilium prior to cell cycle re-entry and repair of tubular injuries.
However, further inhibition of caspase activity in non-ciliated cells,
mimicking inflammatory conditions, led to massive RIPK1-mediated
necroptotic cell death, as indicated by the phosphorylation of
MLKL. We can thus show for the first time that the absence of cilia

Fig. 6 Loss of the functional but not structural ciliary protein Nphp1 enhances the necroptotic response. A Immunoblot analysis
demonstrating Nphp1 deficiency in Nphp1−/− cells and confirming re-expression of FLAG.Nphp1 by using Nphp1 (~83 kDa). B Neutral-red
assay in Nckc proficient and deficient in Nphp1. RCD induction with TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for 16 h.
Additionally, caspase-8 inhibitor emricasan (Em, 10 µM) and necroptosis inhibitor necrostatin-1s (Nec1s, 40 µM) were used for 16 h (n= 3).
Knockout of Nphp1 resulting in increased necroptotic death. C Immunoblot of phospho-Mlkl (~56 kDa) in Nphp1 proficient and deficient cells
upon TC and TCE treatment for 8 h. Pan-actin was used as a loading control (n= 3).
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switches the response of cells from apoptosis to necroptosis.
Notably, the mere loss of cilia is not sufficient to drive cells into
necroptosis. This is consistent with the phenotype of mice bearing
genetic alterations that affect cilia or related human diseases since
kidneys typically are unaffected at birth. Defective cilia, however,
increase susceptibility to necroptosis under inflammatory condi-
tions, and there must be additional factors in the progression of
kidney disease that eventually initiate necroptotic cell death.
Mechanistically, we found Ripk3 to be upregulated both in

mIMCD3 cell lines without cilia as well as in kidneys from mice
lacking cilia in the distal tubules. We could detect both increased
levels of mRNA expression as well as of Ripk3 protein. A number of
factors have been recently described to modulate Ripk3 expres-
sion, which includes methylation of the Ripk3 promotor [47] and
components of the NF-κB signaling pathway. It has recently been
demonstrated that NF-κB1 and NF-kappa-B essential modulator
(Nemo) bind to the Ripk3 promotor and suppress TNFα-induced
Ripk3 expression and necroptosis in endothelial cells [48].
Consistently, genetic inhibition of NF-kB signaling in the murine
skin triggered TNFR1-mediated necroptosis and inflammation [49].
With respect to cilia, previous studies have found repression of NF-
κB upon loss of cilia due to loss of Kif3a in hippocampal neurons
[50] or due to hypomorphic Ift88 mutation in chondrocytes [51].
The latter study suggested a crucial role of Hsp27 as a ciliary
protein and known regulator of IKK [52–54]. Notably, we found no
evidence for increased NF-κB signaling in mIMCD3 cells lacking
cilia, as indicated by IκBα expression and its phosphorylation and
degradation upon TNFα stimulation. Moreover, we found Hsp27
expression to be unaffected by loss of cilia (Fig. 3C). Therefore, the
shift in cell death response toward necroptosis and the increase in
Ripk3 might not be related to altered NF-κB activity.
Our unbiased approach provided additional mechanistic insights.

Comparing protein expression of ciliated and non-ciliated cells
followed by KEGG pathway analyses highlighted the enrichment of
spliceosomal and lysosomal components in cells without cilia. The
latter finding was surprising since the loss of cilia has been shown to
negatively regulate autophagy [55–57]. Interestingly, the autophagy
machinery is connected to the necrosome through p62/Sqsmt1 and
Map1lc3a/b (LC3) interacting with Ripk1, and this interaction can
control switching from apoptosis to necroptosis [58]. In particular,
p62-mediated recruitment of Ripk1 to the autophagy machinery
turns cell death from apoptosis toward necroptosis. Strikingly, our
proteome data set demonstrates an increased abundance of p62/
Sqsmt1, Map1lc3a/b (LC3), and Ripk1 in cells lacking primary cilia,
which could be confirmed independently by immunoblots. In
conclusion, the increased propensity to necroptosis upon loss of
cilia might result from increased Ripk3 levels combined with a high
abundance of the necrosome – autophagosome connecting module.
Loss of NPHP1 is the most frequent genetic cause of pediatric

cystic kidney diseases [41]. Here, we demonstrate that loss of Nphp1
further promotes necroptosis in cells without cilia. As described
above, loss of cilia occurs regularly in the kidney: the repair of tubular
cellular damage requires surviving resident cells to disassemble the
cilium prior to cell cycle re-entry [43, 44]. At this point, the increased
susceptibilities to necroptosis due to the ciliopathy mutation on the
one side and due to the missing cilium on the other side might add
up in such a way that a critical threshold is exceeded and the
necroptotic rate in the tissue increases. Given the increasing number
of pharmacological interventions targeting different routes of cell
death, including necroptosis [59, 60], it will be critical to analyze the
specific role of this cilia cell-death switch in the pathogenesis of
individual ciliopathies.

MATERIAL AND METHODS
Cell lines and cell culture
Murine inner medullary collecting duct 3 cells (mIMCD3, ATCC CRL-2123™)
[61], were cultured in DMEM-F12 medium (Sigma) supplemented with 10%

fetal bovine serum (FBS, Gibco™), 2 mM GlutaMAX (Gibco™) and 1.0%
Penicillin and Streptomycin (Gibco™). Cells were maintained at 37 °C in the
presence of 5% CO2. All cell lines were tested negative for mycoplasma
(PCR Mycoplasma Test Kit I/C, PromoKine). Myo5a−/− mIMCD3 cells
generated with CRISPR/Cas9 mediated genome editing has been
described earlier [37]. mIMCD3 subclones (ciliated kidney cells (Ckc) and
non-ciliated kidney cells (Nckc)) were generated by sorting single cells into
a 96-well plate using a FACSAriaIII. After expansion, cell clones were
screened for the number of ciliated cells using immunofluorescence
stainings (acetylated tubulin/Arl13b). Nphp1 deficient cells were generated
based on Nckc’s using vector-based genome editing as described [37]. The
sgRNA (5′-AGCGCCTGCAGCGGGTCCCG–CGG-3′) was cloned into PX458.
pSpCas9(BB)‐2 A‐GFP (PX458), a kind gift from Feng Zhang (Addgene
plasmid # 48138) [62].

Live-cell Imaging
Myo5a+/+ and Myo5a−/− mIMCD3 cells, as well as the mIMCD3 subclones
Ckc and Nckc, were seeded, with 15,000 cells per well, into 96-well plates in
triplicates. 24 h after seeding, cells were treated with DMSO (AppliChem),
4 ng/100 µl TNFα (aa80–235; R&D), 2 µg/100 µl cycloheximide (C4859;
Sigma), and 10 µM emricasan (Em; SEL-S7775; Biozol). For the IFNγ
stimulation experiments, 10,000 cells per well were seeded. On the
following day, cells were preincubated with 1000 U/ml IFNγ (#315–05;
PeproTech) for 8 h, before combined treatment with IFNγ and 10 µM Em.
For both experiments, cell death was visualized by adding DiYO-1 (ABD-
17580, Biomol). Immediately after adding the reagents, the plates were
transferred to the IncuCyte® S3 (Sartorius; 37 °C and 5% CO2), and the first
images were captured (T0). Subsequently, every 2 hours, pictures were
taken. Per well, three single images were generated for each time point. In
total, plates were scanned over the period of 24 h, thereby imaging the
green channel with 300ms exposure time and the phase contrast channel
with ×20 objective. The analysis was done by teaching the machine for
positive events within the included IncuCyte® Cell-by-Cell Analysis
Software Module (#9600–0031, Sartorius). For analysis, a multiple
comparison one-way ANOVA was performed, using the Turkey test with
p < 0.05.

Immunofluorescence staining
mIMCD3 cells were seeded on coverslips to stain for primary cilia [37]. Cells
were fixed with 4% PFA for 5 min at RT followed by 4min incubation with
ice-cold methanol at −20 °C. Next, cells were incubated with blocking
solution 1xPBS containing 0.1% Triton X-100 and 10% normal donkey
serum (Jackson ImmunoResearch) for 1 h at RT, followed by an 80min
incubation at RT with primary antibody (anti-acetylated tubulin, T6793
Sigma, 1:1000; anti-Arl13B, 17711–1-AP ProteinTech, 1:400). The following
secondary antibodies were used: donkey-anti-rabbit Cy3, 715-165–150,
and donkey-anti-mouse-Alexa 488, 715–545–150; both Jackson ImmunoR-
esearch, 1:500; for 45min at RT. Samples were mounted in ProLong™
Diamond with DAPI (ThermoFisher Scientific). Kidney tissue staining of
4 µm fixed sections were performed as previously described [63]. Firstly,
the sections were deparaffinized by xylene treatment followed by
rehydration in graded ethanol (70%, 95%, 100%). Antigen retrieval was
achieved using heat-induced epitope retrieval and citrate buffer. For
immunohistochemical staining, endogenous peroxidases and unspecific
antibody binding sites were blocked by incubating with 1% BSA and 5%
donkey serum (Jackson ImmunoResearch) for 1 h at RT. The primary
antibody (anti-acetylated Tubulin, T6793 Sigma, 1:1000) was incubated
overnight at 4 °C in the blocking solution, followed by incubation with
fluorophore-coupled secondary antibody anti-mouse-Cy5, # 715–175–150,
Jackson ImmunoResearch, 1:500) or tubule markers (Rodamin-DBA (RL-
1032–2); FITC-Lotus Tetragonolobus Lectin (LTL, FL-1321–2; Vector
laboratories) both 1:500) for 1 h at RT. The samples were mounted after
a short pre-incubation of Hoechst33342 (ThermoFisher Scientific, 1:1000)
with ProLong™ Diamond (ThermoFisher Scientific). Images were acquired
using the AxioObserver microscope with an axioCam ICc 1, Axiocam 702
mono, Apotome system (Carl Zeiss MicroImaging, Jena, Germany;
objectives Plan-Apochromat 20x/0.8 and EC Plan-Neofluar 40x/1.3).

Cell viability assay
Neutral-red release (NR) assays for cell viability were performed as
described [64]. In brief, 30,000 cells were seeded as triplicates in 96-well
plates 24 h prior to treatments. Cells were treated with DMSO (AppliChem),
4 ng/100 µl TNFα (aa80–235; R&D), 2 µg/100 µl cycloheximide (C4859;
Sigma), 5 µM. birinapant (SELS7015, Biozol), 10 µM emricasan (SEL-S7775;
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Biozol), 40 µM Necrostatin-1s (ab221984; Abcam), and 5 µM GSK872 (HY-
101872, Sigma) as indicated in the figures and incubated for 16 h at 37 °C.
Once 14 h of treatment was passed, neutral-red (C.I.50040, Sigma) was
added to the medium. After additional 2 h, the cells were washed thrice
with PBS followed by a 15min incubation of destaining buffer (50% EtOH,
49% ddH2O, and 1% acetic acid) under gentle shaking [65]. The
absorbance was measured at 540 nm using the Infinite® M Plex plate
reader (TECAN).

Mouse lines
To generate mice lacking primary cilia in the distal tubules and collecting
ducts of the kidneys, Kif3afl mice [40] were crossed with Ksp:cre [66] mice on
a C57Bl/6 N background. The mice were housed according to standardized
specific pathogen-free conditions in the in vivo research facility of CECAD at
the University of Cologne. All matings and experiments were conducted in
accordance with European, national and institutional guidelines, as
approved by the State Office of North Rhine-Westphalia, Department of
Nature, Environment and Consumer Protection (8.87-50.10.31.08.049 and
84–02.04.2013.A152). For the preparation of the mice, the mice were
sacrificed by cervical dislocation, and kidneys were perfused with PBS
through the aorta. Tissue was processed by fixation in 4% formaldehyde and
embedding in paraffin as well as snap-frozen for further tissue analysis.

Immunohistology and TUNEL staining
For histological analysis, tissue was cut into 1-μm-thick sections and
deparaffinized by xylene treatment and rehydration in graded ethanol.
Sections were stained with 0.9% periodic acid (cat# 3257.1, Roth) and
Schiffsches Reagent (cat#1.09033, Merck) both for 10min embedded into
washing steps with H2O. Finally, to visualize nuclei in blue, the samples
were stained with Mayer’s Haematoxylin for 20 s. After dehydration of the
sections, they were embedded with Histomount (HS-103, National
Diagnostics). The DeadEnd™ Fluorometric TUNEL System (Promega) was
performed following the manufacturer’s instructions, with the exception
that the samples were mounted, with a pre-incubation of Hoechst
(ThermoFisher Scientific, 1:1000) as nuclear staining, with ProLong™
Diamond (ThermoFisher Scientific). The antibody signals were visualized
by using the Axio Observer as described above.

Immunoblotting
mIMCD3 cells were seeded in six-wells plates/dishes and treated with
DMSO, TNFα, CHX, Nec1s, or emricasan as described above for 16 h. For
whole-cell extracts for pMlkl analysis, cells were immediately lysed in 1×
Laemmli buffer. For protein lysates, cells were harvested in medium and,
after centrifugation, lysed in RIPA buffer (1% IgePAL, 150mM NaCl, 0.25%
Na-Deoxy, 50 mM Tris pH 7.5) supplemented with cOmplete™ Protease
Inhibitor Cocktail (Roche). For immunoblotting of kidney samples, 30 mg of
tissue were homogenized with a Wheaton Dounce tissue grinder in RIPA
buffer on ice. After 30min on ice, lysates were centrifuged at 14,000 rpm
for 30min at 4 °C. Protein concentration was measured from the
supernatants using Pierce BCA Protein Assay Kit (ThermoFisher Scientific)
according to the manufacturer’s instructions. Finally, samples were diluted
with 5x sample buffer. Proteins were separated by SDS–PAGE and
transferred to a PVDF-FL membrane (Millipore) and, after blocking with
Intercept blocking solution (Licor) and washing (1× PBS, 0.1% Tween-20),
stained with antibodies against phospho-Mlkl Ser345 (#37333, CST,
1:1000), Ripk1 (#610459, bd biosciences, 1:1000), Ripk3 (ADI-905–242,
Enzo, 1:1000), cleaved-caspase-3 Asp175 (#9661, CST, 1:1000), LC3
(#2775 S, CST, 1:1000), p62/Sqstm1 (GP62-C, Progen, 1:1000), total IκBa
(sc-371, Santa Cruz, 1:1000), pIκBa (#9246, CST, 1:1000), pNFκB (#3033, CST,
1:1000), Nphp1 (Homemade polyclonal rabbit, 1:1000), β-Tubulin (E7,
DSHB, 1:500) or pan-actin (#8456, CST, 1:1000) at 4 °C overnight.
Fluorescence-coupled secondary antibodies (anti-mouse IgG (H+ L) IRDye
680RD, cat# 926–68070; anti-rabbit IgG (H+ L) IRDye 680RD, cat#
926–68071; anti-mouse IgG (H+ L) IRDye 800CW, cat# 926–32210; anti-
rabbit IgG (H+ L) IRDye 800CW, cat# 926–32211; Licor) were incubated for
45min at RT. Finally, the membranes were scanned using Odyssey CLx
(Licor). Densitometry was performed by using ImageJ, normalized to the
housekeeping protein, and statistically analyzed with a two-tailed
Student’s t test; p < 0.05.

Mass spectrometry
For each of the four biological replicates per point, one 10 cm dish of
mIMCD3 cells of the indicated genotype was harvested and snap-frozen.

Pellets were resuspended in urea buffer (8 M Urea, 50 mM ammonium
bicarbonate) containing Halt protease-phosphatase-inhibitor cocktail
(Thermo Scientific). After clearing of the sample (16,000 × g, 1 h at 4 °C),
the lysates were reduced (10mM dithiothreitol, 1 h, at RT) and alkylated
(50mM chloroacetamide, 1 h, at RT). Samples were diluted to 2M urea and
subjected to tryptic digestion (enzyme:substrate ratio of 1:50). After
overnight incubation, a double-layered stage-tip clean-up (C18) was
performed. Samples were handed in for analysis into two separated
experiments: Nckc versus Ckc and Myo5a−/− versus Myo5a+/+ control
cells. Samples were analyzed at the CECAD proteomics facility on an
Orbitrap Exploris 480 (Thermo Scientific) mass spectrometer equipped with
a FAIMSpro differential ion mobility device coupled to an UltiMate 3000
(Thermo Scientific). LFQ values were calculated using the DIA-NN R-
package [67]. A Swissprot mouse canonical database (UP589, downloaded
18/06/20) was used for library building with settings matching acquisition
parameters and the match-between-runs function enabled. Here, samples
are directly used to refine the library for a second search of the sample
data. DIA-NN was run with the additional command-line prompts “—
report-lib-info” and “—relaxed-prot-inf”. Further output settings were:
filtered at 0.01 FDR, N-terminal methionine excision enabled, maximum
number of missed cleavages set to 1, min peptide length set to 7, max
peptide length set to 30, min precursor m/z set to 400, max precursor m/z
set to 1000, cysteine carbamidomethylation enabled as a fixed modifica-
tion. Afterward, DIA-NN output was further filtered on library q-value and
global q value <= 0.01 and at least two identified peptides per protein
using R (4.1.3). Student’s t-tests and Fisher exact tests were calculated in
Perseus (version 1.6.15.0) after the removal of decoys and potential
contaminants [68]. Data were filtered for at least four out of four values in
at least one condition. The remaining missing values were imputed with
random values from a normal distribution using Perseus defaults. The mass
spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE [69] partner repository with the data set
identifier PXD035290.

Quantitative real-time PCR
mIMCD3 cells were seeded in 12 well plates, treated with DMSO
(AppliChem), 4 ng/100 µl TNFα (aa80–235; R&D), 2 µg/100 µl cycloheximide
(C4859; Sigma) for 16 h and washed with PBS right before lysis in Tri-
Reagent (Sigma). For RNA isolation from kidney tissue, one-quarter of a
kidney was ground with BeadBeater (Roth) using a Precelly24 with
5000 rpm two times for 30 s in Tri-Reagent. RNA extraction was performed
with the Direct-zol RNA Miniprep kit (Zymo Research) following the
manufacturer’s instructions, including a DNase1 treatment step. Prior to
the reverse transcription by using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems), RNA concentration and sample
quality were assessed on a Nanodrop spectrophotometer (Peqlab). mRNA
was assessed by SYBR Green (ThermoFisher Scientific) qPCR using mHprt1
as endogenous control. Primers are listed in Supplementary Table S1. The
qPCR experiments were performed on a QuantStudio 12 K Flex Real-time
PCR System (ThermoFisher Scientific). For data analysis, all results were
normalized to the housekeeping gene Hphrt1 using the delta-delta CT
followed by a two-tailed Student’s t test (p < 0.05).

Quantification and statistical analysis
Data are expressed as mean ± standard deviation (SD). All experiments
were performed in at least three independent biological replicates. The
data were statistically analyzed with GraphPad Prism version 8.0.2.

DATA AVAILABILITY
The mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE [69] partner repository with the data set identifier
PXD035290. All additional data generated or analyzed during this study are included
in the article.
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Suppl. Fig. 1: Necroptosis in non-ciliated kidney cells upon TCE and IFNγ/Emricasan treatment 
 (A) Representative pictures of cells from (Fig. 1 D). (B) Live-cell imaging over the period of 24 h after 
prestimulation with 1000 U/ml IFNγ for 8 h, and treatment with IFNγ and 10 µM Em or DMSO as 
control. Dead cells were stained with DiYO-1. Images were captured every 2 h (Ckc n=3; Nckc n=4). 
 



 
 
Suppl. Fig. 2: Loss of ciliogenesis and necroptosis susceptibility in Myo5a-/- cells 
(A) Immunofluorescence of primary cilia in Myo5a+/+ and Myo5a-/- cells (ARL13B (magenta), acetylated 
tubulin (green) and nuclei marker DAPI (blue); scale bar 20 µm). Quantification of primary cilia (n=3; 
total count of 924 cells for control and 875 cells for Myo5a-/-). (B) Live-cell imaging of control and 
Myo5a-/- cells, over the period of 24 h, beginning with treatment induction of TNF, CHX (TC) and Em 
(TCE) or either DMSO as control. Cells were stained with the dead cell marker DiYO-1 (green). Images 
were captured every 2 h with a 20x objective (n=8).  
 



 
 
Suppl. Fig. 3: Loss of cilia does not inhibit NF-kB signaling 
(A,B) Immunoblot analysis of (A) Ckc vs Nckc (n=3); (B) control vs Myo5a-/- , stimulated with TNFα and 
CHX for 5 min or either DMSO as control, stained for total IκBα (~40 kDa),pIκBα (~40 kDa) and pNF-κB. 
As housekeeping control either pan-actin (~44 kDa) or beta-tubulin (~55 kDa) were used (n=3). (C,D) 
Quantitative real-time PCR of NF-kB/p50 and RelA/p65 in mIMCD3 cells: (C) Ckc vs Nckc (n=3); (D) 
Myo5a+/+ vs Myo5a-/- (n=3). Cells were treated with DMSO for 16 h. Statistical analysis was performed 
by using a one-way ANOVA followed by a two-sided Student’s t-test (p-Value: >0.001***; 0.002**; 
0.033*; ns=0.12). 
 



 
 
 
 



Suppl. Fig. 4: Proteomic analyses: separation of ciliated from non-ciliated cells 
(A, B) Principal component analysis (PCA) plots of the protein expression data of ciliated vs. unciliated 
mIMCD3 cells. Depicted are the first two principal components. The axes represent the percentages of 
variation explained by the principal components. (C,D) Clustered heatmap based on log(2) LFQ values 
of identified differentially expressed proteins of Nckc versus Ckc (C) and Myo5a-/- versus Myo5a+/+ cells 
(D), visualizing the differences among the groups of significantly upregulated (yellow) or 
downregulated (cyan) proteins. (E) Representative scatter plot of the combined data set visualizing 
only the significant regulated proteins for non-ciliated cells compared to ciliated cells. Depicted are the 
t-test differences of Nckc versus Ckc in protein expression on the x-axis and the t-test differences of 
Myo5a-/- versus Myo5a+/+ control in protein expression on the y-axis.  
 



 
 
Suppl. Fig. 5: Shared proteomic alterations of non-ciliated cells 
(A) GO and KEGG pathway enrichment based on a Fisher exact test of the proteins found to be 
regulated in the combined non-ciliated data set, separated for up-and down-regulation. Ordered by p-
values within the groups. (B, C) Representative volcano plots for Nckc (B) and Myo5a-/- (C), with the t-
test differences in protein expression of both non-ciliated cell lines and their respective controls, on 



the x-axis and the statistical significance (-log10 Student's t-test p-value) on the y-axis. Proteins 
associated with autophagy are highlighted in magenta.  
 



 
 
Suppl. Fig. 6:  Primary cilia in distal tubules of Kif3atko at postnatal day P4 
(A) Staining of primary cilia on paraffin-embedded kidney tissue revealed the presence of primary cilia 
in distal tubule in Kif3afl/fl:Ksp:cre+/- at postnatal day P4. Acetylated tubulin (magenta), LTL (proximal 
tubule marker; cyan), DBA (distal tubule marker; yellow) and nuclei (blue; scale bar 50 µm). 
 



 



Suppl. Fig. 7:  Original data: full-sized immunoblots 

Original western blots, only cropped to gel size (A) of Figure 1, (B) of Figure 2, (C) of Figure 3, and 

Supplementary Figure 2 (one blot was covered by foil due to exposure issues), (D) of Figure 4 (E) of 

Figure 5 and (F) of Figure 6.  
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3.2 Chapter 2 - Deletion of Ripk3 or GsdmD improves cystic kidney 

disease in Nek8jck mice 

Title:  Deletion of Ripk3 or GsdmD improves cystic kidney disease in Nek8jck mice 

Authors:  Emilia Kieckhöfer, Lena K Ebert, Gisela G Slaats, Thomas Benzing, Bernhard 

Schermer 

Status:  draft manuscript, submission planned by mid-2024 

 

Based on our finding that cilia negatively regulate necroptosis in kidney epithelial cells we 

investigated the role of RCD in the pathogenesis of cystic kidney disease in an in vivo 

ciliopathy model for NPH. The Nphp9/Nek8jck mouse model, which displays a point 

mutation in the Nphp9 (Nek8) gene, develops early-onset cystic kidney disease. This 

phenotype shows loss of epithelial cells, cyst development, inflammation, and fibrosis. 

Interestingly, the affected kidneys show an increased expression of the necroptosis 

marker RIPK3, similar to the kidney epithelial cells lacking cilia in Chapter 1. To investigate 

the role of necroptosis in the pathogenesis of cystic kidney disease in this model, we 

deleted Ripk3 in Nphp9/Nek8jck mice. Remarkably, the loss of Ripk3 in this model 

ameliorates the phenotype and function of the kidney. However, the local levels of 

inflammation and fibrosis in the kidney were only slightly reduced, and markers for other 

RCD pathways including pyroptosis were still prominently upregulated.  To investigate the 

role of pyroptosis, we bred Nphp9/Nek8jck with a mouse line deficient of GsdmD. These 

mice also showed an amelioration of kidney architecture and function. Single nucleus 

(sn)RNA-Seq analysis was performed on kidney samples from Nphp9/Nek8jck, as well as 

from mice additionally lacking either Ripk3 or GsdmD. This revealed several cell 

populations affected in Nphp9/Nek8jck that were positively affected by the lack of one of 

the RCD genes, hinting towards the mechanisms underlying RCD in NPH. In summary, this 

chapter points out the in vivo relevance of RCD for NPH and provides new insights into the 

mechanism of deregulated cell death in ciliopathies. Beyond this preliminary manuscript, 

ongoing experiments include the treatment of mice with inhibitors of RIPK3 and inhibitors 

of key players. In addition, we aim to confirm the findings of the snRNA-Seq analyses by 

independent methods. Therefore, we aim to submit a final manuscript by mid-2024. 
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Abstract 1 

Nephronophthisis (NPH) is an autosomal recessive cystic kidney disease caused by mutations in the 2 

NPHP genes. While the kidneys usually appear normal at birth, kidney disease develops during 3 

childhood and adolescence. NPH is triggered by mutations in the NPHP genes, which encode proteins 4 

located in the primary cilium or at the ciliary base. Therefore, NPH is classified as a ciliopathy. During 5 

the progression of NPH, there is a massive loss of renal tubular cells through a so far unknown 6 

mechanism. To elucidate this, we studied the juvenile cystic kidney (Nphp9/Nek8jck) mouse model in 7 

which we observed increased TUNEL activity and an elevated expression of the cell death markers 8 

RIPK3 and GSMD. Remarkably, knockout of either RIPK3 or GSDMD led to a significant improvement 9 

in the kidney phenotype and kidney function in Nphp9/Nek8jck mice, as well as less pronounced renal 10 

fibrosis. An in-depth analysis of these regulated cell death (RCD) pathways revealed a complex 11 

interrelationship. Specifically, knocking out either RIPK3 or GSDMD did not fully mitigate cell death or 12 

inflammation. Moreover, the knockout of one gene did not lead to a decrease in the expression levels 13 

of the other, indicating that these pathways are interconnected yet function independently to some 14 

extent. Moreover, single-nucleus RNA sequencing (snRNA-Seq) analyses revealed a complex picture: 15 

while many cell clusters were affected, the number of cells expressing markers of renal damage 16 

seemed to be particularly high in the cluster of the distal tubular cells in the Nphp9/Nek8jck mouse, and 17 

our analyses also show numerous other genes whose expression is normalized by the knockout of 18 

RIPK3 or GSDMD. In summary, our study highlights the importance of necroptosis and pyroptosis in 19 

vivo and provides numerous mechanistic insights into kidney damage in NPH and its dependence on 20 

cell death pathways. 21 



Introduction 22 

Nephronophthisis is a rare autosomal-recessive disorder that manifests in children and young adults 23 

and is the most common genetic cause of kidney failure in this age group (Srivastava et al., 2018). To 24 

date, over 20 genes responsible for NPHP have been identified, accounting for about 50% of cases 25 

(Wolf et al., 2023). Thus, the genetic cause remains unclear in a large number of patients. Clinically, 26 

mild symptoms initially present, including polydipsia, polyuria, anaemia, and secondary enuresis 27 

(Hildebrandt and Zhou, 2007). Kidney insufficiency develops, progressing to kidney failure over a few 28 

years. Histologically, the kidneys are characterized by the triad of tubular basement membrane 29 

disruption, tubulointerstitial fibrosis, and the development of corticomedullary cysts (Hildebrandt and 30 

Zhou, 2007). To date, there are no causal therapies, but research over the last few years has begun to 31 

outline promising approaches for potential therapeutic interventions (Benmerah et al., 2023).  32 

NPHP genes encode proteins that localize to primary cilia. Hence, NPH is classified as ciliopathy. Cilia 33 

are sensory organelles found in nearly all tissues. Tubular cells of the kidney bear them on their apical 34 

surface, from where the cilia extend into the tubular lumen and receive mechanical and chemical 35 

signals which they transmit into the epithelial cell. Recently, we demonstrated that primary cilia 36 

regulate the susceptibility of tubular epithelial cells to undergo necroptosis (Kieckhöfer et al., 2022). 37 

Notably, during the development of NPH, there is a massive loss of tubular epithelial cells in the 38 

kidneys, and early studies on NPH suggest regulated cell death in some models. However, the 39 

mechanistic and molecular details have remained unclear. Numerous fundamental studies on acute 40 

kidney injury (AKI) revealed the significant role of regulated cell death (RCD) in tubular epithelial cells 41 

and that the machinery for RCD pathways is present and activatable (Maremonti, Meyer and 42 

Linkermann, 2022). However, knowledge about the role of RCD in chronic kidney diseases and data 43 

from genetic preclinical CKD models are limited (Sanz et al., 2023).  44 

The signaling pathways of RCD demonstrate varying levels of inflammation due to the gradual release 45 

of DAMPs. While apoptosis is generally largely ignored by the immune system, the release of pro-46 

inflammatory DAMPs associated with necroptosis and pyroptosis leads to accompanying inflammation 47 

and more extensive tissue damage. Necroptosis acts in a specific cascade to disrupt the plasma 48 

membrane, including three key proteins: receptor interacting serine/threonine kinase 1 (RIPK1) (Holler 49 

et al., 2000), RIPK3 (Zhang et al., 2009) and mixed lineage kinase domain-like protein (MLKL) (Sun et 50 

al., 2012). The autophosphorylation of RIPK3 is essential to phosphorylate MLKL (Zhao et al., 2012; 51 

Chen et al., 2013) and this triggers the final execution of cell death. Interestingly it has been shown 52 

that, in animal models of induced acute kidney injury (AKI), either the knockout of Ripk3 (Linkermann 53 

et al., 2013; Newton et al., 2016) or the treatment with Nec-1, a RIPK1 inhibitor, led to an increase of 54 



survival rate (Martin-Sanchez et al., 2018). Pyroptosis plays a significant role in macrophages to defend 55 

the host against bacteria (Vande Walle and Lamkanfi, 2016), while its role in tubular epithelial cells and 56 

tubular necrosis is still debated (Linkermann et al., 2014; Belavgeni et al., 2020). Pyroptosis is described 57 

as lytic cell death by pore-forming gasdermins e.g. GSDMD(Broz and Dixit, 2016). The cleavage of 58 

GSDMD can either be mediated through the canonically inflammasome pathway, composed of caspase 59 

1 (Casp1), the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC) and a 60 

sensor protein like the nucleotide-binding oligomerization domain (NOD) -like receptors (NLRs)(Broz 61 

et al., 2012), or the cleavage of GSDMD is mediated by Casp11 and leads to the cleavage and release 62 

of the proinflammatory cytokines Interleukin-1 beta (IL-1β) and 18 (IL-18) (Sansonetti et al., 2000; 63 

Kayagaki et al., 2011). One study on cisplatin-induced AKI already demonstrated protection of Casp11 64 

and GSDMD knockout mice from AKI together with an upregulation of Casp11 in tubular epithelium 65 

and excretion of IL-18 (Miao et al., 2019). Furthermore, IL-1β activation was shown in tubular epithelial 66 

cells upon either NLR family pyrin domain containing 3 (NLRP3)-inflammasome activity or GSDMD 67 

cleavage through Casp11 (Lau et al., 2018; Zhang et al., 2018). In contrast, another study describes 68 

hypersensitivity of GSDMD-deficient mice to ischemia-reperfusion or Cisplatin induced injury (Tonnus 69 

et al., 2022). Taken together, while GSDMD and pyroptosis in involved in AKI, the exact role of tubular 70 

GSDMD remains unclear.  71 

When investigating the loss of epithelia cells in kidneys of jck mice, that displayed cystic kidney disease 72 

and impaired kidney function, we observed increased expression levels of both, RIPK3 and GSDMD. TO 73 

understand the contribution of RIPK3 and GSDMD to the pathogenesis of chronic kidney disease in this 74 

model, we bred Nphp9/Nek8jck mice with knockout of Ripk3 and GsdmD, respectively. Both resulted in 75 

an amelioration of the cysto-fibrotic kidney phenotype and of kidney function. To understand the 76 

mechanisms on the level of different cell populations, we performed snRNA-seq analyses and gained 77 

mechanistic insights into the role of RIPK3 and GSDMD in this model of chronic and cystic kidney 78 

disease. 79 



Methods 80 

Mouse holding and breeding 81 

To generate a CKD phenotype we used Nphp9/Nek8jck mice, carrying a point mutation in the Nek8 gene 82 

(Atala et al., 1993). To show the influence of cell death, these mice were crossed with either Ripk3-/- or 83 

GsdmD-/- mice, kindly provided by the SFB1403 of Cologne. The animals were housed according to 84 

standardized specific pathogen-free conditions in the in vivo research facility of CECAD at the 85 

University of Cologne. All matings and experiments were conducted following European, national and 86 

institutional guidelines, as approved by the State Office of North Rhine-Westphalia, Department of 87 

Nature, Environment and Consumer Protection (8.87-50.10.31.08.049 and 84-02.04.2013.A152). For 88 

the preparation, after anesthesia with ketamine (Zoetis) and xylazine (Bayer) the mice were sacrificed 89 

by cardiac perfusion with PBS. Kidney tissue was processed by fixation in 4% formaldehyde and 90 

embedded in paraffin as well as snap-frozen for further tissue analysis. The blood serum creatinine 91 

levels were measured by the Institute of Clinical Chemistry, University Hospital of Cologne, Germany. 92 

Immunochemistry and immunofluorescence staining 93 

In preparation for histological examination, tissue samples were sliced into 2-μm-thick sections, and 94 

deparaffinised. Periodic Acid-Schiff (PAS) staining, CD3, Slc12a3/LTL and TUNEL (Promega) staining 95 

were executed as before (Kieckhöfer et al., 2024). α-SMA/LTL was performed the same way, with only 96 

the secondary antibodies FITC-Lotus Tetragonolobus Lectin (LTL, FL-1321-2; Vector laboratories, 1:250) 97 

as well as Cy3-α- smooth muscle actin (α-SMA, C6198, Sigma Aldrich, 1:1000) were used.  98 

Cyst index 99 

The cyst index was computed as before described  (Bankhead et al., 2017), with the changed settings 100 

of a minimum circularity value of 0.09 for RIPK3 and 0.1 for GSDMD experimental and its control mice. 101 

For statistical analysis, all results were standardized relative to the control group, followed by a two-102 

tailed Student's t-test with a significance level set at p<0.05. 103 

Quantitative RT-PCR 104 

For quantitative RT-PCR a quarter of the kidney was processed as described before (Kieckhöfer et al., 105 

2022). Samples were prepared with SYBR Green (ThermoFisher Scientific) and primers (Supp. Tab.1) 106 

and run with the annealing temperature of 60°C. Results were standardized to the reference gene 107 

Hprt1 using the delta-delta CT method, followed by a two-tailed Student's t-test with a significance 108 

level of p<0.05. 109 

 110 



Single nuclear RNA-sequencing 111 

The main protocol is based on a previously described method (Wu et al., 2019). One-quarter of a kidney 112 

was shopped on dry ice and grinded in EZ lysis buffer containing 1x Protease inhibitor/ without EDTA 113 

(Cat#: 11697498001, Roche) and 0.1% RNase Inhibitor (40U/µl; Cat#: M0314L, NEB). The tissue was 114 

stroked prior to incubation on ice. The suspension was filtered through a 40 µm cell strainer and 115 

centrifuged by 500 x g for 5 min and 4°C. The pellet was carefully resuspended in inhibitor 116 

supplemented EZ lysis buffer, lysed for 5 min on ice and centrifuged by 500 x g, 5 min at 4°C. Final 117 

pellets were resuspended in nuclei suspension buffer. Finally, the samples were strained again (40 µm 118 

cell strainer) and handed in, to the facility. Libraries were generated using Chromium Next GEM Single 119 

Cell 3’ HT Reagent kits v3.1 (10x Genomics) aiming for a target of 10,000 cells/sample. Pooled libraries 120 

were sequenced on an Illumina NovaSeq 6000 sequencing instrument with 29+89 bp read length 121 

(CCG). A detailed description of data processing and analysis is provided in the supplementary 122 

materials.  123 

Immunoblotting 124 

A quarter of kidney tissue were mechanically homogenized using a Wheaton Dounce tissue grinder in 125 

inhibitor-supplemented RIPA buffer (50 mM Tris/HCL pH 7.5, 150 mM NaCl, 0.1 % NP-40, 0.5 % 126 

Na-Deoxycholat, 0.1 % SDS) supplemented with Benzonase® (70746-3 Millipore), cOmpleteTM 127 

(4693159001, Roche) and PhosSTOPTM (4906845001, Roche), on ice.  Samples were sonicated for 5 min 128 

30 sec on/off, followed by centrifugation at 14.000 rpm for 10 min at 4°C. Lysates were boiled for 10 129 

min and boiled with 5x Laemmli after determination of the protein concentration measurement. 130 

Proteins were transferred to a PVDF-FL membrane (Millipore), blocked with Roti®-Block (Roth) and 131 

probed with antibodies against RIPK3 (ADI-905-242, Enzo, 1:1000) and GSDMD (ab219800, Abcam, 132 

1:1000) overnight at 4°C. The housekeeping antibody GAPDH (5174, Cell Signaling, 1:2000) was 133 

incubated for 2 h at RT. Secondary antibodies were applied for 1 h at RT, with the following 134 

specifications: Li-COR Biosciences IRDye680 and IRDye800 at 1:10,000 dilution (rb680, 926-68071; 135 

mm800, 926-32210; rb800, 926-32211). Densitometric analysis was carried out using Image Studio 136 

(v5.2.5) and was normalized to the housekeeping protein. 137 

Cytokine Assay 138 

A quarter of kidney tissue was subjected to homogenization using a Wheaton Dounce tissue grinder 139 

and then incubated overnight at 4°C in a lysis buffer containing protease inhibitors (Breyne et al., 140 

2014). After incubation, the protein concentration was determined after collecting the supernatant 141 

(12.400 rpm, 1 h at 4°C) and further precipitation (12.400 rpm, 30 min at 4°C). The cytokine AimPlex™ 142 

premixed multiplex kit for mice (cat# T2C1020628; Biosciences Inc.) was performed accordance with 143 



the manufacturer's instructions. The assay was quantified using the S3eTM Cell Sorter (405/488/561 144 

nm, BioRad) with detection channels FL3 and FL4. The data were analysed utilizing FlowJo™ Software 145 

version 10.9 (BD Life Sciences). 146 

Quantification and statistical analysis 147 

Data are expressed as mean ± standard deviation (SD). All experiments were performed in at least 3 148 

independent biological replicates. Statistical analysis was performed as indicated in the figure legends. 149 

The data were statistically analyzed with GraphPad Prism version 9.5.1. 150 



Results 151 

Increased expression of Ripk3 and GsdmD in Nek8jck mice 152 

Nek8jck mice that carry a point mutation in the Nek8 (Nphp9) gene develop cystic kidney disease 153 

already at the age of 2 weeks. Kidney histology shows dilated tubules and positive TUNEL signals, 154 

indicating ongoing cell death and potential inflammation (Fig. 1 A). This phenotype is progressing and 155 

presents with a higher number and larger-sized cysts at 12 weeks (Fig. 1 B). The further 156 

characterisation of the Nek8jck/jck mouse revealed, that the formation of cysts mainly occurs in the distal 157 

tubules of the kidney (Fig. 1 C). We previously described that a defect in primary cilium influences RCD 158 

and more specifically necroptosis, which might explain the development of the present phenotype 159 

(Kieckhöfer et al., 2022). A FACS-based chemo- and cytokine assay of kidney tissue further revealed an 160 

increase of the interferon-gamma-induced protein 10 kD (IP-10/ Cxcl10), as well as of the interleukins 161 

6 (IL-6) and 33 (IL-33) in Nek8jck/jck (Fig. 1 D). This indicated local inflammation and could be caused by 162 

the release of DAMPs, chemo- and cytokines which in turn could be the consequence of RCD. Notably, 163 

both RIPK3 and GSDMD levels were increased at 12 weeks in the knockout as compared to control 164 

animals which could be confirmed on the protein level by immunoblotting (Fig. 1 E). Taken together, 165 

kidneys of Nek8jck/jck mice do not just show cyst development by proliferation of distal tubular epithelial 166 

cells, but additional inflammation and fibrosis, which might be linked to RCD, in particular necroptosis 167 

or pyroptosis.  168 

Deletion of Ripk3 or GsdmD ameliorates kidney histology and function in Nek8jck mice 169 

To investigate the pathophysiological relevance of necroptosis and pyroptosis in the progression of 170 

NPH, we generated Nek8jck mice lacking either Ripk3 or GsdmD. Interestingly, both additional 171 

knockouts in Nek8jck led to an amelioration of the kidney phenotype, indicated in a decreased cystic 172 

index used to quantify cyst formation, further indicated by smaller cysts and smaller kidneys at 12 173 

weeks of age (Fig. 2 A, B; Supp. Fig. 1 A). Importantly, the knockout of either Ripk3 or GsdmD positively 174 

affected kidney function of the Nek8jck kidney as measured by the level of urea in the blood serum as 175 

a retention marker (Fig. 2 C). Thereby, the loss of Ripk3 seems to show a slightly higher pronounced 176 

amelioration of kidney function and histology than the knockout of GsdmD. Heterozygous deletion of 177 

Ripk3 or GsdmD hadn’t any obvious effect on either Nek8jck/wt or Nek8jck/jck. Overall, the improvement 178 

of the phenotype through the additional knockout of Ripk3 and GsdmD indicate a role of RCD in the 179 

pathogenesis of the phenotype. 180 

Loss of Ripk3 or GsdmD affect renal fibrosis 181 

NPH and related renal ciliopathies are often accompanied by interstitial fibrosis as a common process 182 

of tissue repair response (Luo and Tao, 2018), triggered by e.g. necroptosis and pyroptosis (Hao et al., 183 



2023; Liu et al., 2023). α-Smooth muscle actin (α-SMA), is used as a common marker for a subset of 184 

activated fibrogenic cells, involved in inflammation, wound healing and fibrosis. Numerous α-SMA-185 

positive cells are found all over Nek8jck/jck kidneys (Fig. 2 D; Supp. Fig. 1 B) and is not limited to one 186 

specific cell type but widely expressed. In contrast, in kidneys lacking Ripk3 or GsdmD we found fewer 187 

SMA-positive cells. Additional transcriptional analysis of well-known fibrosis markers, such as CC-188 

chemokine ligand 2 (Ccl2), collagen type I alpha 1 chain (Col1a1), cellular communication network 189 

factor 2 (Ccn2/Ctgf), fibronectin (FN) and transforming growth factor beta 1 (TGF-β1), showed 190 

increased expression in the Nek8jck mice, but except from Ccl2 no significant reduction in the Ripk3 or 191 

GsdmD knockouts (Supp. Fig. 1 C). Thus, the Nek8jck/jck renal phenotype is accompanied by RCD 192 

influenced fibrosis. 193 

Loss of either Ripk3 or GsdmD does not result in the elimination of cell death 194 

Given the only partial amelioration of the cystic phenotype and kidney dysfunction in the Ripk3 and 195 

GsdmD knockout Nek8jck mice, we investigated the persistence of cell death in these models by TUNEL 196 

assays. RCD pathways are tightly interconnected, through which the removal of one important 197 

component of one pathway could also lead to a shift into another cell death pathway. We found in 198 

Nek8jck kidneys lacking Ripk3 or GsdmD still TUNEL positive cells, indicating active cell death in the 199 

tissue (Fig. 3 A, Supp. Fig. 1 B). We also observed an increased level of T-cells (CD3+) in the kidney 200 

almost indistinguishable between jck and the two knockout lines. The cross-activation of different cell 201 

death pathways could be further assessed by mRNA transcription analysis of multiple cell death 202 

markers (Supp. Fig.2 A) of which for example Casp8 transcription was significantly increased in 203 

Nek8jck/jck GsdmD-/- mice. This could indicate  a Casp8-activated inflammasome in absence of GSDMD-204 

dependent pyroptosis (Schneider et al., 2017). In the knockout of Ripk3-/-in Nek8jck/jck, the expression 205 

of GsdmD is not altered as compared to Nek8jck mice (Fig. 3 B). Similarly, in Nek8jck/jck GsdmD-/- mice, 206 

Ripk3 remains upregulated (Fig. 3 C). This upregulation of the respective other RCD key gene in the 207 

Nek8jck mice is also visible at the protein expression level (Fig. 3 D, E). Showing the strong 208 

interconnection of RCD pathways involved in the progression of the renal phenotype. 209 

snRNA-seq analyses of Nek8jckmice with and without deletion of Ripk3 or GsdmD 210 

To gain insights into the development of renal disease in Nek8jckmice as well as in the mechanisms of 211 

the amelioration by deletion of Ripk3 or GsdmD, we conducted single-nucleus RNA-sequencing 212 

(snRNA-seq) from kidney tissue of pooled control (Nek8jck/wt Ripk3+/- with Nek8jck/wt GsdmD+/-) versus 213 

pooled Nek8jck/jck (Nek8jck/jck Ripk3+/- with Nek8jck/jck GsdmD+/-) versus  Nek8jck/jck Ripk3-/-and Nek8jck/jck 214 

GsdmD-/- at the age of 12 weeks. To visualize and resolve different nuclear cell populations we used 215 

Uniform Manifold Approximation and Projection (UMAP) (Fig. 4 A, Supp. Fig. 3 A). We identified 21 216 

unsupervised clusters representing the major kidney cell types based on their transcriptional profiles 217 



(Supp. Fig. 3 B). The relative percentage of the nuclei populations of different cell types across 218 

genotypes revealed a reduction of proximal tubule cells in Nek8jck/jck compared to the control (Fig. 4 219 

B). The reduced relative abundance of proximal tubule cells is almost unaffected by the additional loss 220 

of Ripk3 or GsdmD. Interestingly, we observe in increase in immune cells consistent with our 221 

observations in histology (Fig. 3 A). Next, we performed a gene set enrichment analysis (GESA) on up- 222 

and downregulated genes in the proximal tubules between Nek8jck/jck and the control (Fig. 4 C). We 223 

identified an upregulation of genes related to cell proliferation in Nek8jck/jck appropriate to repair 224 

mechanism in the tubules. Among the differentially regulated genes was lipocalin 2 (Lcn2), which 225 

encodes for the established renal damage marker NGAL  (Fig. 4 D) (Martin-Sanchez et al., 2018). 226 

Moreover, we also saw the already described damaged marker clusterin (Clu) and secreted 227 

phosphoprotein 1 (SPP1) strongly regulated (Ming et al., 2018; Gao et al., 2022). Remarkably, these 228 

candidates were downregulated both upon the additional knockout of Ripk3 as well as GsdmD. This 229 

effect was stronger for Ripk3 and therefore indicating a stronger impact of necroptosis on 230 

cystogenesis. We then identified a gene set which follows a similar expression pattern (same direction 231 

of regulation in control, Nek8jck/jck Ripk3-/-
, and Nek8jck/jck GsdmD-/- and divergent regulation in Nek8jck/jck) 232 

and preformed GESA (Fig. 4 E). This showed an increase of activating transcription factor 6 (ATF6) 233 

mediated protein response in both of the RCD knockouts. ATF6 is already described to influence both 234 

necroptosis and pyroptosis (Simard et al., 2015; Huang et al., 2021). To investigate the differences 235 

between the knockout of Ripk3 or GsdmD, we selected genes showing regulation in the same direction 236 

in control and Nek8jck/jck Ripk3-/- and divergent regulation in Nek8jck/jck and Nek8jck/jck GsdmD-/- and genes 237 

showing regulation in the same direction in control and Nek8jck/jck GsdmD-/-and divergent regulation in 238 

Nek8jck/jck and Nek8jck/jck Ripk3-/- (Fig. 4 F). GESA of this gene set revealed differently affected 239 

biosynthetic processes.  240 

Discussion 241 

Nephronophthisis (NPH) is a rare renal disease without effective therapy, due to the lack of research 242 

in this field, and it progresses most times in ESRF. In patients, kidney function can be tested by 243 

measuring blood creatinine and the phenotype via ultrasound (Arts and Knoers, 2013). Up to the 244 

present, there are no mouse models available which completely mimic the human phenotype. The 245 

Nek8jck mouse, presented with a point mutation in the Nphp9 gene, develops a cystic fibrotic kidney 246 

phenotype at a rather early age and only in homozygous mice. Therefore, it closely resembles NPH in 247 

essential aspects, whereas the kidneys also bear resemblance to ADPKD, in particular with the 248 

proliferation and massive cyst formation. Interestingly, mutation in Nphp9 do not just lead to NPH 249 

(Otto et al., 2008), but heterozygous mutations have recently been shown to result in ADPKD in 250 

patients (Claus et al., 2023). Nphp9 encodes the never-in-mitosis A-related kinase (NEK8) which 251 

influences Hippo signalling, by stimulating nuclear translocation of YAP/TAZ, and thereby regulating 252 



the downstream activation of target genes (Habbig et al., 2012). Thereby, NEK8 is linked to the primary 253 

cilium, as mutations affect ciliary localization and therefore influences ciliary signalling (Otto et al., 254 

2008). Through this left-right symmetry defects could occur (Manning et al., 2013) as well as the 255 

expression of polycystin-1 and 2 (Sohara et al., 2008) and thus in a cystic renal phenotypes (Claus et 256 

al., 2023). This cyst formation is highly likely influenced by RCD. We recently showed that primary cilia 257 

modulate the RCD response in kidney epithelial cells, therefore RCD might be affected in Nek8jck/jck 258 

(Kieckhöfer et al., 2022; Kieckhöfer et al., 2024). Our in vivo data suggests that RCD and the 259 

inflammasome contribute to disease progression. Interestingly, cell death occurs already early on in 260 

the kidney of Nek8jck/jck and goes along with upregulation of RIPK3 and GSDMD. Notably, with the 261 

additional conventional knockout of either Ripk3 or GsdmD in Nek8jck, the histological phenotype was 262 

ameliorated as was the function of the kidney. This is similar to data from induced AKI mice, in which 263 

the knockout or the inhibition of the necroptotic or pyroptotic pathways resulted in an increased 264 

survival rate (Chen et al., 2020; Tonnus et al., 2022). Nonetheless, we could not generate a total rescue 265 

of the phenotype, showing the intrigue and tight interconnection between cell death pathways in a 266 

chronic kidney disease. Interestingly, we could show that in the majority cysts arise from the distal 267 

tubules, which is distinct from other ciliopathies (Braun and Hildebrandt, 2021). In addition, snRNA-268 

seq data, revealed the loss of proximal tubule epithelial cells and an increase of immune cells in 269 

Nek8jck/jck, referring to the increased levels of inflammation. However, although cysts derive form 270 

proliferating distal tubules, a higher abundance of distal tubule cells was not visible in the snRNA- Seq 271 

data. Interestingly, the increased expression of damage markers in the Nek8jck/jck was decreased in the 272 

additional knockout of Ripk3 and GsdmD, however to a greater extent in Ripk3, consistent with the 273 

functional data. Furthermore, we found gene enriched clusters equally expressed in Nek8jck/jck Ripk3-/- 274 

and Nek8jck/jck GsdmD-/-compared to the control, one of which was ATF6 mediated protein response. 275 

ATF6 is already described in the relation to RIPK3, in which the downregulation of RIPK3 improves 276 

positive effects in acute liver injury (Huang et al., 2021). Interestingly, a decrease of ATF6 support the 277 

activation of the NLRP3 inflammasome (Simard et al., 2015) . Indicating a potential role of both cell 278 

death pathways in the progression of the phenotype. Differentially expressed between Nek8jck/jck 279 

Ripk3-/- and Nek8jck/jck GsdmD-/- are macromolecular biosynthetic processes, which are important in the 280 

RCD pathway of pyroptosis (Tsuchiya, 2021). This difference may contribute to the milder amelioration 281 

compared to Nek8jck/jck Ripk3-/-. Overall, we were able to show that the triad of NPH (loss of epithelial 282 

cells, cyst formation and fibrosis) is to a certain extent caused by necroptosis and pyroptosis. Additional 283 

experiments need to address, whether RCD, and in particular necroptosis, might represent a potential 284 

target of future therapeutic strategies.  285 



JCK Manuscript Figure legends 286 

Figure 1. Cell death and RIPK3/GSDMD levels in cystic kidney disease of Nek8jck/jck mice 287 

(A) TUNEL staining of 2-week-old control (Nek8jck/wt) and Nek8jck/jck, as well as an overview PAS image 288 

of the whole kidney of these animals; Scale bar TUNEL: 250 µm, scale bar PAS: 500 µm.  289 

(B) PAS staining of 12-week-old control and Nek8jck/jck animal kidneys; Scale bar: 250 µm.  290 

(C) Histology of renal tubules of 12-weel-old control and Nek8jck/jck kidneys, stained for distal tubules 291 

(Slc12a3, magenta) and proximal tubules (LTL, green); Scale bar: 500 µm. 292 

(D) Chemo/cytokine profiling (AimPlex) of kidney tissue lysates of control and Nek8jck/jck. Statistically 293 

analysed with the uncorrected Fisher's LSD test (p-value: <0.001***; 0.002**; 0.033*; ns = 0.12) ± SD. 294 

(E) Immunoblot analysis of kidney samples against RIPK3 (~55 kDa) and GSDMD (~57 kDa). All samples 295 

were normalized to GAPDH (~39 kDa). Densitometry were measured and statistically analysed using a 296 

two-sided student’s T-test (p-value: <0.001***; 0.002**; 0.033*; ns = 0.12) ± SD (n=3). 297 

Figure 2. Loss of Ripk3 or GsdmD ameliorates kidney histology and function in Nek8jck/jck mice 298 

Characterization of kidney tissue of 12-week-old mice, analysed in sets with corresponding control. Set 299 

1: control (Nek8jck/wt Ripk3+/-; n=3), Nek8jck/jck (Nek8jck/jck Ripk3+/-; n=7) and Nek8jck/jck Ripk3-/- (n=7). Set 2: 300 

control (Nek8jck/wt GsdmD+/-; n=8), Nek8jck/jck (Nek8jck/jck GsdmD+/-; n=9), and Nek8jck/jck GsdmD-/- (n=6). 301 

Statistical analysis: uncorrected Fisher's LSD test (p-value: <0.001***; 0.002**; 0.033*; ns = 0.12) ± SD. 302 

(A) Pas staining of the whole kidney; Scale bar: 2 mm.  303 

(B) Cyst index described in a cyst-to-tissue area ratio normalised to the related control animals. 304 

(C) Functional recue of the kidney revealed by the blood serum urea level. 305 

(D) Representative images of the fibrosis marker α-Smooth muscle actin (α-SMA, magenta) expression, 306 

co-stained for proximal tubules (LTL, green) in 12-week-old mice: control; Scale bar: 100 µm. 307 

Equivalent controls for Nek8jck/jck GsdmD-/- are shown in supplementary figure 1. 308 

Figure 3. RIPK3 and GSDMD are elevated in the respective knockout of the other, and cell death 309 

persists 310 

(A) 12-week-old kidney tissue stained for TUNEL (scale bar: 100 µm) and CD3, positive events indicated 311 

with arrowhead (scale bar: 400 µm). Equivalent controls for Nek8jck/jck GsdmD-/- are shown in 312 

supplementary figure 1. 313 



(B) qPCR executed for the cell death markers RIPK3 and GSDMD in kidney samples of : control 314 

(Nek8jck/wt Ripk3+/-; n=3), Nek8jck/jck (Nek8jck/jck Ripk3+/-; n=4) and Nek8jck/jck Ripk3-/- (n=4) mice. Statistical 315 

analysis was performed using the Šídák's multiple comparisons test (p-value: <0.001***; 0.002**; 316 

0.033*; ns = 0.12) ± SD. 317 

(C) qPCR executed for the cell death markers RIPK3 and GSDMD in kidney samples of control (Nek8jck/wt 318 

GsdmD+/-; n=3), Nek8jck/jck (Nek8jck/jck GsdmD+/-; n=6), and Nek8jck/jck GsdmD-/- (n=6). Statistical analysis 319 

was performed using the Šídák's multiple comparisons test (p-value: <0.001***; 0.002**; 0.033*; 320 

ns = 0.12) ± SD. 321 

(D/E) Kidney samples of double knockout and corresponding controls were immunoblotted against 322 

RIPK3 (~55 kDa) and GSDMD (~57 kDa). All samples were normalized to GAPDH (-39 kDa). 323 

Densitometry were measured and statistically analysed using the Tukey test (p-value: <0.001***; 324 

0.002**; 0.033*; ns = 0.12). (D) control (Nek8jck/wt Ripk3+/-), Nek8jck/jck (Nek8jck/jck Ripk3+/-), Nek8jck/jck 325 

Ripk3-/-. (E) Control (Nek8jck/wt GsdmD+/-), Nek8jck/jck (Nek8jck/jck GsdmD+/-), Nek8jck/jck GsdmD-/-. 326 

Figure 4. snRNA-seq analysis revealed loss of proximal tubule cells and pathways underlying RCD in 327 

Nek8jck/jck. 328 

(A) Identification of major renal cell types in a Uniform Manifold Approximation and Projection (UMAP) 329 

visualization for the combined snRNA-seq data set (renal tissue of pooled control (Nek8jck/wt Ripk3+/-, 330 

Nek8jck/wt GsdmD+/-), pooled Nek8jck/jck (Nek8jck/jck Ripk3+/-, Nek8jck/wt GsdmD+/-), Nek8jck/jck Ripk3-/- and 331 

Nek8jck/jck GsdmD-/- samples). PT: proximal tubule, DCT: distal tubule, PO: podocyte, IM: immune cells, 332 

MX: mixed cells, Endo: endothelial cell, TAL: thick ascending limp of the loop of Henle, CNT: connecting 333 

tubule, ICA+ICB: intercalated cells type A and B, CC: cycling cells, FI: fibroblasts, PC: principal cells, 334 

DTL+ATL: descending and ascending thin limp of the loop of Henle. 335 

(B) Percentage of nuclei in each cell type determined by genotype.  336 

(C) Gene set enrichment analysis (GSEA) of upregulated and downregulated genes in Nek8jck/jck vs 337 

control nuclei populations of the PT.  338 

(D) Violin plots showing normalized expression levels of selected damage markers in the PT across 339 

genotypes.  340 

(E) GESA of genes exhibiting coordinate regulation in control, Nek8jck/jck Ripk3-/-
, and Nek8jck/jck GsdmD-/- 341 

and divergent regulation in Nek8jck/jck.  342 

(F) GESA of genes exhibiting coordinate regulation in control and Nek8jck/jck Ripk3-/- and divergent 343 

regulation in Nek8jck/jck and Nek8jck/jck GsdmD-/- or genes exhibiting coordinate regulation in control and 344 

Nek8jck/jck GsdmD-/- and divergent regulation in Nek8jck/jck and Nek8jck/jck Ripk3-/-. 345 



Supplementary Figure 1. Characterisation of Nek8jck/jck mice and role of RCD 346 

(A) Kidney to body weight ratio in 12-week-old animals Set1: control (Nek8jck/wt Ripk3+/-), Nek8jck/jck 347 

(Nek8jck/jck Ripk3+/-), Nek8jck/jck Ripk3-/-; set 2: control (Nek8jck/wt GsdmD+/-), Nek8jck/jck (Nek8jck/jck 348 

GsdmD+/-), Nek8jck/jck GsdmD-/-. Statistical analysis with the uncorrected Fisher's LSD test (p-value: 349 

<0.001***; 0.002**; 0.033*; ns = 0.12) ± SD. 350 

(B) Prober control images of Nek8jck/jck GsdmD+/- and respective control (Nek8jck/wt GsdmD+/-). 351 

α-SMA/LTL and TUNEL, scale bar: 100 µm; CD3, scale bar: 400 µm.  352 

(C) qPCR detection of fibrosis marker transcription in the kidney of Set 1 and Set 2 mice (minimum of 353 

n=3 mice for each group). Statistical analysis: Šídák's multiple comparisons test (p-value: <0.001***; 354 

0.002**; 0.033*; ns = 0.12) ± SD. 355 

Supplementary Figure 2. Transcription of key genes in RCD pathways in Nek8jck/jck 356 

(A) qPCR detection of cell death marker transcription in the kidney of Set 1 and Set 2 mice (minimum 357 

of n=3 mice for each group). Statistical analysis: Šídák's multiple comparisons test (p-value: <0.001***; 358 

0.002**; 0.033*; ns = 0.12) ± SD. 359 

Supplementary Figure 3. Additional data on snRNA-seq analysis regarding annotation  360 

(A) UMAP visualization of the snRNA-seq data set colored by the different genotypes: pooled control 361 

(Nek8jck/wt Ripk3+/-, Nek8jck/wt GsdmD+/-), pooled Nek8jck/jck (Nek8jck/jck Ripk3+/-, Nek8jck/wt GsdmD+/-), 362 

Nek8jck/jck Ripk3-/- and Nek8jck/jck GsdmD-/-. 363 

(B) Dot plot of the snRNA-seq dataset showing gene expression patterns of cluster markers. The 364 

diameter of the dot corresponds to the fraction of cells in each group and the density of the dot 365 

corresponds to mean expression in the group. 366 

Supplementary Figure 5. Full-sized immunoblots  367 

Original western blots only cropped to gel size (A) of Figure 1 and (B) of Figure 4. 368 



Supplementary Method 369 

Single nuclear RNA-sequencing 370 

The datasets were processed through the 10x Genomics pipeline CellRanger count (v7.0.0). The 371 

GRCm38m10 reference genome was used for aligment. Samples were pre-processed independently. 372 

Nuclei with greater than 4,000 and less than 200 features were removed from the samples. Only nuclei 373 

with less than 1% expression of mitochondrial genes were kept. After pre-processing, Scrublet (v.0.2.3) 374 

was used to identify and remove putative doublets in each dataset (Wolock, Lopez and Klein, 2019). 375 

The threshold was set to 0.2.  Dimension reduction and unsupervised clustering were performed using 376 

the standard pipeline in Scanpy (v.1.9.6) (Wolf, Angerer and Theis, 2018).  377 

Highly variable genes for downstream analysis by using the “scanpy.pp.highly_variable_genes” 378 

function using the individual libraries as batch key and the flavor “Seurat”. After scaling the data, 379 

principal component analysis was performed. Clusters were computed using “scanpy.pp.neighbors” 380 

with 29 components and “scanpy.pp.neighbors” with a resolution of 0.4. A dimensional reduction 381 

UMAP was performed with the “scanpy.tl.umap” function for visualization. 382 

Marker genes for the individual clusters were identified using “scanpy.tl.rank_genes_groups”. 383 

Published literature was used to annotate cluster identities based on the expression of known marker 384 

genes and the computed marker genes. For the analysis of cell type distribution, differentially 385 

expressed genes, and gene set enrichment analysis (GSEA) the clusters were grouped based on their 386 

major cell types. Differentially expressed genes were calculated using the 387 

“scanpy.tl.rank_genes_groups” function. GSEApy (v.1.1.2) with the “GO_Biological_Process_2023” 388 

library were used for GSEA (Fang, Liu and Peltz, 2023). 389 
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Our discovery of RCD as a significant factor in NPH raises the question of the role of RCD 

in additional NPH-related ciliopathies (NPH-RC). One important NPH-RC that often affects 

the kidney is the Bardet-Biedl Syndrome (BBS). BBS is described as an archetypical 

ciliopathy, with patients displaying almost all symptoms typically present in ciliopathies, 

such as retinopathy, polydactyl, cystic kidney disease or obesity. However, up to now, BBS 

mouse models are just rarely described to manifest in a kidney phenotype. Remarkably, 

we characterised a mouse deficient for Bbs8 and could show the development of late-

onset cystic kidney disease, displaying slow progressing cyst formation at 46 weeks of age. 

Due to the late-onset and the rather mild phenotype, we did not consider breeding with 

RCD knockout alleles as in Chapter 2. However, we observed inflammation and fibrosis 

similar to the Nphp9/Nek8jck model at earlier time points. In contrast, the inflammation in 

Bbs8-/- mice potentially occurs systemically and supports the symptoms caused by the 

ciliary defect, as the kidney phenotype is accompanied by significant obesity and non-

alcoholic fatty liver disease (NAFLD). Thus, we cannot exclude that systemic 

proinflammatory signalling influences RCD in the kidneys of these mice. Expression 

analysis in these kidneys revealed key genes of pyroptosis more strongly deregulated than 

those of necroptosis. Unbiased proteomic analyses of those kidneys revealed increased 

expression of histone deacetylase 2 (HDAC2) and a subsequent reduction of tubulin 

acetylation in the axoneme of the primary cilium, which could be confirmed in vitro in 



Results 

121 
 

C
h

a
p

te
r 

- 
3

   
 L

o
ss

 o
f 

B
B

S
8

 r
e

d
u

ce
s 

tu
b

u
li

n
 a

ce
ty

la
ti

o
n

 i
n

 p
ri

m
a

ry
 c

il
ia

 t
h

ro
u

g
h

 H
D

A
C

2
 a

n
d

 r
e

su
lt

s 
in

 c
y

st
ic

 k
id

n
e

y
 d

is
e

a
se

 i
n

 m
ic

e
 

C
h

a
p

te
r 

- 
3

   
L

o
ss

 o
f 

B
b

s8
 l

e
a

d
s 

to
 c

y
st

ic
 k

id
n

e
y

 d
is

e
a

se
 i

n
 m

ic
e

 a
n

d
 a

ff
e

ct
s 

tu
b

u
li

n
 a

ce
ty

la
ti

o
n

 t
h

ro
u

g
h

 H
D

A
C

2
 

MEFs derived from those mice. The lack of alpha-tubulin acetylation typically destabilizes 

primary cilia, which could explain the late cystic phenotype and might provide a link to 

understand deregulated RCD in this model.  
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Abstract 1 

Bardet-Biedl Syndrome (BBS) is a genetic disorder marked by considerable genetic and phenotypic 2 

diversity. BBS often presents as a combination of retinitis pigmentosa, obesity, polydactyly, and cystic 3 

kidney disease and is considered a model ciliopathy. The syndrome is caused by pathogenic variants in 4 

BBS genes, some of which encode components of a ciliary multi-protein complex, known as the 5 

BBSome, as well as a chaperonin-like complex, which is required for BBSome assembly. In this study, 6 

we describe the occurrence of kidney cysts in a BBS mouse model. Specifically, loss of BBS8 led to the 7 

development of cystic kidney disease by the end of the first year of life. In addition to transcriptional 8 

changes of key genes involved in regulated cell death and inflammation, proteomic approaches 9 

revealed increased expression and altered phosphorylation of histone deacetylase HDAC2 in knockout 10 

kidneys. Consistently, loss of Bbs8 resulted in a reduction of acetylated alpha-tubulin in primary cilia. 11 

This leads to diminished stability and altered dynamics of primary cilia, potentially contributing to the 12 

formation of cystic kidneys and other BBS manifestations previously described in Bbs8 deficient mice.  13 

Introduction 14 

The primary cilium is a specialized microtubule-based sensory organelle that extends from the surface 15 

of most mammalian cells (Pazour and Bloodgood, 2008). It consists of the axoneme, ensheathed by 16 

the ciliary membrane, the transition zone and the basal body, which anchors the cilium to the cell 17 

body. The transition zone, located between the basal body and the main ciliary shaft, is critical for 18 

protein trafficking to and from the ciliary compartment (Reiter, Blacque and Leroux, 2012; Garcia-19 

Gonzalo and Reiter, 2017). Stringent regulation of the protein composition is required for cilia to 20 

function as a hub for chemo- and mechano-transduction, as well as signaling (Reiter, Blacque and 21 

Leroux, 2012) and as such, primary cilia play a pivotal role in modulating various signaling pathways, 22 

e.g. Hedgehog, Wnt, and TGF-β signaling (Fan and Tessier-Lavigne, 1994; Munsterberg et al., 1995; 23 

Pourquié et al., 1996). Unlike any other organelle, cilia periodically disappear during the mitotic cell 24 

cycle: When cells re-enter mitosis, cilia are typically disassembled to subsequently release the basal 25 

body, a modified mother centriole, to serve as microtubule organizing centers at the spindle poles. 26 

Disassembly of cilia mechanistically involves the deacetylation and thus destabilization of microtubules 27 

among others (Pugacheva et al., 2007; Gopalakrishnan et al., 2023). It is well established that 28 

pathogenetic variants in proteins, which alter the structure or function of cilia, lead to a heterogeneous 29 

group of genetic diseases and syndromes referred to as ciliopathies (Hildebrandt, Benzing and 30 

Katsanis, 2011). Ciliopathies comprise a diverse group of genetic disorders with overlapping 31 

manifestations in different organs and tissues, such as the brain, eye, skeleton, liver, vasculature and 32 

kidney (Forsythe and Beales, 2013; Reiter and Leroux, 2017). Thereby, cystic and fibrotic kidney disease 33 

is a common occurrence among many ciliopathies, leading to the frequent classification of a significant 34 



subgroup, namely the renal ciliopathies (Hildebrandt and Zhou, 2007; McConnachie, Stow and Mallett, 35 

2021).  36 

The Bardet-Biedl-Syndrome (Bardet, 1995; Biedl, 1995; Laurence and Moon, 1995) is an archetypical 37 

autosomal-recessive ciliopathy characterized by obesity, retinopathy, polydactyly and kidney disease 38 

(Forsythe and Beales, 2013). This syndrome is caused by mutations in BBS genes leading to 39 

pathogenetic variants of BBS proteins. BBS proteins can be classified according to the particular protein 40 

complex they are part of. The so called BBSome complex (Nachury et al., 2007; Loktev et al., 2008) 41 

(BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, BBS18) is required for trafficking of  ciliary membrane 42 

proteins. The 2nd group of BBS proteins build the chaperonin-like complex (BBS6, BBS10 and BBS12), 43 

which catalyzes the assembly of the BBSome (Seo et al., 2010). The remaining BBS proteins have 44 

varying specific functions but are ultimately thought to influence ciliary trafficking.  45 

Studies on various Bbs mutant mice, including Bbs1M390R transgenic, Bbs2-/-, Bbs4-/-, Bbs5-/-, Bbs6-/-, 46 

Bbs8-/- and Bbs10-/-, revealed significant parallels to human disease. These mice exhibit a broad 47 

spectrum of vision impairment, obesity, male fertility impairment, and neurological deficits (Kulaga et 48 

al., 2004; Mykytyn et al., 2004; Nishimura et al., 2004; Fath et al., 2005; Davis et al., 2007; Rahmouni 49 

et al., 2008; Seo et al., 2009; Cognard et al., 2015; Bentley-Ford et al., 2021). For BBS10, total body 50 

knockout resulted in renal abnormalities primarily affecting glomeruli and podocytes without any cyst 51 

formation, while a tubular epithelial cell-specific knockout did not show any overt phenotype (Cognard 52 

et al., 2015). Cyst formation has been observed in Bbs2-/- and Bbs4-/- mice, but again primarily affecting 53 

glomeruli (Nishimura et al., 2004; Guo et al., 2011). Loss of Bbs8 has so far shown to cause the most 54 

severe retinal phenotype in mice (Tadenev et al., 2011; Dilan et al., 2018; Schneider et al., 2021), which 55 

is not only caused by ciliary defects of photoreceptor cells themselves but also due to ciliary defects in 56 

the adjacent retinal pigmental epithelial cells (RPE) (Kretschmer et al., 2019, 2023; Schneider et al., 57 

2021). The severity of Bbs8 loss is likely due to the fact that BBS8 is one of the key components of the 58 

BBSome. BBS8 (TTC8) is a tetratricopeptide repeat (TPR) protein with a critical role in planar cell 59 

polarity and laterality (May-Simera et al., 2010, 2015). Loss of Bbs8 leads to changes in the composition 60 

of the octameric BBSome complex, where BBS8 is a direct interactor of the scaffold protein BBS9 61 

(Zhang et al., 2012).  62 

Until now, research into BBS8's function has predominantly focused on embryonic development and 63 

ocular health, leaving its specific role in cilia maintenance within the kidney and in preserving kidney 64 

architecture and function largely unexplored. In this study, we report on tubular cystic and fibrotic 65 

kidney disease in adult mice deficient in Bbs8. We further provide evidence for cell death and 66 

inflammation in these kidneys. An unbiased proteomic analysis of kidney tissue revealed alterations in 67 

protein expression and phosphorylation, including increased levels of HDAC2, which we also found to 68 



co-precipitate with BBS8. Increased HDAC2 levels upon loss of Bbs8 also resulted in deacetylation of 69 

ciliary microtubules and impaired ciliary stability, which we suggest might be contributing to BBS 70 

pathomechanisms.  71 

Methods 72 

Mouse lines 73 

Bbs8-/- mice have been previously described (Tadenev et al., 2011). All animals were housed and 74 

handled, and animal studies conducted, in accordance with approved institutional animal care and use 75 

committee procedures. All experiments had ethical approval from the Landesuntersuchungsamt 76 

Rheinland-Pfalz and were performed in accordance with institutional guidelines for animal welfare, 77 

German animal protection law and the guidelines given by the ARVO Statement for the Use of Animals 78 

in Ophthalmic and Vision Research. Animal maintenance and handling were performed in line with the 79 

Federation for Laboratory Animal Science Associations (FELASA) recommendations. Animals were 80 

housed in a 12 h light/dark cycle with food and water available ad libitum. For the preparation, mice 81 

were weighted, followed by cervical dislocation; blood was collected prior to the perfusion of the 82 

kidney with PBS through the aorta. Further, other organs and fat tissue were taken and, as the kidney, 83 

processed by fixation in 4 % formaldehyde and embedded in paraffin as well as snap-frozen for further 84 

tissue analysis. The blood was incubated for 2 h at RT, followed by centrifugation. Serum creatinine 85 

levels were measured by the Institute of Clinical Chemistry, University Hospital of Cologne, Germany. 86 

Immunohistology 87 

For histological analysis, tissue was cut into 2-μm-thick sections and deparaffinized by xylene 88 

treatment and rehydration in graded ethanol. For PAS staining the sections were stained with 0,9 % 89 

periodic acid (cat# 3257.1, Roth) and Schiffsches Reagent (cat#1.09033, Merck) both for 10 min 90 

embedded into washing steps with H2O. Finally, to visualize nuclei in blue, the samples were stained 91 

with Mayer's Haematoxylin for 20 s. For the Masson staining the Masson-Goldner’s trichrome staining 92 

kit (cat#3459, Roth) was used and performed according to the manufacturer instructions. After 93 

dehydration of the sections, they were embedded with Histomount (HS-103, National Diagnostics).  94 

Isolation and Immortalization of mouse embryonic fibroblasts  95 

For the isolation of mouse embryonic fibroblasts (MEFs), timed matings were set-up with one male 96 

and two females of the desired genotype. At day 13, the pregnant mouse was anesthetized using 97 

isoflurane (Piramal Healthcare) followed by a cervical dislocation. The lower abdomen was opened by 98 

an abdominal incision to extract the two uterine horns. Embryos were isolated, transferred into a 24-99 

well plate filled with PBS, and the head and the red organs (heart and liver) were removed. The rest of 100 

the embryo was placed into a 12-well plate filled with 2 ml ice-cold 0.25 % Trypsin/PBS (diluted from 101 



2.5 % Trypsin, Gibco). The embryos were chopped into small pieces and incubated overnight at 4 °C. 102 

Then, the trypsin solution was discarded and the remaining Trypsin/tissue mixture was incubated for 103 

30 min in a 37 °C water bath. Afterwards of medium (composition: DMEM/Glutamax, 10 % FCS, 1 % 104 

sodium pyruvate (100x), 1 % Pen Strep), was added, and the cell suspension was pipetted vigorously 105 

up and down to break up the digested tissue into a single cell suspension. After 1 min to allow 106 

sedimentation of the remaining tissue, the cell suspension was transferred into a new tube. This step 107 

was repeated and afterwards, the cell suspension was filtered through a 100 μm cell-strainer (Corning). 108 

Cells were plated and after 24 h, the medium was changed. Immortalization of MEFs was performed 109 

as described previously (Todaro and Green, 1963). Briefly, cells are split every three days and seeded 110 

with the same cell density. From passage three onwards, cells were seeded on at least two 10 cm 111 

culture dishes. After around 15 passages, cells started to regrow. When MEFs were immortalized, 112 

frozen back-ups were made.  113 

Cell culture 114 

Human embryonic kidney 293T cells (HEK293T, ATCC®) as well as wildtype and Bbs8-/- mouse 115 

embryonic fibroblasts were cultivated at 37°C and 5% CO2. Thereby HEK293T cells were maintained in 116 

DMEM + GlutaMAX™ medium (Gibco™) supplemented with 10% fetal bovine serum (FBS, Gibco™) and 117 

MEFs in DMEM/F-12 + GlutaMAX™ medium (Gibco™) complemented with 10% FBS and 1% penicillin-118 

streptomycin. All cell lines were tested negative for mycoplasma (PCR Mycoplasma Test Kit I/C, 119 

PromoKine). To induce ciliogenesis, cells were grown in serum-free media for 24 h. HEK293T cell 120 

transfection was performed with 2x HEBS and 0.25 M CaCl2, thereby 5 µg (IP) or 6 µg (Interactome) of 121 

the F.hBBS8 pcDNA6 was used and as control, 5 µg (IP) or 6 µg (Interactome) F.EPS1-225 pcDNA6 as 122 

negative control protein.  123 

Co-Immunoprecipitation 124 

Co-immunoprecipitation (Co-IP) was performed as previously described (Habbig et al., 2011) using the 125 

IP Buffer (20 mM Tris, 1% (v/v) TritonX-100, 50 mM NaCl, 15 mM Na4P2O7, 50 mM NaF, pH 7.5) 126 

supplemented with inhibitors (44 μg/μl PMSF, 2 mM Na3VO4). Input samples were collected, and the 127 

remaining samples were incubated with anti-FLAG M2 Beads (A2220, Sigma-Aldrich) for 2 h. Samples 128 

were lysed in 2x Laemmli (beads) and 1x Laemmli (input). For proteomic analysis, the IP Buffer was 129 

supplemented with cOmplete™ Protease Inhibitor Cocktail (Roche). Samples were ultracentrifugated 130 

(45.000 rpm, 45 min, and 4°C) before being lysed with 80% SDS in PBS. Subsequently, samples were 131 

reduced with 10 mM dithiothreitol and alkylated 40 mM chloroacetamide. 132 

 133 

 134 



Immunofluorescence, Immunochemistry and TUNEL staining 135 

The kidney tissue staining of 4 µm (cilia staining) and 2 µm (other stainings) fixed sections were 136 

performed as previously described (Dafinger et al., 2021). The primary antibodies (NF-kB, #8242 Cell 137 

Signaling, 1:1000; CD3, MCA-1477 Biorad, 1:100; acetylated Tubulin, T6793 Sigma, 1:1000; Slc12a3, 138 

HPA028748, Sigma Aldrich, 1:500; ARL13B, 17711-1-AP ProteinTech, 1:500) were incubated overnight 139 

at 4°C, followed by incubation with secondary antibodies. For immunochemistry, the DBA kit (K3468 140 

DAKO, 30 min for NF-kB; SK-4105 Vector, 5 min for CD3) was used and samples counterstained with 141 

Hematoxylin. For immunofluorescence, fluorophore-coupled antibodies (Jackson ImmunoResearch, 142 

1:500: anti-mouse-Cy5, # 715-175-150; anti-rabbit A647, 711-605-152; anti-mouse-Cy3, 715-165-150; 143 

and FITC-Lotus Tetragonolobus Lectin (LTL), FL-1321-2; Vector laboratories, 1:500) were used for 1 h 144 

at RT, samples were mounted after a short incubation of Hoechst 33342 (ThermoFisher Scientific, 145 

1:5000) with ProLong™ Diamond (ThermoFisher Scientific). The DeadEnd™ Fluorometric TUNEL 146 

System (Promega) was performed following the manufacturer's instructions, with the exception that 147 

the samples were mounted, with a pre-incubation of Hoechst with ProLong™ Diamond. MEFs were 148 

cultured on glass coverslips until confluent. Cells were fixed with 4% PFA for 10 min and washed with 149 

1x PBS. Samples were quenched with 50 mM NH4Cl for 10 min, before permeabilisation with 0,3% PBS-150 

TritonX-100 for 20 min. Antibodies were diluted in Fish-Block (0.1 % (w/v) ovalbumin, 0.5 % (w/v) fish 151 

gelatine, in PBS), supplemented with 0,3% TritonX-100. The primary antibody (ARL13B 1:800; 152 

acetylated Tubulin, 1:800) were incubated overnight at 4°C followed by the secondary antibodies (anti-153 

rabbit 488, A11034 Invitrogen, 1:400; anti-mouse 555, A31570, Invitrogen, 1:400; DAPI, Roth, 1:400). 154 

Finally, coverslips were mounted with Fluoromount-G (ThermoFisher, 00-4958-02) and imaged with 155 

the Leica microscope CTR6000, with DM6000B Laser and DFC360FX camera. MEF cell images were 156 

deconvoluted with the Leica imaging software LASX. Cilia number and length were determined with 157 

the open-source Fiji software.  158 

Cyst index analysis 159 

The cyst index was calculated for whole slide images using open-source software for bioimage analysis 160 

QuPath (v0.4.0) (Bankhead et al., 2017). Cysts were detected using an Artificial Neural Network-based 161 

pixel classifier. Initially detected cysts were filtered for the minimal area of 400 µm² and a minimum 162 

circularity value of 0.35. Plots were generated using the Plots of Data web app (Postma and 163 

Goedhartid, 2019). For statistical analysis, all results were normalized to the control followed by a two-164 

tailed Student's t-test (p<0.05). 165 

 166 

 167 



Immunoblotting  168 

Confluent grown MEF cells were starved 24 h prior to harvest with 200 µl RIPA buffer (50 mM Tris HCl, 169 

150 mM NaCl, 1% (v/v) NP-4O, 0.5% (w/v) Sodium deoxycholate, 0.1% (w/v) SDS), supplemented with 170 

1% Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific™) (Brücker et al., 2023). Cells 171 

were lysed on ice and sonicated for 2 s. Protein concentration of lysates was determined and 70 µg 172 

protein was loaded onto a 10% SDS-PAGE and subsequently transferred to a PVDF-FL membrane 173 

(Millipore). Membranes were incubated overnight at 4°C in primary antibodies (Flag, F7425, Sigma-174 

Aldrich, 1:1000; HDAC2, ab32117 Abcam, 1:1000; acetylated Tubulin, T6793 Sigma, 1:1000; Calnexin, 175 

10427-2 AP ProteinTech, 1:1000). Secondary antibodies were incubated for 1 h at RT (Li-COR 176 

Biosciences IRDye680 and IRDye800 1:10.000: rb680, 925-68073; mm680, 925-68072; rb800, 925-177 

32213). Signals were visualized using the Odyssey Infrared Imaging System 2800 (Li-COR). 178 

Phospho- and proteome analysis 179 

For each biological replicate a quarter of kidney tissue was used and dounced with a Wheaton Dounce 180 

tissue grinder in urea buffer (8 M Urea, 50 mM ammonium bicarbonate) supplemented with Halt 181 

protease-phosphatase-inhibitor cocktail (Thermo Scientific™). After clearing of the sample (16.000 xg, 182 

1 h at 4°C), the lysates were reduced (10 mM dithiothreitol), alkylated (50 mM chloroacetamide) and 183 

digested (LysC; 1:75). Samples (800 µg) were diluted to 2 M urea and subjected to tryptic digestion 184 

(1:50). After overnight incubation, phosphoenrichment was performed in the CECAD proteomics 185 

facility using the Thermo Scientific™ Kit High Select TiO2 Kit (#A32993). All samples were analyzed as 186 

well by the CECAD proteomics facility on a Q Exactive Plus Orbitrap mass spectrometer that was 187 

coupled to an EASY nLC (both Thermo Scientific™). Peptides were loaded with solvent A (0.1% formic 188 

acid in water) onto an in-house packed analytical column (50 cm, 75 µm inner diameter, filled with 2.7 189 

µm Poroshell EC120 C18, Agilent). Peptides were chromatographically separated at a constant flow 190 

rate of 250 nL/min using the following gradient: 3-5% solvent B (0.1% formic acid in 80 % acetonitrile) 191 

within 1.0 min, 5-30% solvent B within 121.0 min, 30-40% solvent B within 19.0 min, 40-95% solvent B 192 

within 1.0 min, followed by washing and column equilibration. The mass spectrometer was operated 193 

in data-dependent acquisition mode. The MS1 survey scan was acquired from 300-1750 m/z at a 194 

resolution of 70,000. The top 10 most abundant peptides were isolated within a 1.8 Th window and 195 

subjected to HCD fragmentation at a normalized collision energy of 27%. The AGC target was set to 196 

5e5 charges, allowing a maximum injection time of 55 ms. Product ions were detected in the Orbitrap 197 

at a resolution of 17,500. Precursors were dynamically excluded for 25.0 s. All mass spectrometric raw 198 

data were processed with MaxQuant (Tyanova, Temu and Cox, 2016) (version 2.2.0.0) using default 199 

parameters against the UniProt canonical murine database (UP10090, downloaded 20.01.2023) with 200 

the match-between-runs option enabled between replicates. Samples were sorted into two parameter 201 



groups, either containing the enriched or non-enriched samples. Enriched samples had the 202 

phosphorylation (STY) variable modification added, whereas non-enriched samples were quantified by 203 

LFQ. A follow-up analysis was done in Perseus 1.6.15 (Tyanova et al., 2016). Results were cleaned up 204 

by removing hits from the decoy database, the contaminant list and, in case of non-enriched fractions, 205 

those only identified by modified peptides were removed. Afterwards, results were filtered for data 206 

completeness in at least one condition and LFQ values (WP) or intensities (PP), imputed using sigma 207 

downshift with standard settings. Finally, FDR-controlled two-sided t-tests between sample groups 208 

were performed (S0=0, FDR≤0.05) as well as a 1D enrichment using Perseus (version 1.6.15.0).  209 

Interactome 210 

Samples were analyzed by the CECAD Proteomics Facility on an Orbitrap Exploris 480 (Thermo 211 

Scientific, granted by the German Research Foundation under INST 1856/71-1 FUGG) mass 212 

spectrometer equipped with a FAIMSpro differential ion mobility device that was coupled to an 213 

Vanquish neo in trap-and-elute setup (Thermo Scientific). Samples were loaded onto a precolumn 214 

(Acclaim 5μm PepMap 300 μ Cartridge) with a flow of 60 μl/min before reverse-flushed onto an in-215 

house packed analytical column (30 cm length, 75 μm inner diameter, filled with 2.7 μm Poroshell 216 

EC120 C18, Agilent). Peptides were chromatographically separated with an initial flow rate of 400 217 

nL/min and the following gradient: initial 2% B (0.1% formic acid in 80 % acetonitrile), up to 6 % in 3 218 

min. Then, flow was reduced to 300 nl/min and B increased to 20% B in 26 min, up to 35% B within 15 219 

min and up to 98% solvent B within 1.0 min while again increasing the flow to 400 nl/min, followed by 220 

column wash with 98% solvent B and re-equilibration to initial condition. The FAIMS pro was operated 221 

at -50V compensation voltage and electrode temperatures of 99.5 °C for the inner and 85 °C for the 222 

outer electrode. The mass spectrometer was operated in data-dependent acquisition top 24 mode 223 

with MS1 scans acquired from 350 m/z to 1400 m/z at 60k resolution and an AGC target of 300%. MS2 224 

scans were acquired at 15 k resolution with a maximum injection time of 22 ms and an AGC target of 225 

300% in a 1.4 Th window and a fixed first mass of 110 m/z. All MS1 scans were stored as profile, all 226 

MS2 scans as centroid. All mass spectrometric raw data were processed with Maxquant (version 2.4) 227 

(Tyanova, Temu and Cox, 2016) using default parameters against the Uniprot HUMAN canonical 228 

database (UP5640) with the match-between-runs option enabled between replicates. Follow-up 229 

analysis was done in Perseus 1.6.15 (Tyanova et al., 2016). Protein groups were filtered for potential 230 

contaminants and insecure identifications. Remaining IDs were filtered for data completeness in at 231 

least one group and missing values imputed by sigma downshift (0.3 σ width, 1.8 σ downshift). 232 

Afterwards, FDR-controlled two-sided t-tests were performed (S0=0, FDR≤0.05). 233 

 234 

 235 



Quantitative real-time PCR 236 

RNA isolation from kidney tissue, one-quarter of a kidney was ground with BeadBeater (Roth) using a 237 

Precelly24 with 5.000 rpm two times for 30 s in Tri-Reagent. RNA extraction was performed with the 238 

Direct-zol RNA Miniprep kit (Zymo Research) following the manufacturer's instructions, including a 239 

DNase1 treatment step. Before the reverse transcription using the High-Capacity cDNA Reverse 240 

Transcription kit (Applied Biosystems, 4368814), RNA concentration and sample quality were assessed 241 

on a Nanodrop spectrophotometer (Peqlab). mRNA was assessed by SYBR Green (Thermo Scientific™, 242 

4309155) qPCR using mHprt1 as endogenous control. Primers are listed in the supplementary table S1. 243 

The qPCR experiments were performed on a QuantStudio 12K Flex Real-time PCR System 244 

(ThermoFisher Scientific). For data analysis, all results were normalized to the housekeeping gene 245 

Hprt1 using the delta-delta CT followed by a two-tailed Student's t-test (p<0.05).  246 

IL-6 Elisa 247 

Mouse IL-6 Uncoated ELISA kit (cat# 88-7064; Invitrogen) was used to measure Interleukin-6 248 

concentrations of mouse tissue lysates. If not stated otherwise, the ELISA plate was prepared, and the 249 

assay was conducted after manufacturer’s instructions. For all washing steps 1x PBS supplemented 250 

with 0.05% Tween™20 was used. To lyse tissue, approx. 10 mg of snap-frozen tissue was cut into small 251 

pieces on dry ice before adding 200 µl of lysis buffer (200 mM NaCl, 10 mM Tris-HCl pH=7.4, 5 mM 252 

EDTA, 1% NP-40, 1% Halt Protease-Phosphatase inhibitor (Thermo Scientific™). Tissue was 253 

homogenized using a Disruptor Genie Digital (Scientific Industries; SI-DD38). Therefore, the tubes were 254 

filled halfway with pre-chilled glass beads and the samples were homogenized with eight 1 min runs 255 

at 2.640 rpm, placing the samples on ice in between runs. Kidney tissue was additionally homogenized 256 

using a pellet pestle, before all lysates were incubated for further 30 min on ice. Samples were spun 257 

down at 21.130 x g and 4°C for 10 min, the supernatant was transferred into a fresh reaction tube and 258 

protein concentration was determined via BCA assay. Following amounts of protein were loaded in 259 

triplicates and incubated overnight at 4°C: Kidney 300 µg; Liver 300 µg; Fat 125 µg. Sulphuric acid (2 N) 260 

was used to stop the colorimetric reaction of Avidin-HRP, before measuring the absorbance at 450 nm 261 

and 570 nm, for wavelength subtraction, using the TECAN Spark microplate reader (TECAN).  262 

Quantification and statistical analysis 263 

Data are expressed as mean ± standard deviation (SD). All experiments were performed in at least 3 264 

independent biological replicates. The data were statistically analysed with GraphPad Prism version 265 

9.5.1 unless otherwise mentioned. 266 

 267 

 268 



Results  269 

Cystic kidney disease in Bbs8 knockout mice  270 

To investigate the function of BBS8 in the kidney, we analyzed kidneys of a conventional Bbs8 knockout 271 

mouse line (Tadenev et al., 2011). Kidney tissue did not show any obvious phenotypic alterations by 272 

24 weeks, so we continued monitoring the mice until 46 weeks of age. At this age Bbs8-/- animals 273 

displayed significant obesity, with a body weight approximately 30% higher than in control (Fig.1 A, B), 274 

a common BBS phenotype. Remarkably, loss of Bbs8 significantly affected the kidneys at this age, as 275 

indicated by the small increase in kidney weight (Fig.1 C), as well as slightly elevated although not 276 

significantly altered blood urea levels (Fig.1 D). PAS staining of kidney tissue revealed cyst formation 277 

and dilated tubules (Fig.1 E/F) and, remarkably, the cystic index used to quantify cyst formation was 278 

6-fold higher in Bbs8-/- as compared to control mice (Fig.1 G). Further analysis revealed that the size of 279 

individual cysts detected in Bbs8-/- was similar to dilated tubules and cysts from age-related dilated 280 

tubules of control animals (Supp. Fig.1), however the number of these cysts was significantly 281 

increased. Staining for proximal and distal tubules in the kidney revealed that the majority of cysts 282 

originated from distal tubules, as they were positive for Slc12a3 (Fig.1 H). Interestingly, in keeping with 283 

the theory that BBS proteins are typically not essential for ciliogenesis per se, but rather for the 284 

sustained maintenance of cilia, epithelial cells of kidney tubules in Bbs8-/- mice exhibited primary cilia 285 

on their apical surface, even within dilated or cystic areas (Supp. Fig.3). Taken together, Bbs8 knockout 286 

mice, in addition to obesity, fatty liver disease, retinal degeneration, and occasional polydactyly, 287 

exhibit cystic kidney disease by 46 weeks of age, where cyst formation predominantly originates from 288 

the distal tubular segments.  289 

Cell death and fibrosis in cystic kidneys of Bbs8 knockout mice 290 

Bbs8-/- kidneys showed a significant increase in fibrosis, as visualized by Masson's trichrome staining, 291 

which indicated an accumulation of connective tissue and collagen (Fig.2 A; blue color). Further, this 292 

staining also showed clusters of inflammatory cells, as seen by aggregation of nuclei (Fig.2 A; dark red). 293 

Increased TUNEL positive cells indicated increased cell death in Bbs8-/- kidneys, while elevated γH2AX 294 

levels pointed to DNA damage and genomic instability. Additionally, we observed an accumulation of 295 

T-cells (CD3+), as well as an increased nuclear translocation of the NF-кB protein RelA/p65, in particular 296 

in inflammation-rich areas, in Bbs8-/- kidney tissue (Fig.2 B). mRNA expression analysis revealed an 297 

increase of NF-кB p50 and p65 transcription (Fig.2 C). Although mRNA expression level of the 298 

necroptosis key kinase Ripk3 was not significantly altered, we detected a significant increase of the 299 

pyroptosis markers Nlrp3 and GsdmD. To gain more information on modulators of the ongoing fibrotic 300 

change, we also examined interleukin-6 (IL-6) expression with an ELISA assay and found it significantly 301 

upregulated specifically in kidney lysates, with only a non-significant increase in fat or liver tissue (Fig.2 302 



D). Thus, the loss of Bbs8, in addition to cyst formation and dilated tubules, leads to an increased rate 303 

of cell death in the kidney, elevated expression of genes related to pyroptosis and the inflammasome, 304 

as well as to renal fibrosis and inflammation.  305 

Proteomic analyses of Bbs8-deficient kidneys 306 

To gain insights into the mechanisms behind the kidney pathology, we performed unbiased proteomic 307 

expression analysis of the whole proteome (WP); (Fig.3 A) and a phospho-proteome (PP) (Fig.3 B) of 308 

lysates from both Bbs8-/- and control kidneys. The principal component analysis clearly separated the 309 

two genotypes in both datasets (Supp. Fig.3 A). After quality control (QC), we found 2926 proteins in 310 

the WP (Fig.3 A). Based on the student’s T-test (S0=0; FDR≤0.05), only 10 proteins were significantly 311 

up- and 16 significantly downregulated in Bbs8-/-. Analysis of the phospho-proteome identified 6223 312 

phosphosites after QC, within a total of 2188 individual proteins (Fig.3 B). From these phosphosites, 313 

151 were significantly up- and 1041 significantly down-regulated. GO-term analysis of the significantly 314 

regulated PP proteins revealed an enrichment of biological processes related to protein kinase 315 

signaling. In general this analysis represents the kidney phenotype of inflammation, ECM remodelling, 316 

and cell death (Fig.3 C). Furthermore, consistent with the presence of inflammation (Fig.2 D/E), KEGG 317 

pathway analysis of the same protein set indicated enrichment of pathways related to a type II 318 

inflammatory phenotype (Th1,2,17 cell differentiation), as well as toll-like receptor signaling (Fig.3 D). 319 

Among the differentially expressed proteins within the WP, some were specifically related to 320 

cystogenesis and disease progression: here, dynein cytoplasmic 2 heavy chain 1 (DYNC2H1) and 321 

dystrobrevin binding protein 1 (DTNBP1) were found to be downregulated in the knockout. Genetic 322 

variants in DYNC2H1 are causative for skeletal and retinal ciliopathies, whereas mutations in DTNBP1 323 

causes late-onset cystic kidney disease in mice (Monis, Faundez and Pazour, 2017). Over expressed 324 

proteins include retinol binding protein 4 (RBP4), uromodulin (UMOD), nucleoporin 98 (NUP98), and 325 

histone deacetylase 2 (HDAC2), each of which has a direct association to kidney diseases or ciliary 326 

biology (Supp. Fig.4 B) (Zaucke et al., 2010; Kobayashi et al., 2017; Endicott and Brueckner, 2018; Xun 327 

et al., 2018). To explore the impact of phosphorylation alterations in Bbs8-/-, we identified candidates 328 

that were significantly regulated in both the WP and PP, exhibiting a minimum fold change of 1.5 and 329 

showing counter-regulation. These candidates are presented in a hierarchical clustered heat map 330 

(Fig.3 E). Remarkably, this included differences in HDAC2 serine (Ser) residues: Ser424 and Ser422/424. 331 

Phosphorylation of pSer394 and pSer422, as well as the double phosphorylation of pSer422/424 332 

occurred predominantly in the wild type kidney, however in Bbs8 knockout kidneys we only detected 333 

the peptide phosphorylated at pSer424 (Supp. Fig.3 C). Since this protein has been described to 334 

suppress ciliogenesis in cancer cells via AuroraA (Kobayashi et al., 2017), HDAC2 is an interesting 335 

candidate, which could contribute to the pathogenesis of BBS. It has been suggested previously that 336 

BBS proteins protect against HDAC6-mediated ciliary disassembly and loss of Bbs8 results in increased 337 



HDAC6 (Patnaik et al., 2019). In Bbs8-/- kidneys, the histone deacetylases HDAC6 and HDAC1 were 338 

detected in the WP but, in contrast to HDAC2, not significantly altered. Therefore, we concluded that 339 

HDAC2 could indicate a direct mechanistic link between BBS8 and ciliary tubulin deacetylation, as well 340 

as ciliary destabilization. 341 

BBS8 co-precipitates with HDAC2 342 

In light of the significant changes in HDAC2 expression and phosphorylation, we sought to identity a 343 

direct link between HDAC2 and BBS8. Therefore, we employed two different approaches to investigate 344 

whether HDAC2 and BBS8 are part of a common protein complex. First, we expressed exogenous 345 

human FLAG-tagged BBS8 in HEK293T cells and we were able to co-precipitate endogenous HDAC2 as 346 

detected via immunoblotting (Fig.4 A). Subsequently, we conducted a similar experiment but analysed 347 

the co-precipitated proteins using MS/MS. The principal component analysis clearly separated the 348 

F.hBBS8 pulldown from the control (Supp. Fig.4 A, Supp. Tab. 2). We identified 1146 proteins of which 349 

981 were potential significant BBS8 interactors (Fig.4 B). Among those were not only many known 350 

members of the BBSome (BBS1, BBS2, BBS4, BBS5, BBS7, BBS9) and the chaperonin complex (CCT6A, 351 

CCT5, CCT3, CCT2, TCP1, CTT8, CCT4 and CCT7), but also HDAC2. Additional protein groups shown to 352 

interact with BBS8 are heat shock binding proteins and proteins related to the Wnt signaling pathway 353 

(Supp. Fig.4 B). To investigate this further we compared the list of putative interactors with the 354 

published CiliaCarta proteins (Van Dam et al., 2019) (Fig.4 C) and found a total of 67 ciliary proteins 355 

co-precipitating with BBS8. Comparing the potential BBS8 interactors with significantly differential 356 

expressed targets of the WP results in only four candidates, HDAC2 and 3 additional proteins (AGO2, 357 

NUP98 and MTHFD1; Supp. Fig.4 C).  358 

Increased levels of HDAC2 in Bbs8 deficient cells affects ciliary tubulin acetylation  359 

We could confirm an increased expression of HDAC2 in lysates from mouse embryonic fibroblasts 360 

(MEFs) generated from Bbs8-/- and matched control mice by immunoblotting (Fig.4 D). This suggests 361 

that enhanced HDAC2 expression in Bbs8-/- mice might not be restricted to the kidney, but represents 362 

a mechanism relevant in other tissues as well. In parallel to immunoblotting, we performed qPCRs, 363 

which revealed an upregulation of Hdac2 mRNA in these cells, indicating that enhanced transcription 364 

contributes to the increased levels of HDAC2 expression (Fig.4 E). Since MEFs typically exhibit high 365 

levels of ciliation and HDAC2 might be similar to HDAC6 in terms of affecting ciliary disassembly, we 366 

analyzed the number and length of cilia in Bbs8-/- and control MEFs. Quantification of cilia number and 367 

length via ARL13B staining revealed no significant difference in serum starved MEFs (Fig.4 F), similar 368 

to our findings in the kidney of Bbs8-/- mice. Since HDAC2, similar to HDAC6, might negatively regulate 369 

acetylation of alpha tubulin within the ciliary axoneme, we co-stained the ciliary membrane marker 370 

ARL13B with acetylated tubulin. Quantification revealed that a significant number of cilia in the Bbs8-/- 371 



cells visualized by ARL13B staining did not exhibit labelling for acetylated tubulin (Fig.4 G). Strikingly, 372 

we could confirm this reduced acetylation of ciliary tubulin in the kidney tissue of Bbs8-/- mice (Fig.4 373 

H). In summary, the finding of high HDAC2 levels and reduced acetylation in cilia of both, Bbs8-/- kidney 374 

epithelial cells in vivo and in Bbs8-/- MEFs, aligns perfectly with the previously described positive effect 375 

of HDAC inhibition in ADPKD zebrafish and mouse models (Cao et al., 2009), suggesting a potentially 376 

relevant therapeutic option.  377 

Discussion 378 

In this work, we describe the occurrence of a tubular cystic kidney disease in a mouse model with a 379 

knockout of a Bbs gene. Notably, these animals have long been known to exhibit symptoms such as 380 

obesity, polydactyly and blindness. The ocular phenotype of Bbs8-/- mice has been studied in great 381 

detail, however the renal phenotype has not been previously examined. Here, we describe a relatively 382 

late-occurring cystic fibrotic kidney disease in homozygous mouse knockouts, accurately reflecting the 383 

patient renal manifestation. The kidney phenotype in BBS patients is variable with kidneys showing 384 

parenchymal cysts, medullary and most often corticomedullary cysts, but also renal fibrosis, unilateral 385 

agenesis or dysplastic kidneys (Beales et al., 1999; Putoux et al., 2012; Elawad et al., 2022). However, 386 

these phenotypes are highly variable among families and could be caused by the type of mutations 387 

(Putoux et al., 2012). In general,  kidney disease in BBS patients is diagnosed in approximately 25% of 388 

cases, through the fact that many patients do not undergo any specific kidney examination and thereby 389 

kidney disease might not be recognized (Beales et al., 1999).  390 

It was the identification of BBS8 mutations that first suggested that the BBS phenotype might be 391 

attributed to defective primary cilia  (Ansley et al., 2003). The loss of Bbs8 causes a much more severe 392 

phenotype than other patient mutations, which could be the reason why BBS8 variants are rare among 393 

patients (Stoetzel et al., 2006). Consistently, the phenotype of Bbs8 deficient mice is likely the most 394 

severe among BBS mouse models. Kidney phenotypes have been observed in Bbs2, Bbs4 or Bbs10 395 

knockout mice where the knockout primarily affected glomeruli and podocytes with indirect systemic 396 

effects on tubular cells (Nishimura et al., 2004; Guo et al., 2011; Cognard et al., 2015). The at hand 397 

study now describes a tubular cystic kidney phenotype in a BBS mouse model which will allow to 398 

conduct preclinical studies on tubular cystic kidney disease in a BBS genetic context. 399 

Regarding the precise mechanisms underlying kidney disease in Bbs8-/-, our proteomic analyses 400 

revealed a number of interesting candidates, which potentially contribute to kidney 401 

pathomechanisms. The downregulation of DTNBP1, a subunit of the biogenesis of lysosome-related 402 

organelles complex-1 (BLOC-1), could contribute to the kidney phenotype as it is known to cause cystic 403 

kidney disease upon mutation in mice by reducing ciliary expression of polycystin-2 (Monis, Faundez 404 

and Pazour, 2017). In addition, we observed decreased levels of DYNC2H1 in Bbs8-/- mice.  DYNC2H1 is 405 



a known subunit of the IFT‐dynein motor, which drives retrograde IFT-rafts and plays a role in the 406 

formation of the transition zone. Mutations lead to the skeletal ciliopathies Jeune asphyxiating thoracic 407 

dystrophy and short-rib polydactyly and also to non-syndromic retina degeneration (Jensen et al., 408 

2018; Vig et al., 2020). Reduced levels of DYNC2H1 in Bbs8-/- could contribute both to the renal and 409 

retinal phenotype (Vig et al., 2020). Another interesting finding is the increased abundance of UMOD, 410 

a protein expressed in renal primary cilia. Variants of the UMOD gene lead to autosomal-dominant 411 

tubulointerstitial kidney diseases (Zaucke et al., 2010). Additionally, UMOD is found to be involved in 412 

renal cyst formation in human kidney biopsies, which is in line with the upregulation in Bbs8-/- (Gresh 413 

et al., 2004). The proteomic analysis also revealed increased expression of RBP4 in kidney tissue. 414 

Increased RBP4 has been suggested as a biomarker for renal damage and proteinuria (Ratajczyk et al., 415 

2022), which has also been suggested for UMOD (Thielemans et al., 2023). Therefore, further studies 416 

need to address whether serum or urinary RBP4 or UMOD levels could be used as a potential biomarker 417 

for kidney disease onset and progression in BBS patients (Xun et al., 2018; Swa et al., 2022), similar to 418 

what has been suggested for UMOD in ADPKD (Cansever et al., 2021). In addition to the individual 419 

expression and phosphorylation analysis, comparing the unbiased proteome- and phosphoproteome 420 

with the BBS8 interactome unearthed further interesting candidates. Here, in particular four genes 421 

showed up in all three analyses. Among those candidates, NUP98 is particularly notable, which is a 422 

nucleoporin that plays a crucial role in size-selective diffusion at the base of cilia (Endicott and 423 

Brueckner, 2018). AGO-2 has also been described at the base of cilia in astrocytes and could play a role 424 

in BBS (Moser, Fritzler and Rattner, 2011), while Mthfd1, which codes for a protein in folate 425 

metabolism, has not yet been associated with cilia or cystic kidneys.  426 

Based on the role of tubulin acetylation in cilia and fundamental previous studies on HDAC6 in regard 427 

to ciliary disassembly (Pugacheva et al., 2007), we focused on HDAC2. HDAC2 showed increased 428 

expression in our proteome analyses and we also found a strong interaction between HDAC2 and BBS8 429 

upon IP. In addition to its nuclear functions, HDAC2 could regulate the stability and, thus, dynamics of 430 

cilia through the deacetylation of tubulin, similar to HDAC6. HDAC6 is enriched at the centrosome and 431 

basal body, where it catalyzes the deacetylation of alpha-tubulin and, therefore, plays a role in the 432 

disassembly of primary cilia (Ran et al., 2015). This process can be prevented by BBS proteins through 433 

the recruitment of Inversin to the ciliary base (Patnaik et al., 2019). In general, HDAC6 is activated by 434 

phosphorylation after HEF1-dependent activation of the oncogenic Aurora A (AurA) kinase (Pugacheva 435 

et al., 2007). We found increased levels of HDAC2 in Bbs8-/- kidneys, as well as Bbs8-/- MEFs and 436 

observed diminished acetylation of tubulin inside cilia on Bbs8 knockout cells. This might result in a 437 

subtle defect in ciliary dynamics.  438 

Even though we found differences in HDAC2, we did not expect cilia to be severely affected. This would 439 

not be in line with data from other BBS genes, nor would it explain the late-onset phenotype we 440 



observed. Similarly, our findings related to cell death, fibrosis, and inflammation are relatively 441 

moderate. Given the late onset and slow progression of kidney disease in this model, we would not 442 

expect the loss of Bbs8 to result in massive overactivity of any specific cell death pathway. Our results 443 

suggest that cell death and inflammation are rather secondary processes that, while present, do not 444 

constitute the primary cause of the kidney disease. Since the activity of HDAC2 is regulated by 445 

phosphorylation through casein kinase II and the regulation of expression levels by proteasomal 446 

degradation (Eom and Kook, 2015), it might open potential options for pharmacologically interventions 447 

targeting HDAC2-dependent deacetylation. To what extent the nuclear functions of HDAC2 are also 448 

altered and contribute to the pathogenesis of kidney disease requires further investigation. 449 

 450 

Figure legends:  451 

Figure 1. Bbs8-/- mice develop late-onset cystic kidney disease. 452 

(A/B) Image of 46-week-old control (Bbs8+/+) and Bbs8-/- mice, and the body weight indicated 453 

significant obesity in knockout animals (n=4). (C) Kidney weight of the mice did not significantly alter 454 

between both mouse models. (D) Serum urea of control and Bbs8-/- mice show an increasing trend 455 

(n=4). (E/F) PAS staining of the whole kidney in control and Bbs8-/- animals; Scale bar: 1 mm. The area 456 

in the zoom-in comprises the cortex and medullary area of the kidney; Scale bar: 200 µm. (G) Cyst 457 

index described in a cyst-to-tissue area ratio, normalised to control animals. (H) Kidney image for distal 458 

tubules (Slc12a3, magenta) and proximal tubules (LTL, green) show cyst formation in clustered distal 459 

tubules; Scale bar: 500 µm.  460 

Figure 2. Cell death, fibrosis and inflammation in Bbs8-/- kidneys.  461 

Representative microscopic images of control and Bbs8-/- mice for (A) Masson's trichrome stain; Scale 462 

bar: 300 µm (B) TUNEL staining and yH2AX, Scale bar: 100 µm; CD3+ and NF-kB expression, Scale bar: 463 

300 µm. Arrowheads, indicates positive events. (C) Quantitative real-time PCR of NF-kB/p50, RelA/p65 464 

and inflammasome genes in control and Bbs8-/- kidney samples (n=4). Statistical analysis was 465 

performed using a two-sided student’s T-test (p-value: <0.001***; 0.002**; 0.033*; ns = 0.12). (D) IL-6 466 

Elisa performed for kidney, liver and fat tissue. 467 

Figure 3. Proteomic analysis hints toward HDAC2 as putative key player in Bbs8-/- kidneys.  468 

Scatter blot of (A) whole proteome (WP) or (B) phosphoproteome (PP) marked with significantly 469 

(FDR≤0.05) up- (yellow) or downregulated (cyan) proteins. Labelled HDAC proteins and their activator 470 

kinase CK2 as well as further interesting candidates. (C/D) GOBP and KEGG pathway based on 1D-471 

enrichment of the proteins found in the PP, separated for up- (yellow) and downregulation (cyan). Top 472 



10 candidates are ordered by p-values within the groups. (E) Clustered hierarchal heat map based on 473 

log2 LFQ intensities and fold change=1.5 of WP and PP proteins wither their phosphorylation position 474 

in the protein which are significantly, and counter regulated.  475 

Figure 4. HDAC2 interacts with BBS8 and increased levels affect ciliary tubulin acetylation 476 

(A) Co-IP from HEK293T cells, overexpressing F.hBBS8 or F.hEPS as control, show an interaction of BBS8 477 

with HDAC2. Protein extracts (Lysate) were immunoprecipitated with α-Flag (IP) and detected and 478 

detected with α-Flag (F.hBBS8 ~65 kDa, F.hEPS ~30 kDa) and α-HDAC2 (55 kDa) (n=3). (B) Scatter blot 479 

of BBS8 interactors, performed in HEK293T cells overexpressing F.hBBS8 or F.hEPS as control. Potential 480 

Interactors (FDR≤0.05), marked in magenta, revealed HDAC2 as an interactor of BBS8. (C) 481 

Venn-Diagram showing the overlap between the BBS8 interactors and the published CiliaCarta. (D) 482 

Control or Bbs8-/- mouse embryonic fibroblasts (MEFs) were immunoblotted against HDAC2 (~55 kDa), 483 

acetylated Tubulin (~55 kDa). All samples were normalized to Calnexin (~96 kDa). (E) qPCR of Hdac2 in 484 

control and Bbs8-/- MEFs samples (n=3). Statistical analysis was performed using a two-sided student’s 485 

T-test (p-value: <0.001***; 0.002**; 0.033*; ns = 0.12). (F) Representative images of cultured MEF 486 

Bbs8 knockout and control cells, stained with the cilia marker ARL13B and counterstained with DAPI; 487 

Scale bar: 20 µm. Primary cilia are quantified for the number and length of cilia (n=4). (G) Primary cilia 488 

count in MEFs, which are ARL13B and acetylated Tubulin (ac-Tub) positive. Representative images of 489 

primary cilia in MEFs with the overlay of marker ARL13B and ac-Tub, counterstained with DAPI; Scale 490 

bar: 10 µm. (H) ARL13B (green) and acetylated tubulin (magenta) staining of cilia in kidney tissue of 491 

control and Bbs8-/- mice and the ratio of ARL13B and acetylated tubulin positive cilia (n=3). All data in 492 

this figure were statistically analysed using an unpaired Student’s t-test (p-value: <0.001***; 0.002**; 493 

0.033*; ns = 0.12). 494 

Supplementary Figure 1. Small-cyst formation in Bbs8-/- kidney.  495 

(A) Measured cyst area depicted as jittered dots with the mean as a horizontal line. The values are 496 

plotted on a log10 scale. The overall number of cysts was scientifically increased in knockout animals. 497 

The data were statistically analysed using a two-sided student’s t-test (p-value: <0.001***; 0.002**; 498 

0.033*; ns = 0.12). 499 

Supplementary Figure 2. The occurrence of cilia in conventional Bbs8 knockout is not altered. 500 

(A) Cilia staining with ARL13B showed no difference in ciliation between control and Bbs8-/- kidney; 501 

Scale bar: 50 µm; Zoom-in scale bar: 25 µm. 502 

Supplementary Figure 3. Additional analyses based on the proteomic data   503 



(A) Principal component analysis (PCA) plots of the protein expression data of control and Bbs8-/- 504 

kidney samples. Depicted are the first two principal components for either whole proteome (WP) or 505 

phosphoproteome (PP). The axes represent the percentages of variation explained by the principal 506 

components. (B) Table of significantly up- and downregulated proteins of the WP. (C) Table of different 507 

expressed HDAC2 residues with their related phosphosites and regulation. (D) KEGG, GOCC and GOMF 508 

of WP (E) GOMF and GOCC of PP. All GO-terms based on 1D-enrichment, separated for up- (yellow) 509 

and downregulation (cyan). Ordered by p-values within the groups. 510 

Supplementary Figure 4. Additional analyses of the interactome data  511 

(A) Principal component analysis (PCA) plots of the protein expression data of F.GFP and F.hBBS8, 512 

shown with the first two principal components. The axes represent the percentages of variation 513 

explained by the principal components. (B) Scatter plot of different protein clusters expressed in the 514 

BBS8 interactome for different GO-terms: BBSome, chaperonin-containing T-complex, heat shock 515 

protein binding and Wnt signaling pathway. (C) Venn-Diagram of BBS8 interaction partners (986) with 516 

the significant candidates of the WP (26) showed an overlap of 4 proteins. 517 

Supplementary Figure 5. Original data: full-sized immunoblots.  518 

Original western blots only cropped to gel size (A) of Figure 4 A and (B) of Figure 4 E. 519 
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4. Discussion 

Kidney pathologies in renal ciliopathies are characterized by loss of epithelial cells, cyst formation, 

growth, and, in some cases, interstitial fibrosis and inflammation 138,157. This indicates that regulated 

cell death plays a role in the molecular mechanisms underlying kidney pathology. However, to date, 

the precise mechanisms and cell death pathways involved have remained unclear. 

4.1 Primary cilia as a modulator for regulated cell death 

Ciliopathies involving cystic kidney diseases are typically caused by pathogenic variants of ciliary genes 

leading to defects in the primary cilium or perturbation of ciliary signaling. To investigate if the primary 

cilium itself influences RCD signaling and pathway activation, mIMCD3 cells capable of forming primary 

cilia (=ciliated kidney cells (Ckc)) and mIMCD3 cells deficient in ciliogenesis (=non-ciliated kidney cells 

(Nckc)) were used to compare the outcome after induction of cell death. Through multiple cell death 

and viability assays, the RIPK3-dependent necroptosis pathway was found to be active in the absence 

of the primary cilium (Chapter 1). Upon RCD induction with a shift towards necroptosis, the presence 

of a primary cilium conferred protection. This effect could be rescued by RIPK1 inhibition. However, 

this does not explicitly confirm the activity of the necroptotic pathway, as there is also RIPK1-

independent necroptosis 377 and RIPK1-dependent apoptosis 378. Notably, RIPK3 inhibition led to the 

same rescue effect, confirming ongoing necroptosis.   

It is important to point out that the investigation of ciliated cells and further examination of 

the role of the primary cilium in vitro is accompanied by the challenge that proliferating cells do not 

assemble a primary cilium 379. Therefore, ciliogenesis in proliferating cell lines typically has to be 

induced by serum starvation, in order to stop proliferation and enhance the number of ciliated cells 28. 

This might result in side effects due to both anti-proliferative signalling and the loss of factors normally 

present in FBS, which could affect multiple signalling pathways, including RCD. Therefore, experiments 

using serum starved and non-serum starved cells would not allow any conclusion about the role of 

cilia. Notably, in our study, viability assays were done in cells without serum starvation, since the 

selected subclones showed a significant difference in ciliation under these conditions. Nevertheless, 

this is not the only factor to influence the experimental outcome. In vitro cell culture experiments are 

always accompanied by a potential instability of the cell genotype. It is known that cell lines with high 

passage numbers are more prone to mutations and epigenetic changes and are further vulnerable to 

viral contamination 380,381. Consequently, proliferation rate, metabolic capacity, or general cell health 

can change dramatically and, therefore, produce cross-contaminated and misidentified cell lines with 

a high heterogeneity 382. It is feasible that these effects can be even more pronounced in transgenic 

cell lines. Keeping this in mind, we made use of the subclones Ckc and Nckc, which originate from the 
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same mIMCD3 parental cell line, however had a high passage number to begin with. Therefore, we 

cannot exclude the possibility of genetic drift. One additional lose end of the experimental data is that 

the molecular reasoning underlying the loss of Nckc ciliogenesis is unknown. Nowadays, there are 

methods to differentiate between changes due to single nucleotide polymorphisms within a 

CRISPR/Cas9 genetically mutated single-cell line 383. For this reason, it would be interesting to perform 

karyotyping for chromosomal abnormalities to identify the acquired genetic mutations 384 or to 

perform deep sequencing of the cell lines. To control for unspecific clonal effects, additional 

experiments were performed in another cell line which displays significantly reduced ciliogenesis, 

namely the Myo5a knockout 365,385. As expected, the Myo5a-/- cells were also partially protected from 

necroptosis in the cell viability assay as compared to their parental control line, showing the same 

trend as before with Nckc (Chapter 1). The milder effect observed in cells lacking Myo5a can be 

attributed to the fact that these cells do not exhibit a complete loss in ciliogenesis (5% remain ciliated) 

and only 40% of the control population used in this setting bear cilia. Therefore, the difference in cilia 

numbers is much less pronounced than in the Ckc and Nckc cells (>80% vs. <10% ciliated cells). To 

investigate cell death in relation to the primary cilium in more depth, further knockout cell lines for 

additional essential ciliary proteins could be generated, to shed light on whether all conditions respond 

in the same way. In addition, it would be striking to investigate, to what extent the observed effect is 

specific for renal epithelia cells and how other cell types with defective ciliogenesis react to the 

induction of cell death.  

An additional limitation of the viability assays and work on cell death in cell culture is the 

absence of inflammation and other triggers from surrounding tissues. Consequently, it was crucial to 

use an in vivo model with defective ciliogenesis. Since the complete knockout of essential genes for 

ciliogenesis is embryonic lethal, we generated a conditional knockout model where the loss of 

ciliogenesis is restricted to cells of the distal tubule and collecting duct 386. In principle, mouse models 

in which IFT is inhibited are suitable for such studies, either through the loss of individual IFT proteins 

or through the loss of motor proteins. We chose to focus on KIF3a, a kinesin subunit that is essential 

for anterograde IFT. To achieve a knockout in the renal epithelium, we used a floxed allele of Kif3a and 

a Ksp:Cre mouse line that expresses Cre in the distal tubules and the collecting ducts (=Kif3atKO). 

Experiments in the transgenic Kif3atKO confirmed a histological upregulation of RCD through multiple 

positive TUNEL events, as well as increased RNA transcription and protein expression of RIPK3 in 

28-day-old animals (Chapter 1).  

In summary, our study shows that the loss of the primary cilium in vivo closely mirrors 

observations in vitro, and influences RCD by increasing the susceptibility for necroptosis and, 

subsequently, inflammation. These in vivo results are consistent with additional studies, in which the 

deletion of primary cilia, by the knockout of either Kif3a or IFT88 in the intestinal fibroblasts treated 
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with dextran sodium sulfate, a chemical colitogen to induced colitis, showed stimulation of 

inflammation and led to an increase of macrophages 387,388. Furthermore, the level of IL-6 positive cells 

in these mice is upregulated, proving once more that the loss of the primary cilia increases the 

susceptibility to inflammation. This could also be shown in another animal model, namely the knockout 

of Cdc42, with a reduction in ciliogenesis, which showed an increase of apoptosis and cyst formation 

in embryonic kidneys 389.  Inflammatory signalling dependent on primary cilia was also confirmed in 

injected mice with bacterial-derived compound lipopolysaccharide (LPS),which mimics the entrance of 

microbial-derived products  and therefore, induces inflammatory response 390,391. This primarily led to 

a decrease in ciliary length, resulting in an increase of IL-1β-induced NF-κB signalling, revealing a role 

of primary cilia in the NF-κB pathway. Notably, extra ciliary functions of ciliary proteins have also been 

described to influence this pathway. RNA-sequencing (RNA-seq) analysis showed that IFT88 regulates 

the pro-inflammatory genes Nos2, IL-6 and Tnf, modulating cytosolic NF-κB translocation dynamics 392. 

Taken together, this data shows that primary cilia can act as a safeguard to protect the cells 

from undergoing regulated cell death. Hence, the role of the primary cilium in controlling RCD 

pathways and shaping the response upon cell death induction in renal epithelia cells is crucial and 

worthy of further investigation.  

4.2 Ciliopathy mutations and complete loss of cilia in RCD regulation 

Our in vitro data showed the influence of the total absence of the primary cilia on RCD. However, in 

most renal ciliopathies there are subtle changes in cilia morphology and function rather than a 

complete loss of the primary cilia. Under normal conditions, mice are not viable upon complete cilia 

deletion and die shortly before metanephric kidney development 43,45. To overcome this issue and 

investigate the role of the primary cilium in vivo, the Cre-loxP system can be used to delete the target 

DNA sequences of the Kif3a gene in a tissue specific manner 393–395. LoxP sites were placed at the 3’ 

and 5’ end of the Kif3a allele (floxed allele) and incorporated during homologue recombination into 

the germline. To generate kidney-specific deletion of the primary cilium, animals carrying the floxed 

Kif3a allele were crossed with Ksp:Cre 366 animals. This Kif3a transgenic knockout is characterized by 

the loss of the primary cilium specifically in distal tubules leading to activated necroptosis in the kidney 

and, therefore, to cystic kidneys. This mouse model is described as having normal primary cilia at birth 

(P0) with sustained cilia loss over time, with some tubule cells still ciliated at 4 weeks of age (Chapter 

1) 45. In this framework, it is important to note that loss of the primary cilium is not the actual process 

that induces cell death, but that it increases the susceptibility for RCD. This is also in line with studies 

in cisplatin-induced AKI in animals with an Ift88 knockout in the proximal tubules 396. Here, in the 

absence of IFT88, the apoptosis activity was increased; however, the level of autophagy marker LC3B 

was decreased. This is in contrast to our in vitro proteome data in which an upregulation of the 
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autophagy markers LC3 and SQSTM1/p62 was observed (Chapter 1). Nonetheless, it was shown that 

the SQSTM1/RIPK1 module connects the autophagosome with the necrosome and, therefore, it is 

involved in an active switch between apoptosis and necroptosis 288. Therefore, the autophagosome 

seems to be more active in non-ciliated cells and through this it supports the susceptibility to 

necroptosis. Further investigations with Kif3atKO mice need to be done to gain insights into the role of 

the autophagosome in vivo in relation to the absence of the primary cilium.  

In patients, subtle structural and functional defects typically occur with deregulated ciliary 

signalling, rather than a complete loss of this organelle. For example, in ADPKD the phenotype is 

described as ciliary length-dependent, highly influenced by the activity of polycystin. Elongation of 

primary cilia was found upon induced inactivation or by a conventional knockout of Pkd1 or Pkd2. In 

addition, patients and mice display increased  fibrosis, therefore, ADPKD was linked to apoptosis and 

inflammation 397,398. Interestingly, the simultaneous knockout of Ift88 and Pkd2 inhibits cyst growth, 

by reducing the ciliary length and normalization of Wnt and mTOR pathway activation, 397. It has also 

been shown, that the in the knockout of Pkd1,  cyst formation is reduced, by the additional knockout 

of ciliary proteins like Kif3a 399. This stresses the fact that a structurally intact primary cilium is required 

to promote cyst growth and therefore plays an intriguing role in cystogenesis.   

It is important that the ciliary elongation was also found in ADPKD patients 397. In contrast, 

many other ciliopathies are described with truncated primary cilia such as in NPH and NPH-RC: BBS, 

PKD and Alström Syndrome 400. Nphp9/Nek8jck/jck mice show a recessive juvenile cystic kidney disease 

phenotype, therefore, resembling NPH and they harbour a point mutation in a known NPHP gene 401. 

Surprisingly, Nphp9/Nek8jck/jck mice were also described to present longer primary cilia when compared 

to wildtype, contrasting to the ciliary expression in human NPH 402. Nevertheless, this mouse model 

already develops a severe cystic kidney phenotype by the age of 2 weeks due to increased RCD 

(Chapter 2). Additionally, they exhibit an upregulation of fibrosis and pro-inflammatory cytokines, as 

well as the regulation of necroptosis. Remarkably, the pyroptotic cell death pathway seems to be 

dysregulated, as well. The question of whether Nphp9/Nek8jck/jck is a model for NPHP is not entirely 

clear. The affected gene, the early age of manifestation, and the recessive inheritance fit well with 

NPH, as does the interstitial fibrosis. However, the highly proliferative aspect of the cystic kidneys also 

shows parallels to ADPKD. Other NPH models often have a late onset phenotype, which can remain 

mild. In our facility, both NPHP7 and NPHP10 knockout animals only exhibited a subtle phenotype at 

one year of age. Therefore, we discontinued initial experiments and breeding with these animals and 

focused our efforts on other models such as Nphp9/Nek8jck/jck.  

In contrast to Nphp9/Nek8jck/jck, ciliary length is not affected in the conventional knockout of 

Bbs8 (Chapter 3). The Bbs8-/- model is characterized by a mild and slowly progressing renal phenotype, 

which correlates well with the NPH-RC ciliopathy BBS. Even though the ciliary length appears to be 
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unaffected, the loss of acetylated tubulin could destabilize primary cilia and, therefore, contribute to 

this mild phenotype. This destabilization might be caused by the upregulation of the deacetylase 

HDAC2 (Chapter 3). In the past, patients with pathogenic variants of BBS8 have been described to 

suffer from retinopathy, obesity and other symptoms related to BBS 403. Although, Bbs2, Bbs4 and 

Bbs10 knockouts, are described with a renal phenotype, which is more or less limited to the glomeruli 

and podocytes 404–406, the majority of investigations into this disease focused on the eye 108,407–409. The 

retina of the eye contains photoreceptor cells of which the outer segments are regarded as highly 

specialized axonemes of primary cilia, which are essential for vision 410. The outer segments are 

connected with the photoreceptor cells by connecting cilia, which are modified ciliary transition zones 

411,412. It has been already described that mice lacking Bbs2 or Bbs4 develop retinopathy with increased 

apoptotic activity, which led to retinal degeneration in the outer nuclear layer of the eye 405,413. 

Interestingly, RIPK3-mediated necroptosis promotes neuroinflammation in diabetic retinopathy 414. 

This shows that RCD in ciliopathies needs to be more widely examined, particularly in BBS. Indeed, it 

is not yet clear to which extent cell death in photoreceptor cells is comparable to, for example, the 

renal tubular cells. In our Bbs8-/- model, we were able to show an upregulation of pro-inflammatory 

cytokines, immune cells, and fibrosis, all together with an upregulation of pyroptosis marker (Chapter 

3). This could indicate that the renal phenotype of this mouse model is more systemically affected with 

the inflammation pathway, pyroptosis, than by the local inflammation of necroptosis. Interestingly, 

such a border systemic influence has been shown for BBS10. The total knockout of BBS10 leads to 

obesity, retinal degeneration and polyuria 404. However, these systemic effect in Bbs10-/- primarily 

affected the podocytes and glomeruli in the kidney. In the Bbs8-/- glomeruli, we did not prominently 

observed damage. Using a BBS8 floxed allele for a kidney tubule specific knockout could help to 

address the question, to what extent the knockout affects other organs and tissue, and if indeed due 

to systemic inflammation other symptoms might occur. 

Overall, the data shows that the aberrant activity or the absence of primary cilia do both 

influence RCD in a similar fashion, potentially influenced by gene-specific mutations. In conclusion we 

have found evidence to support the hypothesis that the primary cilium is involved in shaping the cell 

death response and, additionally, in regulating the switch between different RCD pathways.  

4.3 Extrarenal manifestations and systemic inflammatory signalling in 

ciliopathies: lessons from the BBS8 mice 

To shed light on the environmental influences on RCD in the context of ciliopathies, we compared 

Nphp9/Nek8jck/jck with Bbs8-/- mice. The phenotype of Nphp9/Nek8jck/jck animals is regarded as severe 

kidney disease, typical for either NPH or ADPKD 101–105. Fortunately, in mice, the development of cysts 

is described as a painless process, unlike in humans, as deduced by observing no aberrant behaviour 
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in affected animals 415. In contrast to human ADPKD or NPH, the Nphp9/Nek8jck/jck model does not 

develop any symptoms in other organs. The Bbs8-/- mouse, on the other hand, mirrors nearly all the 

symptoms described in BBS8 patients, and, therefore, of the archetypical ciliopathy BBS. In 2003, the 

first patient family was described with a mutation in BBS8. The affected individuals presented with 

developmental delay, polydactyly, situs inversus, retinitis pigmentosa, obesity, and were additionally 

described to develop renal disease and display cognitive impairment, like other pathogenic variants of 

BBS 182,416. In the Bbs8-/- mouse, previous studies revealed rapid onset of retinal degeneration, as well 

as significantly altered retina pigment epithelium homeostasis and function, essential for sustaining 

photoreceptor cells and visual function 108,109. Situs inversus was not observed in our mouse model; 

however, work in zebrafish suggested that BBS8 is required for left-right asymmetry 417. Polydactyly 

could be observed in very few of the investigated animals (data not shown). Both the visual phenotype 

as well as polydactyly is most likely associated with dysfunction of the primary cilium. Also, the 

observation that all of our Bbs8-/- mice were obese(Chapter 3), could be related to dysfunctional ciliary 

signalling in the brain, leading to hyperphagia 418. Strikingly, we found a late-onset kidney phenotype, 

with a slow progression of cyst formation in the Bbs8-/- mice (Chapter 3). Cysts were mainly observed 

in the distal tubules and were accompanied with ongoing cell death and DNA damage. Positive TUNEL 

and γH2AX suggested involvement of RCD,  but can also indicate genome instability and double-strand 

breaks 419–421. Levels of specific cell death markers for necroptosis, like Ripk3, were not significantly 

increased as in the previous in vitro data of mIMCD3 cells, the Kif3atko or Nphp9/Nek8jck/jck mouse 

kidney samples (Chapters 1-3). Instead, the markers for pyroptosis genes like Nlrp3, Casp11 and 

GsdmD were found to be upregulated in Bbs8-/- mice (Chapter 3). The only symptoms which might not 

have a direct link to ciliary dysfunction was the observed liver phenotype of non-alcoholic fatty liver 

disease. Therefore, this needs to be handled as a possible secondary symptom (Supp. Fig. 1). 

Interestingly, in BBS patients this liver phenotype is rare 422,423. Since the majority of the symptoms are 

affected by the primary cilium, it cannot be excluded, that the observed inflammation only a contribute 

to severeness of the clinical picture. 

The observed increase of IL-6 levels in the kidney of Bbs8-/- could indicate a potential systemic 

inflammation. IL-6 is important as a warning signal for the regulation of direct or indirect promotion of 

inflammation 424. It is produced in response to infections and tissue injuries and is known to be 

disseminated to the liver through the blood stream 425, although the macrophages of the liver itself are 

one of the main sources of IL-6 release 426. In CKD and ESRF patients, an increased IL-6 level is 

commonly observed, which accumulates alongside the further impairment of renal function 427–429.  

However, our data does not indicate a higher expression of IL-6 in the liver, for this reason further 

analysis of the of the liver needs to be performed. In order to gain deeper insights into the potential 

role of IL-6 in Bbs8-/-, a more thorough examination of blood plasma regarding IL-6 concentration levels 
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need to be performed. Additionally downstream of IL-6 activated acute phase proteins such as 

C-reactive protein (CRP), serum amyloid A (SAA), and fibrinogen could give further insights of the level 

of inflammation 430,431. 

The correlation between obesity and IL-6 inflammation has already been shown in mice with 

a diet-induced obesity 432, as adipose tissue is overall described to release inflammatory signals 433. This 

holds true as, in the adipose tissue, the macrophages polarize towards the M1 stage and neutrophils 

influx which leads to an activation of Th1 and Th17 cells and an increase of pro-inflammatory cytokines 

such as IL-1, IL-6, and TNFα 434. GO-terms which we also found to be upregulated in the Bbs8-/- mouse 

(Chapter 3). However, the effect of diet-induced obesity could be reduced in mice deficient for IL-6 

receptor, which attenuates the chemokine CC-chemokine-ligand-20 (CCL-20) expression and, 

therefore, shifts macrophage polarization towards tumour-promoting macrophages 432. Additionally, 

it has already been observed that the central application of IL-6 in mice suppresses feeding and 

improves peripheral glucose homeostasis through IL-6 activated signal transducer and activator of 

transcription 3 (STAT3) signalling in hypothalamic neurons 435. Furthermore, IL-6 knockout animals 

under a high-fat diet showed abnormalities in the phenotype and function of the kidney 436. Through 

this, it is highly likely that the BBS phenotype is supported by systemic inflammation. To further prove 

this theory, a double knockout mouse for Bbs8 and IL-6 could give insights into the role of IL-6, and 

thus inflammation, in the development of several BBS symptoms. The potential influence of obesity 

triggered inflammation to the clinical picture, as well as correlations between obesity and severity of 

other symptoms needs to be further investigated as BBS patients displaying obesity develop 

inflammation during early childhood, mainly caused by hyperphagia 437. For example, if indeed Bbs8-/- 

mice also suffer from hyperphagia, a calorie restriction study could be performed in order to 

understand if the overall phenotype is reduced or limited through less systemic inflammation. It has 

already been shown that the depletion of Bbs12 in pre-adipocytes promotes the development of 

adipose tissue which is driven by both hyperplasia and adipocyte hypertrophy 438,439. This observation 

correlates with the clinical features of overall BBS patients 440. Additionally, mice lacking BBS4 or BBS6, 

but not BBS2 show additional resistance to leptin, which is a known hormone expressed in fat cells 

that regulates energy balance by suppressing hunger 441,442. Pair-feeding (matching the amount of food 

consumed) in these mice led to normalized body weight; however, the level of adiposity still increased 

441. Through this, one can suggest that the BBSome has additional effects in other tissues. Further, it 

would be interesting to determine if this effect only occurs in ciliopathies with the symptom of obesity. 

Therefore, the research could be extended to Almström syndrome, which is so far the only other 

ciliopathy accompanied by obesity 443. This would provide more insights into the role of obesity in RCD 

and overall inflammation in ciliopathies. Nevertheless, calorie restriction is not an optimal therapeutic 

intervention in patients. Here, the first clinical trials using a medication with the melanocortin-4 
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receptor agonist, or with the drug setmelanotide, showed positive effects in BBS patients regarding 

obesity 444,445. These treatments, besides calorie restrictions, in the BBS mouse models could help to 

investigate the influence of obesity to the overall phenotype, and if therapeutic interventions also 

affect other symptoms. 

Even though we also found an upregulation of IL-6 in the Nphp9/Nek8jck/jck (Chapter 2), no 

additional symptoms were observed and the necroptotic cell death was potentially stronger regulated 

than the higher inflammatory pyroptosis pathway. Nevertheless, it cannot be stated that indeed 

systemic inflammation is occurring in BBS, although there is evidence for its contribution. In 

conclusion, these data support the notion that both renal and extrarenal symptoms in NPH-RC, 

specifically in the Bbs8-/- model, cannot be regarded as isolated phenomena restricted to specific 

organs. Instead, they both cause and respond to systemic influences and may thus be interconnected 

in a multidirectional fashion. This could include systemic effects of adipositas, kidney failure or liver 

disease or an overall increased inflammatory activity.  

4.4 Inflammation in kidney disease as part of the phenotype in ciliopathies 

In more than two decades of kidney ciliopathy research, the focus has primarily been on the primary 

cilium and the respective tubular epithelial cells. However, as mentioned before, renal ciliopathies, like 

NPH, exhibit not just cyst development, but massive interstitial fibrosis and inflammation which is part 

of the histological triad characterizing NPH. Therefore, it will be important to decipher the role of 

immune cells and inflammatory signalling in the pathogenesis of renal ciliopathies. Inflammation is a 

biological response of the immune system and, therefore, accompanied by an increased level of 

immune cells and immune mediators such as cytokines, and it is known to trigger fibrosis 446,447. 

Thereby the inflammatory response is dependent on the encountered stimuli. These stimuli depend 

on different classes of germline-encoded pattern-recognition receptors families, like TLRs or NLRs, 

which detect pathogen-associated molecular patterns (PAMPs) or damage-associated molecular 

patterns (DAMPs) and trigger inflammation 448–450. TLR signalling is primarily mediated by the adaptor 

protein myeloid differentiation factor-88, which controls the nuclear translocation of different 

transcription factors like NF-кB 448. Cytokines such as IL-1β, IL-6 and TNF mediate inflammation by 

receptor activation (TLRs, IL-1R, IL-6R and TNFR), and trigger important intracellular signalling 

pathways like JAK/STAT, MAPK and NF-кB 451,452. This promotes pro-inflammatory cytokine production 

and inflammatory cell recruitment.  

Single-nucleus (sn) RNA-seq data of Nphp9/Nek8jck/jck mice generated in this thesis showed a 

relative increase of immune cells in the knockout mice compared to the control (Chapter 2). The 

increase of T-cells was further supported by the increased numbers of positive CD3+ events, which was 

found in the Nphp9/Nek8jck/jck model but also in the Bbs8-/- mice (Chapters 2 and 3). In the case of the 
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Bbs8-/- mice, additionally activated NF-кB was observed. It has already been described that the NF-кB-

regulator NFκBiz, member of the IκB family, is downregulated in AKI compared to the control 453. 

Furthermore, the authors showed that NFκBiz regulates NF-κB-mediated response for example to the 

release of inflammatory cytokines, in a gene-specific manner. The investigation of cytokines revealed 

an upregulation of the inflammatory marker IL-6 in kidneys of the Bbs8-/- mice, and even more 

pronounced in Nphp9/Nek8jck/jck mice (Chapters 2 and 3). Therefore, similarly to the Bbs8 model, the 

NPH model Nphp9/Nek8jck/jck would be an ideal candidate for an additional knockout of IL-6 to 

understand the impact of IL-6 in disease progression. In addition, serum levels as well as the source of 

IL-6 should be investigated. The difference in the presence of pro-inflammatory cytokines could explain 

the milder renal phenotype of the Bbs8-/- mice. Nonetheless, both models showed renal fibrosis 

(Chapters 2 and 3). Moreover, inflammation has already recently been suggested to shape the 

phenotype in ADPKD 454. Here, the authors investigated inflammation in the tubule-specific knockout 

of Pkd1. They could show increased CD3+ as well as increased macrophages. Interestingly, the double 

knockout of Pkd1 and of the transcription factor, STAT3 suppressed the expression of pro-

inflammatory cytokines and further ameliorated the phenotype of the Pkd1 knockout. Therefore, the 

authors suggested that STAT3 is not a driver of cyst formation but rather influences the crosstalk 

between immune and tubular cells. This is interesting as STAT3 is not only a general driver of pro- and 

anti-inflammatory crosstalk but also interacts with ciliary signalling 455,456. In vitro data showed that the 

level of STAT3 is decreased in induced knockouts of either Kif3a or IFT88, which could indicate that the 

reduction of STAT3 in vivo would have a decreased ability to suppress cyst formation 454. To resolve 

whether the level of STAT3 is also affected and pathophysiologically relevant in NPH or BBS, expression 

analysis followed by genetic experiments in mice, e.g. double knockouts, would be necessary. One way 

to further investigate chemo- and cytokines would be to perform a secretome analysis of various Bbs8-

/- cells.  

Nevertheless, we could show that inflammation has an important role within the pathogenesis 

of the kidney. Thereby, the pathogenesis is both initiated by RCD and concurrently further promoted 

by RCD. Therefore, the degree of inflammation could potentially serve as an indicator of the severity 

of the phenotype and the intensity of RCD in these situations. 

4.5 The impact of Necroptosis in CKD  

In the manuscript underlying the first part of this thesis, we found that the primary cilium influences 

cell death, specifically by inhibiting necroptosis. Cell death assays in murine Nckc cells showed that the 

induction of necroptosis could be rescued significantly by either inhibiting RIPK1 or RIPK3 (Chapter 1). 

In vivo, the impact of necroptosis in the kidney has been strongly investigated in AKI. Several studies 

showed a significantly increase of survival rates in mice lacking necroptosis players when AKI  is induced 
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by IRI, compared to control mice 299,457,458. As AKI increases the risk for CKD and vice versa, it could be 

assumed that the same RCD pathways in AKI play a role in CKD. Certainly, the kidney is an ideal organ 

for studying ischemia and cell death since, being a paired organ, it always presents the perfect control 

in experiments. Moreover, each kidney is typically supplied by a single artery without collaterals and 

their retroperitoneal location makes them easily accessible. Indeed, IRI experiments are relatively 

straightforward to conduct. Additionally, renal function can be assessed with relatively simple readout 

means. Consequently, numerous studies on RCD have utilized AKI in rodent kidney as a model. 

However, models for chronic, and particularly cystic, kidney diseases are more complex, and there is 

still a lack of extensive research in this field, even though experiments on AKI suggest an important 

role of RCD in CKD. It is still a challenge that the human phenotypes of renal ciliopathies are hardly 

reproducible in mice, even if the same mutation was induced or established ‘disease genes’ were 

deleted. One reason for these observations might be the sterile environment of animal housing, which 

influences the phenotypical development, but also the lack of genetic diversity in in-bred mouse strains 

or potential compensating mechanisms in the animals 459. Another fact is the animal model’s lifespan 

and age which might be crucial for the development of chronic diseases. For example, our self-made 

and validated CRISPR/Cas9-based knockouts of either Nphp1 or Nphp10 did not develop any obvious 

phenotype. In contrast, another Nphp10 knockout mouse line was described to develop cortical cysts 

in the kidney already at P100 169. Notably, in our facility this mouse developed a much milder 

phenotype at a much later age (P548/1.5 years). Another mouse line, where we deleted Nphp7/Glis2, 

develops late-onset renal fibrosis with few cysts, in contrast to a previously described Glis2 knockout 

mouse model with increased apoptosis and fibrosis starting at 8 weeks of age 167. In conclusion, all of 

these models are not perfectly suitable for further investigations of RCD and potential therapeutic 

treatments. While previously working with the NPHP10 mice, we performed some experiments 

concerning RCD in which we only observed a weak effect of cell death in Nphp10-/- mIMCD3 cells and 

mice (data not shown). This limitation of standardized mouse models mimicking human disease 

prompted different approaches. We finally decided to primarily use the well characterized 

Nphp9/Nek8jck mouse model. These mice carry a missense mutation in the Nphp9 gene. Although this 

exact mutation has not been found in humans, these mice develop cystic kidney disease rather early 

on. In this mouse model, we were able to show that necroptosis plays an important role in the 

pathogenesis of the kidney. The expression of necroptosis markers was significantly increased in both 

mRNA and protein levels (Chapter 2). A simultaneous conventional knockout of Ripk3-/- in 

Nphp9/Nek8jck showed an amelioration of the function and the cystic morphology of the kidney 

(Chapter 2), supporting the role of RIPK3 in the pathogenesis in Nphp9/Nek8jck/jck. Surprisingly, these 

mice still presented a massive increase of inflammation (Chapter 2). Thus, the Ripk3-/- approach does 

not represent a total inhibition of cellular loss. At this stage, the activation of necroptosis as the prime 
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RCD pathway in this renal ciliopathy needed to be further ruled out by, for example, immunoblotting 

phosphorylated MLKL or RIPK3. As these antibodies do not work for these purposes, we are currently 

generating an additional knockout of Mlkl in the Nphp9/Nek8jck/jck mice. Using this specific model, we 

will be able to clarify whether in the knockout of Ripk3, the amelioration of renal function is caused by 

a necroptosis-independent function of RIPK3. Interestingly, an upregulation of key regulators of the 

pyroptosis were found in both in Nphp9/Nek8jck/jck mice as well as in Nphp9/Nek8jck/jck lacking Ripk3 

(Chapter 2). A transition towards pyroptosis, upon RIPK3 inhibition, could explain why the kidneys did 

not show a better outcome. It has already been shown that individual RCD pathways are tightly 

interconnected, in some contexts it was described as a linked regulation between necroptosis and 

pyroptosis: Casp3, Casp7 and Casp8 have a role in the activation of the NLRP3 inflammasome, and 

Casp8 can cleave GSDMD 460,461. Furthermore, it was described that MLKL or RIPK3 could also activate 

NLRP3 and therefore, pyroptosis 462. To investigate the potential role of pyroptosis in Nphp9/Nek8jck/jck, 

we generated a knockout of GsdmD-/- in the Nphp9/Nek8jck/jck model. This mouse model showed a 

similar positive effect to the knockout of Ripk3-/- in Nphp9/Nek8jck/jck, including the amelioration of the 

histological phenotype, as well as a significant improvement in the function of the kidney, however, to 

a slightly lesser extent than with the depletion of Ripk3 (Chapter 2). Remarkably, even with the GsdmD 

knockout in Nphp9/Nek8jck/jck, active pyroptosis could not be entirely ruled out as the RCD responsible 

for the Nphp9/Nek8jck/jck phenotype, as the increased transcription of Nlrp3 and Casp11 could still be 

observed. The same was observed for active necroptosis, as an upregulated transcription and 

increased protein levels of MLKL and RIPK3 were still detected (Chapter 2). This could indicate that the 

activation of NLRP3 inflammasome contributes to a GSDMD independent cell death or that the cell 

death is shifted towards necroptosis. This hypothesis could perhaps be addressed by the simultaneous 

knockout of GsdmD and Ripk3 in the Nphp9/Nek8jck/jck mice. The crosstalk between necroptosis and 

pyroptosis was already shown in AKI in which a double knockout of Mlkl and GsdmD significantly 

improved the function of the kidney upon IRI compared to the single knockout of GsdmD 320. An equal 

effect could be shown in cecal ligation and puncture induced sepsis. Here the single knockouts of Ripk3 

or GsdmD show an improved survival rate, however, the double knockout of GsdmD and Ripk3 showed 

a much greater survival rate 321. Additionally, in these animals the pro-inflammatory cytokine release 

of, for example, IL-6, IL-1β and TNF, were significantly further reduced compared to the single 

knockouts. In addition to genetic models of RCD, treatment studies with necroptosis (GSK872; Nec1s) 

or pyroptosis (CY-09; MCC950, VX-765) inhibitors could also be considered, as a future perspective for 

potential therapeutic approach 463. Studies using Nec1 in AKI have already been executed, however, 

with on one hand mild improvements in renal damage and an increase in survival rates 299, and on the 

other a worsening of the phenotype in a Pkd1 knockout 464. Further, SNx induced cystic kidney disease 

in rats showed an amelioration of the phenotype upon treatment with Nec1; however, the effect was 
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even stronger in combination with zVAD 345. This is in line with our in vivo results in which both 

apoptosis (Em) and necroptosis (Nec1s; GSK872) inhibitors are needed to show a prevention of cell 

death (Chapter 1). 

In conclusion, we found clear evidence for increased necroptotic activity in Nphp9/Nek8jck/jck, 

a model for cystic kidney disease with features of NPH. Necroptosis seems to be the prevalent cell 

death pathway which crosstalk’s with pyroptosis and might represent a potential target for therapeutic 

interventions.  

4.6 Cyst formation in distal tubules and loss of epithelial cells 

The histological and functional analyses of our two ciliopathy models, NPH (Nphp9/Nek8jck/jck) and BBS 

(Bbs8-/-), revealed cyst formation, loss of epithelial cells as well as loss of function of the kidney 

(Chapter 2 and 3). Specifically, stainings for different cell types of the kidney unravelled that, in both 

models, the majority of cysts arise from the distal tubules, similar to what was observed in NPH or 

NPH-RC 465. However, to date, there have been only limited studies addressing cystogenesis in such 

models. One study on an Nphp1 mouse model described the renal cellular transcription landscape 

based on Nphp1del2-20/del2-20 showing overrepresented distal convoluted tubule cells 466. Within this cell 

population, the authors were able to detect the downregulation of genes associated with tubular 

development and kidney morphogenesis. Furthermore, similar to our results, they could also confirm 

that some of these distal convoluted cells become arrested at an early stage of differentiation and, 

therefore, proliferate to form cysts. Nevertheless, the exact mechanisms of cyst formation remain 

unclear. In ADPKD, cyst formation is influenced by many factors, known as the ‘cyst probability 

landscape’ 467. Thereby, in combination with other factors of different biological processes, the PKD-

protein level plays an important role. For example, in renal epithelial cells with a decreased level of 

functional PKD, cyst formation is significantly more likely. Single-cell (sc) RNA sequencing data from 

kidneys of control or ADPKD patients showed that besides the distal tubules, the proximal tubules, 

loop of Henle and collecting ducts also contributed to cyst formation 468. This was identified in 

performed histology stainings, and later on by analysing the cell clusters of the snRNA-seq data for 

gene-expression signatures of PKD  468,469. 

The renal phenotype of NPH and NPH-RC is, apart from cyst formation, characterized by loss 

of epithelial cells. Our first evidence of the loss of epithelial cells was found specifically on proximal 

tubule epithelial cells upon histology. Here, the amount of LTL-positive proximal tubules was reduced 

in Nphp9/Nek8jck/jck compared to controls (Chapter 2). Although we could not quantify the actual loss 

of proximal tubule epithelial cells, we found further evidence in the snRNA-seq data set from renal 

tissue of our Nphp9/Nek8jck/jck mice, with a reduced percentage of these cells compared to the control. 

Interestingly, in cells of the proximal tubule of Nphp9/Nek8jck/jck, several damage markers were also 
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increased, like lipocalin 2 (Lcn2=NGAL), clusterin (Clu) and secreted phosphoprotein 1 (Spp1). Lcn2 has 

already been previously described as a disease marker in FA-AKI 470, Clu modulates DNA damage 

triggered cell death 471, whereas Spp1 is known to be present in the functions in tumour progression 

or modulating immune infiltration 472. Nevertheless, even though we could show damaged or affected 

proximal tubule cells, this clustering is not sufficient to explain the real status of the cells. For example, 

damaged proximal tubule cells dedifferentiated for rapid proliferation and repair, thus losing some of 

the specific proximal tubule marker genes 473. Therefore, these cells would potentially not be 

annotated as proximal tubules. For this reason, multiple annotation genes for cell types always need 

to be used. Additionally, the extension of these markers to differentiate between healthy, injured or 

aged in the different clusters could provide further in-depth information. Here, for example, the 

marker Niban1 was identified as a specific molecular marker of cystic cells in both mice and humans 

466 but also doublecortin domain containing 2 (Dcdc2a) was previously described as an injured proximal 

tubule marker additionally related to Wnt-signalling and regulation of the length of the cilium 474–476. 

In NPH and PKD, the dysregulation of Wnt-signalling was described to play a role in the development 

of cysts through the involvement of β-catenin, which would make Dcdc2a also suitable as a potential 

cyst biomarker in proximal tubule cells 477. In our data set, Dcdc2a is increased in the severely cystic 

Nphp9/Nek8jck/jck kidney, however, it is not proximal tubule specific (data not shown), whereas Niban1 

was not detected at all. 

Remarkably, further knockout of Ripk3 in Nphp9/Nek8jck/jck resulted in a great decrease in the 

level of Lcn2 positive cells in proximal tubules. Notably, the amelioration of the kidney phenotype, 

which we observed in the cyst index of Nphp9/Nek8jck/jck GsdmD-/- mice, was not that clear in the 

snRNA-seq data. This weaker influence on transcription levels might be caused by the higher 

inflammatory impact of pyroptosis. It is known that the loss of pyroptosis could stimulate necroptosis 

460–462, consistent with the upregulation of RIPK3 in these mice (Chapter 2). To ensure a restricted local 

effect, kidney-specific or, even more precisely, distal tubule-specific knockouts need to be generated. 

Together with this, future snRNA-seq data of isolated distal tubules may show cell death and ciliary 

signalling involved in the mechanism of cystogenesis.  

In summary, our preliminary analyses of the snRNA-Seq data reveal a loss of proximal tubule 

cells and a significantly lower expression of damage markers in the knockouts of Ripk3 and GsdmD. We 

now aim to develop and test hypotheses on the mechanisms leading to tubular damage as well as the 

distinct and common molecular and cellular details of how the loss of Ripk3 and GsdmD ameliorates 

kidney pathology.  
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4.7 RCD as a therapeutic target in renal ciliopathies 

Since primary cilia influence RCD, with necroptosis a predominant cell death pathway in cystic kidney 

disease, this leads to the question of to what extent RCD could be a potential target for therapeutic 

interventions. Our findings suggest that an early treatment focusing on the reduction of cell death and 

inflammation might be most beneficial. Certainly, this does not exclude the application of the same 

therapy at a later time point to decelerate its progression. Currently, almost all treatments in 

ciliopathies are designed to reduce symptoms and secondary complications. Thereby, most 

medications address symptoms like blood pressure, cholesterol and anaemia and patients require 

kidney replacement therapy, i.e. dialysis or transplantation, at later stages of the disease. Until now, 

there have been no clinical trials targeting RCD in either AKI or CKD patients. Our next steps, in the 

continuation of this project, would be to start preclinical studies in which we inhibit RCD pathway like 

for example necroptosis, i.e., Ripk3, in the mouse model. Since in renal ciliopathies inflammation and 

cell death occur in waves, this will influence our treatment strategy. For that reason, we believe it 

could be more effective to break the cycle of cystogenesis by applying ‘stoss therapy’, in which over a 

limited amount of time the treatment is performed before a longer break. This might additionally be 

advantageous as side effects would be reduced, eliminating the toxicity of longer treatments, and 

more convenient as it can reduce costs on the long run. In the longer perspective, it would be ideal to 

choose an application which specifically addresses the kidney, for example, by choosing a medication 

which could be efficiently filtered by the kidney, therefore reaching the target area, or manage to coat, 

for example, nanoparticles with specific agonists/antagonists of specific membrane proteins of tubular 

cells 478,479. A pro-drug approach could also be of great value, due to the possibility of manipulating the 

drug release/activation characteristics, for example, only being active in the presence of acidic pH or 

by renal enzymes 480.  

For many therapeutic strategies, an early diagnosis is essential and necessary for the best 

treatment efficiency. However, this is difficult as many renal ciliopathies develop insidious symptoms 

in the early onset of the disease, which are often not detected. Often, by the time of the diagnosis, the 

kidney function is already significantly altered. For this reason, it is of upmost importance to increase 

the knowledge of the early signs of disease and make doctors and patients aware of these signs, so 

that early treatment to prevent severe symptoms can be prescribed. The exact diagnosis can often be 

achieved more quickly through sequencing. Therefore, next-generation sequencing of patients with a 

certain symptomatic, or even in children from families with a known genetic disease, should be broadly 

available to identify specific mutations. Nevertheless, next-generation sequencing comes with a lot of 

technical challenges and ethical implications 481,482. Another option, to improve early diagnosis and 

treatment, would be to develop molecular signatures for a variety of inherited disease and also cell 



Discussion 

167 
 

death, through which an adapted therapy could be applied. In fact, altered molecular signature might 

be of greater importance than the actual genetic diagnosis, due to the overlap between ciliopathies, 

both genetically and phenotypically. So far, one redeeming fact is that patients do not need to undergo 

a biopsy collection to be diagnosed with renal diseases like CKD. Almost all kidney defects are 

detectable via ultrasound and MRI imaging and, additionally, kidney function can be assessed 

biochemically from urine and serum 483. This is a great advantage for patients; however, this does mean 

that researchers lack the opportunity to analyse patient material, for example, concerning RCD and 

inflammation and distinguish between so many nephropathies. There is still further non-invasive 

approach to investigate patient samples, which includes URECs (urine derived kidney epithelial cells), 

kidney tubuloids and kidney organoids, which can be cultured in vitro. These samples are derived from 

somatic cells, either cultured directly like URECs or reprogrammed to inducible pluripotent stem cells 

(iPSCs) 484,485. These methods allow research in cells close to kidney physiology. Furthermore, it is also 

a good model to examine drug efficacy and toxicity in high-throughput screenings. With cells collected 

from patients with different mutations, it would also be possible to personalize therapeutic 

approaches. For this reason, therapeutic interventions against cell death could be tested in such 

models, although, without the factor of systemic inflammation. Therefore, there is still the need to 

investigate RCD in vivo. For example, in vivo experiments of Ripk3-/- mice with AKI revealed that RIPK3 

promotes fibrosis; nevertheless, there is limited data for RIPK3 inhibition in vivo 347. One in vivo study 

showed that in endotoxin-induced AKI, RIPK3 is upregulated, which could be attenuated by GSK872 

486. The additional suppression of the proapoptotic protein Bax, by GSK872, further showed that Ripk3 

is a potential target for prevention of endotoxin-induced AKI. Another study showed that GSK872 in 

LPS-induced acute lung injury and in rat spinal cord injury also reduces NLRP3 expression and 

inflammation 487,488. For the other necroptosis marker, RIPK1, there are multiple studies in induced AKI 

which showed that the inhibition by Nec1s increases survival and reduces inflammation. In contrast, it 

has already been shown that a single dose of Nec1 did not prevent renal injury in FA-AKI at 48 h 312. 

The daily injection of Nec1 reduced creatinine and urea levels in blood plasma but increased the 

expression of tubular cell injury marker LCN2 and cell death 470. To date, the sole indication suggesting 

that this therapy could also mitigate effects in CKD has been observed in rat models. Following SNx 

surgery, levels of RIPK1 and RIPK3 rise eight weeks post-surgery 489. Four weeks post-SNx surgery, the 

researchers administered a single dose of Nec1 to the rats, resulting in a significant improvement in 

kidney pathology and function, along with decreased expression of RIPK1, RIPK3, and MLKL.  

This thesis provides compelling evidence that RCD is relevant to CKD. Specifically, necroptosis 

and pyroptosis were identified to contribute to renal ciliopathies, which can serve as mode for CKD. In 

vitro experiments demonstrated a significant rescue when necroptosis was inhibited using the RIPK3 

inhibitor GSK872 upon simulated necroptosis (Chapter 1), and also in vivo an amelioration of the 
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function of the kidney was observed upon the knockout of Ripk3 or GsdmD. However, further 

investigations need to be performed to understand the role of RCD more comprehensively. For 

instance, the developed phenotype could eventually be further improved by simultaneously knocking 

out Ripk3 and GsdmD. According to my results, this joined deletion may also potentially prevent cystic 

kidney disease in the Nek8jck/jck mouse.  

The acquired knowledge, coupled with the understanding that RCD is influenced by the 

primary cilium, prompts the question whether combined interventions targeting both ciliary signaling 

and RCD could be successful. However, further investigation into cyst development and cystogenesis 

as well as in the detailed function of primary cilia and RCD is required. Thus, this thesis might contribute 

to this growing body of evidence and encourages more research into this direction.  
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5. Conclusion 

This thesis uncovers a novel and crucial role of the primary cilium in protecting renal epithelial cells 

from necroptosis. This establishes a connection between primary cilia and regulated cell death (RCD), 

thus shedding light on the complex interplay in renal ciliopathies between cyst formation, epithelial 

cell proliferation and hypersecretion on the one hand, and inflammation, cell death, and fibrosis on 

the other. Renal ciliopathies such as NPH or BBS still lack efficient treatments. A comprehensive 

understanding of these mechanisms is essential for the development of future therapeutic strategies 

and the research presented here lays the groundwork for understanding the underlying mechanisms 

that drive renal pathophysiology. Our findings in the Nek8jck/jck mouse, a model for NPH, demonstrated 

that cystic kidney disease is characterized by pronounced inflammation, increased cell death, and 

progressive renal fibrosis. It also revealed the increased expression of RIPK3. Strikingly, an amelioration 

of the kidney phenotype was observed upon concomitant deletion of Ripk3. Surprisingly, these animals 

showed an increase in inflammation by the upregulation of IL-6 and further evidence that pyroptosis 

might be activated, explaining the persistent though milder renal phenotype. Indeed, the deletion of 

GsdmD also ameliorated cystic kidney disease. This supports the fact that RCD pathways are tightly 

interconnected; thus, more knowledge of these interconnections in cystic kidney diseases is needed. 

Dysregulated RCD and inflammatory signalling were also observed in the BBS8 knockout mouse in the 

third part of this thesis. This mouse developed cystic kidney disease, with an upregulation of IL-6 and 

inflammation which might contribute to disease progression. Additionally, we found several key 

players known to cause cystic kidney disease significantly altered in the kidney tissue. In summary, all 

these findings hint towards an important role of RCD in the pathogenesis of cystic kidney disease and, 

as such, renal ciliopathies. RCD is certainly not the sole and primary cause of any of these diseases. 

This is also evident from the fact that loss of cilia itself does not cause increased cell death, rather it 

increases the susceptibility to cell death inducers. However, pharmacological inhibition of RCD in 

ciliopathies might be part of future therapeutic approaches. Such strategies involving the modulation 

of necroptosis or other RCD pathways hold promise for mitigating inflammation, cell death, and 

fibrosis.  Bearing in mind that the extent of RCD is variable among different diseases, further in-depth 

analysis to define potential mechanisms needs to be performed. Thereby, particularly the BBS8 

knockout model could be the foundation to investigate biomarkers for RCD and inflammation. For this 

reason, unbiased proteomic approaches and snRNA-Seq on these mice, but also in-depth analysis of 

treatment studies for ciliopathy models with specific antibodies (e.g. IL-6) or inhibition of necroptosis 

or pyroptosis, needs to be performed. Overall, it is exciting to see where research might lead, using 

meticulous fundamental biology research to understand the mechanisms of disease progression and 

to contribute to developing viable treatment options. 
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Supplementary Figure 1 Bbs8 knockout mice do not develop cystic liver but fatty liver disease.  

Pathology of liver tissue of 46-week-old control and Bbs8 deficient mice: (A) PAS staining, scale bar: 200 µm, (B) Masson's 

trichrome stain, scale bar: 100 µm, (C) TUNEL staining, scale bar: 50 µm. 
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Supplementary Figure 2 Vector map of Flag-tagged human BBS8. 
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