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1 Abstract 

Nephronophthisis (NPH) is the number one genetic cause of end-stage renal disease in children. Since 

there are no causative treatment options available, the disease usually leads to dialysis or kidney 

transplantation by the medium age of 13. By now, several genes (NPHP1-20) have been identified 

whose mutations lead to NPH. Characteristics for NPH are interstitial fibrosis, tubular basement 

membrane thickening, and cyst formation in the kidney. Renal cyst formation is a shared feature of 

NPH and several other inherited (poly)cystic kidney diseases (PKD), as well as von-Hippel-Lindau (VHL) 

disease. VHL disease is caused by mutations in the VHL gene encoding for the protein pVHL. Moreover, 

loss of pVHL is also observed in most cases of sporadic renal cell carcinoma (RCC), a very frequent 

urogenital tumor. Recent groundbreaking studies demonstrated that primary cilia play a pivotal role 

in the pathogenesis of PKD and cancer biology. As tiny sensory organelles projecting from almost all 

mammalian cells, primary cilia transmit signals from the environment into the cell and modulate 

multiple signaling pathways, including Sonic Hedgehog signaling, Hippo signaling, and Wnt signaling, 

as well as cell cycle progression. The putative E3 ubiquitin ligase JADE1 has been found to interact with 

various ciliopathy-associated proteins, including pVHL and NPH proteins encoded by the NPHP genes. 

Thus, JADE1 might be involved in the pathogenesis of both VHL disease and NPH. Importantly, JADE1 

forms a protein family with JADE2 and JADE3, the functions of which are still largely unknown. 

The focus of this work was to unravel the functions of the JADE protein family members, including their 

shared and distinct role in transcriptional regulation in renal epithelial cells and their impact on the 

pathogenesis of NPH, VHL disease, and RCC. To this end, two individual loss-of-function cell lines for 

each of the JADE family members were generated using CRISPR/Cas9-mediated genome engineering. 

These cell lines were used to study the distinct and mutual functions of Jade1, Jade2, and Jade3 in 

differentiated renal tubular epithelial cells using unbiased transcriptomic and proteomic approaches 

followed by comprehensive bioinformatic analyses. Moreover, we generated transgenic mouse 

models to study the loss of each individual Jade protein in vivo. In addition, NPH mouse models were 

generated with the intention to resemble the human phenotype of NPH and to gain novel insights into 

the disease mechanisms. 

The analysis of the Jade-deficient cell lines provided new insight into the role of Jade proteins in several 

signaling pathways related to cyst formation and cancer development, including Rap1 signaling, focal 

adhesion and actin cytoskeleton regulation. In addition, we observed increased expression of 

proteasomal components and augmented proteasomal activity in all cell lines. Moreover, the newly 

generated Tmem218emKO/emKO mouse line closely resembles human NPH, which will be a highly valuable 

preclinical model to study molecular mechanisms of NPH.   
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2 Zusammenfassung 

Die zystische Nierenerkrankung Nephronophthise (NPH) ist die häufigste genetische Ursache eines 

terminalem Nierenversagens bei Kindern und Jugendlichen. Bislang wurden zahlreiche Gene (Nphp1-

20) identifiziert, deren Mutationen ursächlich für eine NPH sind. Charakteristisch für die NPH ist die 

Trias aus interstitieller Fibrose, einer Verdickung und Aufsplitterung der tubulären Basalmembran und 

der Entstehung von kortikomedullären Zysten in der Niere. Da es keine kurativen 

Behandlungsmöglichkeiten gibt, führt diese Erkrankung in der Regel zur Notwendigkeit einer 

Nierenersatztherapie, also der Dialyse oder einer Nierentransplantation. Zur Entstehung von renalen 

Zysten kommt es auch bei weiteren erblichen zystischen Nierenerkrankungen (polycystic kidney 

disease; PKD), etwa der häufigen autosomal-dominanten PKD (ADPKD) oder der autosomal-rezessiven 

PKD (ARPKD), sowie beim von-Hippel-Lindau (VHL) Syndrom. Nierenzysten beim VHL Syndrom, das 

durch Mutationen im Gen VHL ausgelöst wird, gehen als prämaligne Zysten der Entstehung eines 

klarzelligen Nierenzellkarzinoms (clear-cell renal cell carcinoma; ccRCC) voraus. Der Verlust von VHL 

wird auch bei den meisten Fällen eines sporadischen ccRCC beobachtet. Fundamentale Studien 

konnten zeigen, dass primäre Zilien eine entscheidende Rolle der Pathogenese von PKD spielen und 

auch bei der Entstehung des ccRCC und weiterer Tumore wichtig sind. Als kleine sensorische 

Organellen befinden sie sich auf der Oberfläche von fast allen Zellen. Dort übertragen sie Signale von 

der Zellumgebung in die Zelle hinein und modulieren viele Signalwege, wie etwa den Sonic Hedgehog, 

PDGF oder WNT Signalweg, aber auch die Progression des Zellzyklus. Die mutmaßliche E3 Ubiquitin 

Ligase JADE1 wurde als Interaktor von mehreren Ziliopathie-assoziierten Proteinen identifiziert, unter 

anderem von pVHL und von den NPH Proteinen welche von den NPHP Genen kodiert werden. Daraus 

resultierte die Hypothese, dass JADE1 an der Pathogenese der NPH, des VHL Syndroms sowie des 

ccRCC beteiligt sein könnte. Die Rolle und Funktion der beiden anderen Mitglieder der JADE 

Proteinfamilie (JADE2 und JADE3) war bislang weitestgehend unbekannt.  

Der Fokus dieser Arbeit liegt auf der Entschlüsselung der Funktionen der JADE 

Proteinfamilienmitglieder, einschließlich ihrer gemeinsamen und individuellen Funktionen in der 

transkriptionellen und translationalen Regulation in renalen Epithelzellen und ihrer Auswirkung auf die 

Pathogenese der NPH und des VHL Syndroms. Um dies zu erreichen, wurden zwei unterschiedliche 

„Loss-of-Function“ Zelllinien für jedes der JADE Familienmitglieder mit Hilfe von CRISPR/Cas9-

basiertem Genome Editing generiert. Diese Zelllinen wurden genutzt, um gemeinsame und 

unterschiedliche Funktionen von JADE1, JADE2 und JADE3 in renalen Tubulusepithelzellen zu 

untersuchen. Darüber hinaus haben wir Jade1/2/3-defiziente Mausmodelle generiert, um die Funktion 

der Jade Proteine in vivo analysieren zu können. Als Ergänzung dazu haben wir neue NPH Mausmodelle 
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hergestellt, die viele Aspekte des humanen Phänotyps der NPH widerspiegeln und dazu genutzt 

werden können, Erkrankungsmechanismus zu studieren.  

Die Analyse der Jade-defizienten Zelllinien führte zu neuen Erkenntnissen der Rolle der Jade Proteine 

in verschiedenen Signalwegen im Zusammenhang mit der Entstehung von Zysten und der Entwicklung 

von Krebserkrankungen. Als Hinweis auf eine gemeinsame Funktion der Jade Proteine, haben wir eine 

erhöhte Expression von proteasomalen Komponenten und damit einhergehend eine gesteigerte 

proteasomale Aktivität in allen Jade-defizienten Zelllinien gefunden. Darüber hinaus zeigt ein im 

Rahmen dieser Arbeit neugeneriertes Mausmodel mit einer Mutation in Tmem218 einen der humanen 

NPH sehr ähnlichen Phänotyp und wird somit ein sehr wertvolles vorklinisches Model sein, um den 

molekularen Mechanismus der NPH zu entschlüsseln.   
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3 Introduction 

 Polycystic Kidney Diseases  

Polycystic kidney diseases (PKD) are characterized by kidneys presenting with dilated tubules and 

liquid-filled cysts (Watnick and Germino, 2003). These arise from the renal tubular epithelial cells of 

the nephron, cause disruption of the tubular architecture and lead to various degrees of impairment 

of renal function (Kagan et al., 2017). PKD comprise multiple different disease entities (see following 

paragraphs), of which the clinical presentation is very heterogeneous: The age of onset varies from 

prenatal to adulthood (Mitchison and Valente, 2017). Cyst number and size, localization within the 

kidney, symptom severity, and disease progression are diverse (Wilson, 2009). The renal phenotype 

can coincide with various extra-renal manifestations (Kagan et al., 2017). In most patients, PKD 

progresses to end-stage renal disease (ESRD) requiring dialysis and/or kidney transplantation. There 

are currently no treatment or preventive strategies available (Bergmann et al., 2018). Most PKD are 

hereditary disorders, even though there are sporadic cases of PKD occurring during development, 

aging, or as a result of medical treatment (Fick and Gabow, 1994; Wilson and Falkenstein, 1995). 

Hereditary PKD are mainly monogenetic, i.e., caused by mutations in one individual gene in a dominant 

or recessive fashion. So far, mutations in more than 95 disease-causing genes have been discovered 

(Kagan et al., 2017; Vivante and Hildebrandt, 2016).  

3.1.1 ADPKD and ARPKD 

The most frequent hereditary PKD, with a prevalence of 1:400-1000 worldwide, is autosomal dominant 

polycystic kidney disease (ADPKD) (Bergmann et al., 2018). It affects more than 10 million people 

globally and is not only the most prevalent inherited progressive kidney disorder but also the most 

common potentially lethal monogenetic disorder (Torres et al., 2007). It is characterized by the 

progressive formation of numerous cysts resulting in massively enlarged kidneys (Figure 1A,B) and loss 

of kidney function (Grantham et al., 2006). Additional renal symptoms include hypertension, pain, 

kidney stones, and infections of cysts and the urinary tract. Common extra-renal manifestations 

include cysts in the liver, the seminal vesicles, and the pancreas, as well as vascular alterations leading 

to rare but severe intracranial aneurysms (Hildebrandt et al., 2011; Kagan et al., 2017). The disease is 

typically diagnosed in early adulthood (Cornec-Le Gall et al., 2013; Müller and Benzing, 2018). 

However, in a limited number of cases, the ADPKD is already observed in children (MacDermot et al., 

1998). The average age of ADPKD patients when reaching ESRD is 50-60, necessitating dialysis or kidney 

transplantation (Müller and Benzing, 2018; Spithoven et al., 2014). ADPKD is caused by mutations in 

PKD1 (~80 % of cases) and PKD2 (15-20 % of cases), which encode for the proteins Polycystin1 (PC1) 

and Polycystin2 (PC2) respectively (Bergmann, 2017; Torres et al., 2007). The genetic mutations in the 
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remaining cases are either unknown or are rare mutations in other loci (Cornec-Le Gall et al., 2018). 

Both, PC1 and PC2 mainly localize to the primary cilium, but also to tight junctions, adherens junctions, 

desmosomes, and focal adhesions. PC2 also localizes to the endoplasmic reticulum and the Golgi 

apparatus (Bergmann and Weiskirchen, 2012; Bergmann et al., 2018; Hildebrandt et al., 2011; 

Scheffers et al., 2002). The mechanisms underlying ADPKD development are not fully understood. It is 

known that the polycystins play a role in several cellular signaling pathways, including Ca2+, cAMP, 

mTOR, WNT, VEGF, and Hippo signaling (Bergmann et al., 2018; Müller and Schermer, 2020). 

Autosomal recessive polycystic kidney disease (ARPKD) is a PKD presenting in utero, perinatally, or in 

infancy (Bergmann et al., 2018). Compared to ADPKD, it is much rarer, with an overall prevalence of 

1:10.000 in newborns, and it is often more severe with about 50% of ARPKD cases leading to ESRD 

within the first decade of life (Bergmann et al., 2018; Hoyer, 2015). ARPKD patients present with cysts 

primarily derived from the renal distal tubules and collecting ducts, enlarged kidneys, and hepatic 

fibrosis, often leading to the need for a combined kidney and liver transplantation (Hoyer, 2015). The 

primary genetic cause of ARPKD are mutations in PKD and hepatic disease 1 (PKHD1), encoding for 

fibrocystin (FC) (Onuchic et al., 2002; Ward et al., 2002). FC also localizes to the primary cilium and 

basal body (Ward et al., 2003). The functions of FC are still mainly unknown. It is known that the 

cytoplasmic tail is cleaved and can translocate to the nucleus. (Hiesberger et al., 2006; Kaimori et al., 

2007). Recently, mutations in a second gene, DAZ-interacting zinc finger protein 1-like (DZIP1L), were 

suggested to cause ARPKD (Lu et al., 2017). However, the patients do not display any liver phenotype. 

DZIP1L localizes to the ciliary transition zone (TZ) and is known to act with Septin 2 (SEPT2) which plays 

a role in maintaining the periciliary diffusion barrier at the TZ (Lu et al., 2017). 

 
Figure 1. Schematic of different types of cystic kidney diseases compared to a healthy kidney.  
(A) Healthy kidney. (B) ADPKD is characterized by massively enlarged kidneys with large cysts. (C) 
Nephronophthisis is characterized by small to normal-sized kidneys, corticomedullary cysts, and 
fibrosis. (D) VHL disease causes the formation of small cysts in addition to tumors.  
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3.1.2 Nephronophthisis 

Nephronophthisis (NPH) is an autosomal recessive cystic kidney disease and belongs, with a prevalence 

between 1:50,000 and 1:1,000,000, to the group of rare diseases (Stokman et al., 1993). Nonetheless, 

it is the most frequent genetic cause of ESRD within the first three decades of life (Srivastava et al., 

2018). NPH is caused by mutations in several genes, with 20 NPHP genes being identified so far 

(Srivastava et al., 2018), and even more are proposed to cause NPH or an NPH-like phenotype (Hurd 

et al., 2013; O’Toole et al., 2010; Sang et al., 2011; Utsch et al., 2006). Since the known mutations only 

account for about a third of the cases, it is very likely that NPH causing mutations in other genes will 

be discovered (Hildebrandt et al., 2009). Moreover, it has also been suggested that mutational load in 

the form of oligogenicity and triallelism might play a role in the development and progression of NPH 

(Srivastava et al., 2018). Phenotype, onset, progression, and extra-renal manifestations are diverse and 

dependent on the mutated gene as well as the type of mutation (Wolf and Hildebrandt, 2011). 

The most frequently mutated gene is NPHP1, accounting for about 21 % of cases and causing the 

juvenile form of NPH (Hildebrandt et al., 1997, 2009; Saunier et al., 1997). The median age of 

developing ESRD is 13 years (König et al., 2017; Stokman et al., 1993). Juvenile NPH is mainly 

characterized by corticomedullary cysts, tubulointerstitial nephritis, and thickening of the tubular 

basement membrane (Figure 1C). In contrast to ADPKD and ARPKD, the kidneys are of normal or 

reduced size (Wolf and Hildebrandt, 2011). With a clinical phenotype that largely resembles the 

juvenile form, but shifts the mean age of ESRD to 19 years, the adolescent form might be more of an 

extension of the juvenile form, and is predominantly caused by mutations in NPHP3 (Olbrich et al., 

2003; Omran et al., 2000). A third variant, infantile NPH, is rare with a severe phenotype that can 

already present in utero and leads to ESRD typically within the first year of life (Gagnadoux et al., 1989). 

Phenotypically it differs from the other variants of NPH, presenting with enlarged cystic kidneys and 

no changes in the tubular basement membrane (Wolf and Hildebrandt, 2011). Most commonly 

mutated genes are INVS (NPHP2) and NPHP3 (Haider et al., 1998; Otto et al., 2003; Tory et al., 2009).  

Approximately 20% of NPH cases present with extra-renal manifestations (Salomon et al., 2009). The 

most frequently affected organs include retina, brain, and liver (Srivastava et al., 2018). Associated 

syndromes include Senior-Løken syndrome, Joubert syndrome (JBTS), Bardet-Biedl syndrome (BBS), 

Meckel-Gruber syndrome (MKS) and others (Hildebrandt et al., 2009, 2011).  

Strikingly in the last decade, it became evident that most proteins encoded by genes involved in NPH 

and associated syndromes (including ARPKD and ADPKD) either localize to primary cilia or the 

centrosome, or play a role in ciliary function (Hildebrandt et al., 2011; Kagan et al., 2017).  
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3.1.3 Mouse models of Nephronophthisis 

There is still an enormous lack of knowledge regarding the underlying mechanisms in NPH and the 

functions of NPH proteins, and there are currently no specific treatment options available other than 

renal replacement therapy. Because of the complex nature of the pathologies, most of the questions 

regarding the disease mechanisms can only be studied in vivo with suitable NPH mouse models 

approximating the human NPH phenotype. Moreover, these will be crucial to investigate the role of 

disease-related proteins such as the Jade protein family in vivo.  

Over the last few decades, many approaches were published aiming to generate mouse models for 

PKD and, in particular, for NPH. The most direct approach includes the generation of mouse lines 

carrying null alleles for various NPHPs. So far, Nphp1-12 have been targeted to generate mouse models 

resembling the corresponding human phenotypes. Out of these models, the Glis2 (Nphp7) mutant 

mouse model is the only one clearly displaying all of the hallmarks of human NPH (Attanasio et al., 

2007; Kim et al., 2008). In addition, the Sdccag8 (Nphp10) (Airik et al., 2014) develops a renal 

phenotype reminiscent of NPH. The most frequent kidney phenotype in NPHP mutant mice, however, 

is a PKD disease with massively enlarged kidneys mimicking the renal phenotype of ADPKD rather than 

NPH. This has been observed in mice lacking functional alleles of Nphp3 (Omran et al., 2001) and 

Tmem67 (Nphp11) (Cook et al., 2009). Mice carrying the jck mutation in Nek8 (Nphp9) also develop an 

ADPKD-like renal phenotype (Atala et al., 1993), while a knockout of Nphp9 results in perinatal lethality 

with only a few glomerular cysts in the kidneys at P0 (Manning et al., 2013). Retinal degeneration is 

the most frequent extra-renal phenotype occurring with and without renal defects in NPH mouse 

models (Nphp1 (Louie et al., 2010), Nphp4 (Won et al., 2011), Cep290 (Nphp6) (Chang et al., 2006), 

Rpgrip1l (Nphp8) (Won et al., 2009), Sdccag8 (Nphp10) (Airik et al., 2014), Tmem67 (Nphp11) (Collin 

et al., 2012)). Other phenotypes in NPH mutant mice include early/embryonic lethality, male infertility, 

situs inversus, and heart abnormalities (Bergmann et al., 2008; Jiang et al., 2008; McQuinn et al., 2001; 

Morgan et al., 1998; Ronquillo et al., 2016; Stottmann et al., 2009; Vierkotten et al., 2007; Won et al., 

2011). 

Besides directly targeting NPH proteins, there are several studies on mouse models presenting with a 

cystic kidney phenotype targeting primarily ciliary proteins (Davenport et al., 2007; Jonassen et al., 

2008; Lin et al., 2003). However, these mice present mainly with a polycystic kidney phenotype. One 

exception is a mouse model with a deletion of the apoptosis antagonizing transcription factor (AATF) 

in tubular epithelial cells, which develop kidney phenotypes showing the hallmarks of human NPH, 

including tubular atrophy, interstitial fibrosis, and cysts at the corticomedullary border (Jain et al., 

2019). This model strengthens the connection between ciliary signaling defects and DNA damage 

response pathways in ciliopathies. An additional exception is Tmem218, which was first connected to 

NPH in a large-scale phenotypic screening of knockout mice presenting with PKD and retinal 
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degradation (Vogel et al., 2015). In addition, the knockout of the polarity protein Mals3 also results in 

hypomorphic cystic kidneys reminiscent of NPH (Olsen et al., 2007).  

 Von-Hippel-Lindau disease 

Von-Hippel-Lindau (VHL) disease is an hereditary autosomal dominant cancer syndrome with a 

prevalence of 1:35,000 (Robinson and Ohh, 2014). Tumor formation occurs when, in addition to the 

heterozygous germline mutation of one VHL allele, the remaining wild-type allele is inactivated by a 

somatic mutation (‘second hit’) or epigenetically, leading to loss of the VHL protein (pVHL) (Joosten et 

al., 2018; Knudson, 1971; Robinson and Ohh, 2014; Smits et al., 2008). Patients have a high risk of 

developing benign tumors in the central nervous system, retina, and adrenal glands, as well as clear 

cell renal cell carcinoma (ccRCC), a malignant tumor of the kidney (Tarade and Ohh, 2018). ccRCC is 

the primary cause of morbidity and mortality in VHL disease (Robinson and Ohh, 2014). Moreover, 

sporadic ccRCC, the most common form of kidney cancer (Figure 1D), also presents with VHL mutations 

in about 60-80 % of cases (Baldewijns et al., 2008; van Houwelingen et al., 2005; Moore et al., 2011; 

Shuin et al., 1994). Loss of functional pVHL in the kidney has also been linked to premalignant renal 

cysts formation (Lubensky et al., 1996; Mandriota et al., 2002). Additionally, like many other proteins 

linked to PKD, pVHL has been shown to localize to the primary cilium (Schermer et al., 2006).  

 Primary cilia 

Primary cilia are tiny antennae-like organelles projecting from the surface of almost all mammalian 

cells. In the kidney, they were first observed in 1898 (Zimmermann, 1898), however, it took almost a 

century before ciliary (dys)function was linked to human diseases (Barr et al., 2001; Pazour et al., 2000) 

and cilia research became a focus. Today, the importance of the sensory organelle is well established. 

In 1999, Maureen Barr was the first one to link PKD to primary cilia (Barr and Sternberg, 1999; Barr et 

al., 2001).  

Cilia are microtubule-based structures, which are anchored at the plasma membrane by a basal body 

(BB). The transition zone (TZ) is formed at the base of the cilium and on top of the BB. The TZ is 

characterized by Y-shaped structures connecting the membrane with the cytoskeleton. The TZ is a 

highly specialized ciliary domain that acts as a gatekeeper and tightly regulates the entry and exit of 

proteins synthesized in the cytoplasm (Reiter et al., 2012). The microtubule-based ciliary cytoskeleton 

is called the axoneme and is covered by the ciliary membrane. This ciliary membrane is contiguous 

with the plasma membrane but shows a distinct composition (Garcia et al., 2018). In many cell types, 

the transition from the plasma membrane to ciliary membrane is characterized by an invagination 

called the ciliary pocket (Molla-Herman et al., 2010). The ciliary pocket is sought to play an important 

role in vesicular trafficking as well as in linking the cilium to the actin cytoskeleton (Benmerah, 2013). 
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Post-Golgi vesicles transport proteins with a ciliary destination to the apical membrane at the ciliary 

base where they are exocytosed. After passing the transition zone, a mechanism that is not well 

understood, the proteins are transported through the cilium by a highly specialized transport system , 

the Intraflagellar Transport (IFT) (Rosenbaum and Witman, 2002). The IFT is divided in an anterograde 

and a retrograde mechanism, which are catalyzed respectively by kinesins and dyneins (Jordan et al., 

2018; Wheway et al., 2018). The classic model of primary cilia axoneme structure of cilia is a ‘9+0’ 

microtubule structure, referring to a ring of nine peripheral microtubule doublets (Oh and Katsanis, 

2012). A second type of cilia, motile cilia, have a ‘9+2’ microtubule structure with an additional doublet 

in the middle of the ring as well as dynein arms (Mitchison and Valente, 2017). Recently, a 

groundbreaking study using cryo-electron tomography on primary cilia has challenged this textbook 

knowledge, showing that the ‘9+0’ microtubule structure only exists for a few micrometer at the ciliary 

base before revolving towards EB1-decorated microtubules and actin filaments (Kiesel et al., 2020).  

Interestingly, primary cilia are directly and structurally linked to the cell cycle. During the interphase 

of the cell cycle, the centrioles travel to the plasma membrane where the mother centriole then forms 

the basal body. As soon as the centrosome is needed again for the next cell division, the cilium is 

reabsorbed and the centrosome is released from the plasma membrane (Plotnikova et al., 2009). Cilia 

are thus organelles, that are constantly assembled and disassembled, and since cell division is only 

possible after the reabsorption of the cilium, this is commonly described as a ciliary checkpoint within 

the cell cycle (Bettencourt-Dias et al., 2011). Loss of this ciliary checkpoint has been associated with 

renal cell carcinoma and other cancers (Higgins et al., 2019; Seeger-Nukpezah et al., 2013), and the 

checkpoint might play an essential role in injury and repair of tubule cells (Guo and Cantley, 2010).  

 The ciliary transition zone as gatekeeper 

In recent years, major advances in understanding the ciliary protein composition have been made. 

Advanced proteomic approaches have led to the discovery of new ciliary proteins and super-resolution 

imaging as well as cryo-electron microscopy have been crucial in further elucidating the ciliary 

structure and protein localization within the cilium (Kiesel et al., 2020; Kohli et al., 2017; Mick et al., 

2015; Tony Yang et al., 2015; Yang et al., 2013). Even though there is no membrane separating the 

ciliary lumen from the cytoplasm, the cilium is considered an independent organelle, with proteins 

specifically localizing to the ciliary membrane and the axoneme. The absence of protein synthesis 

within the cilium requires a barrier regulating the transport of proteins to and from the cilium as well 

as retention of proteins within the cilium, a role that has been assigned to the TZ (Bhogaraju et al., 

2013; Rosenbaum and Witman, 2002).  

Although the barrier function of the flagellar TZ had already been proposed in 1972, the mechanisms 

behind this process are still not well understood (Anderson, 1972; Gilula and Satir, 1972). Early on, the 
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TZ had been compared to the nuclear pore complex (NPC). NPCs allow proteins under 40 kDa to freely 

diffuse to and from the nucleus, while proteins between 40 and 60 kDa are slowed down, and proteins 

above 60 kDa are excluded (Knockenhauer and Schwartz, 2016). For the ciliary TZ it has been shown 

that even though protein up to 60 kDa would structurally fit through it (Nachury et al., 2010), the 

passive diffusion rate for even smaller particles is reduced and that proteins larger than 40 kDa need 

nucleoporins to facilitate the transport (Calvert et al., 2010; Kee et al., 2012). Similar to the nuclear 

localization sequence for the transport into the nucleus, ciliary localization signals have been proposed 

and identified in several ciliary proteins including PC1, PC2, and PKDH1 (Dishinger et al., 2010; Follit et 

al., 2010; Nachury et al., 2010).  

Several NPH as well as MKS and JBTS proteins have been shown to specifically localize to the BB and 

TZ and have been identified to participate in the ciliary gate function. A detailed interaction network 

for the NPHP-JBTS-MKS proteins was published in 2011 (Sang et al., 2011). Here, the NPHP1-4-8 

complex has been found at the TZ and cell-cell contacts. This complex is not essential for ciliation but 

for epithelial morphogenesis as well as the barrier function (Awata et al., 2014; Sang et al., 2011). The 

NPHP5-6 complex localizes to the basal body and is connected to the NPHP1-4-8 complex via Inversin 

(NPHP2). It is essential for ciliation, tissue organization as well as ciliary trafficking (Barbelanne et al., 

2015; Sang et al., 2011).  

 The JADE protein family 

Increasing evidence links the putative E3 ubiquitin ligase JADE1 (gene for apoptosis and differentiation 

in epithilia-1) to PKD (Borgal et al., 2012; Foy et al., 2012), renal cell carcinoma (Chitalia et al., 2008; 

Shafique and Rashid, 2019; Xiao-Fen et al., 2016), cilia, and cell cycle progression (Borgal et al., 2016; 

Siriwardana et al., 2015). This puts JADE1, also known as PHF17, in a prime position to study underlying 

connections, molecular mechanisms and to find potential therapeutic target points for the above-

mentioned diseases. Alternative splicing of the JADE1 mRNA results in two JADE1 isoforms, a full length 

variant with 842 amino acids (JADE1L), and a truncated variant missing 333 amino acids at the C-

terminal end (JADE1S) (Foy et al., 2008). JADE1 shares a protein family with JADE2 (PHF16) and JADE3 

(PHF15). The individual JADE proteins are encoded by genes localized on three different chromosomes, 

Chr 4, Chr 5, Chr X in the human genome and Chr 3, Chr 11, and Chr X in the mouse genome 

respectively. Their similarity in both sequence and domain structure has been recognized previously 

(Panchenko, 2016). All three JADE protein family members contain two PHD finger domains, multiple 

PEST motifs that are rich in amino acid residues proline (P), aspartic acid (E), serine (S), and threonine 

(T), and nuclear localization signals (NLS) (Figure 2A). Moreover, both JADE1 and JADE2 have 

acetylation sites in front of the second PHD domain, whereas both JADE2 and JADE3 have acetylation 

sites between amino acid residue 30 and 40. All of these acetylation sites have been experimentally 
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identified, however, their functional relevance is unclear. Sequence comparison of human JADE 

paralogues as well as mouse Jade paralogous revealed a high similarity within the JADE protein family 

(Figure 2B). The higher protein identity score between JADE2/3 and JADE1S compared to JADE1L 

indicates that the highest level of similarity lies in the N-terminal part. The JADE family is also highly 

conserved across species, with 92.45% sequence identity between human and mouse orthologues for 

JADE1, and 91.44% and 81.92% for JADE2 and JADE3, respectively (Figure 2C)(Panchenko, 2016; 

Tzouanacou et al., 2003). However, most studies focused exclusively on JADE1S/L so far.  

 

 
Figure 2. Structural similarity in the JADE protein family.  
(A) Domain structure of human JADE proteins. PHD – plant homeo domain; NLS – nuclear localization 
signal; PEST – protein degradation amino acid sequence enriched in P, E, S, and T. Domain information 
obtained from EMBOSS/epestfind (Rice et al., 2000), SMART(Letunic and Bork, 2018), and NLS 
prediction (consensus sequence K – (K/R) –X – (K/R)). (B) Human and mouse JADE family paralogues 
protein sequence similarities shown in a protein identity matrix. Protein sequences were obtained 
from Uniport (Consortium, 2019) and the identity score was calculated using Clustal Omega (Madeira 
F et al., 2019). (C) Summary of species (as annotated in Ensembl, including invertebrates) with 1:1 
orthologues for the JADE family. Sequence identity is based on the alignment of the protein sequences 
and was obtained from Ensembl (Howe et al., 2021). See also MS ID#: BIORXIV/2021/462752. 
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3.5.1 JADE1 in the context of Wnt signaling and PKD 

JADE1 was first discovered in a yeast-to-hybrid screen as an interactor of pVHL (Zhou et al., 2002). 

Zhou et al. showed JADE1 expression in the kidney, specifically in proximal tubule cells (Zhou et al., 

2002). Moreover, they showed that the reintroduction of pVHL in RCC cells leads to a strong 

upregulation of JADE1 and that pVHL increased the protein half-life of JADE1, which is generally rather 

short-lived (Zeng et al., 2013; Zhou et al., 2002). A follow up study showed that the PHD domain of 

JADE1 is critical for interaction with VHL and the stabilization by pVHL (Zhou et al., 2004). In addition, 

they observed that mutated pVHL variants linked to renal cancer were not able to stabilize JADE1 and 

suggested a risk correlation with RCC development (Zhou et al., 2004). Since JADE1 expression in renal 

cancer cells, in general, is low, it has been suggested that JADE1 is a pro-apoptotic factor, which needs 

to be overcome for renal cancer to develop (Zhou et al., 2005). This function of JADE1, as a putative 

tumor suppressor, was linked to apoptosis showing that JADE1 increases apoptosis and decreased 

levels of the anti-apoptotic factor BCL2 (Zhou et al., 2005). A correlation study in RCC patients showed 

that not only the downregulation of JADE1 and pVHL correlated in RCC tissue compared to matched 

normal tissue, but that this downregulation was also correlated to tumor size and tumor grade (Xiao-

Fen et al., 2016).  

Chitalia et al. demonstrated that pVHL downregulates β-catenin in a JADE1S dependent manner and 

that JADE1S is able to destabilize wild-type but not a cancer-causing β-catenin variant. Moreover, 

JADE1S acted as an E3 ubiquitin ligase for phosphorylated as well as non-phosphorylated β-catenin, 

and was thus able to regulate canonical Wnt signaling in the off and on state (Chitalia et al., 2008). 

These findings could be linked to a patient cohort, where a low expression of JADE1 and high 

expression of β-catenin, and especially the combination of both, were linked to poor outcome and 

decreased survival of RCC patients (Lian et al., 2012). A study by Foy et al. demonstrated that PC1 

regulates JADE1 expression levels and its function as a transcription factor, using JADE1 as a mediator 

to control canonical Wnt/β-catenin signaling (Foy et al., 2012). Moreover, our lab could show that the 

ciliary protein NPHP4 can stabilize and promote localization of JADE1S to the nucleus leading to an 

additive inhibition of canonical Wnt signaling (Borgal et al., 2012). JADE1 has been shown to taget β-

catenin for proteasomal degradation and thus was suggested to play a role in fine-tuning Wnt-signaling 

(Borgal et al., 2012; Chitalia et al., 2008). 

Wnt signaling is important for cell fate decisions and tissue patterning in development, cell cycle 

progression, and stem cell maintenance (Clevers, 2006; MacDonald et al., 2009). Besides being 

essential for embryonic development, dysregulation of Wnt signaling is a significant contributor to 

cancer (Clevers and Nusse, 2012; Taciak et al., 2018). Wnt signaling is often divided into a canonical 

route which is β-catenin dependent as well as two non-canonical, β-catenin independent, pathways, 

the Wnt/Planar Cell Polarity (PCP) and the Wnt/Ca2+ pathway (Gerdes and Katsanis, 2008; Malik et al., 
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2020; Oh and Katsanis, 2013). Defects in Wnt signaling have been shown to lead to cyst formation in 

the kidney in mouse models. Activation of Wnt signaling, though either overexpression of an activated, 

oncogenic β-catenin (Saadi-Kheddouci et al., 2001), overexpression of the canonical Wnt ligand Wnt9 

(Kiefer et al., 2012), or deletion of the tumor suppressor Apc (Qian et al., 2005), leads to a polycystic 

kidney phenotype. Inversin (NPHP2) provided one of the first direct link of Wnt signaling and its 

regulation through primary cilia. Inversin has been shown to interact with Dishevelled (Dvl1), targeting 

the cytoplasmic faction of Dvl1 for degradation which leads to inhibition of canonical Wnt signaling 

(Simons et al., 2005). At the same time, Inversin is able to promote PCP signaling and might play a role 

in switching from canonical to non-canonical Wnt signaling (Lienkamp et al., 2012; Simons et al., 2005). 

The balance between the different Wnt pathways is crucial for tissue development and homeostasis 

and might be partially regulated via primary cilia (Figure 1).  

Additionally, the AKT signaling pathway, which is relevant for various cellular processes, including cell 

survival, proliferation, metabolism, and migration, is activated in RCCs and also in kidney cysts (Frew 

et al., 2008; Zeng et al., 2013). JADE1 has been shown to target phospho-AKT1, linking loss of JADE1 to 

an activation of AKT signaling (Zeng et al., 2013). Recently, it was shown that microRNA (miR) 135b 

targets JADE1, and that silencing of miR-135b leads to upregulation in JADE1 and subsequent inhibition 

of AKT signaling (Zhou et al., 2020). These findings strengthen the role of JADE1 as a tumor suppressor 

and in the pathogenesis of RCC and cyst formation. However, a detailed understanding of the 

underlying mechanism is still missing.  

 

 



Introduction 
 

14 
 

 
Figure 3. Overview of ciliary TZ and BB modulation of WNT signaling.  
Both, the NPHP and the MKS module localize to the TZ of primary cilia. Moreover, several Wnt signaling 
pathway components and components of the β-catenin destructin complex (APC, GSK3β, CK1α) 
localize to primary cilia. RPGRIP1L can inhibited canonical Wnt signaling by interacting with PSMD2, a 
component of the proteasome. Similarly to JADE1, it promotes degradation of β-catenin and in 
addition Dvl1. Wnt singaling is further linked to the primary cilia by TMEM67 that has been shown to 
recruit ROR2 (receptor tyrosine kinase-like orphan receptor 2) which binds the Wnt ligand WNT5A. 
Jouberin (JBN) regulates translocation of β-catenin to the cilium and nucleus depend on ciliation. 
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, 
Nature Reviews Nephrology, Zeinab Anvarian et al. © 2019 (Anvarian et al., 2019) 
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3.5.2 JADE1 as part of the histone acetyltransferase complex 

One of the most studied areas of JADE1 is its role in the HBO1-JADE1 histone acetyl transferase (HAT) 

complex. As mentioned before, JADE1 does contain two PHD motifs, making it part of a family of over 

300 proteins containing PHD fingers (Panchenko et al., 2004). PHD fingers are Cys4HisCys3 motifs 

around two zinc ions and are primarily found in nuclear proteins. They are suggested to play a role in 

chromatin remodeling as they are mainly found in transcriptional co-regulators and chromatin 

modifiers (Aasland et al., 1995; Musselman and Kutateladze, 2009; Sanchez and Zhou, 2011). Along 

this line, Panchenko et al. showed that JADE1 leads to activated transcription by increasing acetylated 

H4 expression, suggesting a role as transcriptional activator (Panchenko et al., 2004). Further 

investigation in the detailed nature of the HBO1-JADE1 complex revealed the importance of the N-

terminal region of JADE1 to interact with the H3-H4 substrate and thus facilitate histone acetylation 

(Han et al., 2018).  

Whereas most studies focus on the short isoform of JADE1, Foy et al. could show that co-expression 

of both JADE1S, JADE1L, and HBO1 is necessary for histone H4 acetylation depending on the presence 

of the JADE1 PHD domains (Foy et al., 2008). Correlation of JADE1S expression with acetylation of H4 

but not H3, provides further evidence for the H4 specificity of JADE1 (Havasi et al., 2013). Siriwardana 

et al. also linked JADE1S to organ recovery by showing cell-cycle dependent phosphorylation of JADE1S 

and a shift of JADE1 from the nucleus to the cytoplasm after injury, indicating the proliferative status 

of the cells (Siriwardana et al., 2015). The kinases CK1α, Aurora A, and Aurora B have been shown to 

play a role in JADE1 phosphorylation (Borgal et al., 2014, 2016; Siriwardana et al., 2014, 2015). 

Furthermore, JADE1 has been linked to the HAT Tip60 (Panchenko et al., 2004), which also is known to 

have an H4 specificity (Yamamoto and Horikoshi, 1997). JADE1 mainly forms a complex with HBO1, 

ING4/5 (Inhibitor of growth 4/5) as well as EAF6, whereas TIP60 usually complexes with EPC1 and ING3 

(Doyon et al., 2006). Even though JADE1 seems to work mainly in complex with HBO1, changing to 

TIP60 might be part of more distinct functions of JADE1. However, neither the underlying mechanisms 

nor potential triggers for the switch are known. ING proteins are known to influence p53 signaling and 

proliferation and act as tumor suppressors (Campos et al., 2004), making it tempting to speculate that 

JADE1 is acting in a similar manner. Functional transcriptional studies revealed that the p53 indeed 

might be targeted by the JADE1-HBO1 complex (Avvakumov et al., 2012). Yet, even though it is evident 

that JADE1 plays a role in proliferation, up to date, the transcriptional function of JADE1 as well as 

specific transcriptional targets are not clear.  
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3.5.3 In vivo functions of Jade1 

Shortly after the first description of JADE1, a gene-trap mouse model was published (Tzouanacou et 

al., 2003). Jade1 was identified in a screen for genes expressed in the primitive streak and tail bud 

during mouse embryogenesis. Additional expression was found in regions with pluripotent or tissue-

specific progenitors (Tzouanacou et al., 2003). Animals homozygous for the gene trap allele were viable 

and fertile, and did not show any morphological phenotype compared to wild-type and heterozygous 

littermates. It was however noted that the number of weaned homozygous animals was lower than 

expected from Mendelian ratios (Tzouanacou et al., 2003). Since Jade1 shares a high degree of 

similarity with two other PHD proteins, Jade2 and Jade3, a compensatory mechanism was proposed, 

which was supported by partial co-expression of the mRNAs of Jade1/2/3 (Tzouanacou et al., 2003).  

Besides the Jade1 gene-trap mouse model, the HBO1-Jade1 complex (3.5.2) has been studied in vivo 

in the context of epithelial regeneration in the kidney (Havasi et al., 2013). Here, it was shown that 

during acute kidney injury in wild-type mice Jade1 as well as HBO1 expression initially decreases. 

During recovery, first Jade1S levels are restored to pre-injury levels, and subsequently, Jade1L 

expression is restored. This time shift correlates with the maximum and the stop of cell proliferation, 

respectively. This indicated a distinct role of Jade1 proteins in renal tissue regeneration.  

3.5.4 JADE2 

The function of JADE2 is still largely unknown. Similar to JADE1, JADE2 has been associated with the 

HBO1 complex (Doyon et al., 2006; Foy et al., 2008). In ovarian cancer cells high levels of JADE2 have 

been observed and lead to the presumption that JADE2 might play a role in histone H4 specific 

acetylation though HBO1 activating downstream mechano-transduction pathways, including the 

ovarian cancer oncogene YAP1 (Quintela et al., 2019). Furthermore, JADE2 has been further proposed 

as an E3-ubiquitin ligase for Histone H3K4 demethylase LSD1 (Anan et al., 2018; Han et al., 2014). LSD1 

plays a role in various cellular processes, including stem cell maintenance and carcinogenesis (Amente 

et al., 2013; Hino et al., 2016). Degradation of LSD1 by JADE2 is linked to cell differentiation and 

metabolic reprogramming (Anan et al., 2018; Han et al., 2014). 

3.5.5 JADE3 

Similar to JADE1L/2, it has been shown for JADE3 that it also co-purified with the complex formed by 

H4, HBO1, and ING4/5 (Doyon et al., 2006; Foy et al., 2008). It was shown, however, that even though 

JADE3 is able to stabilize HBO1 it does not induce acetylation when co-expressed with HBO1 and is less 

efficient in stimulating the HAT-HBO1 activity as seen for JADE1L (Foy et al., 2008). Additionally, JADE3 

has also been shown to function as an oncogene in colon cancer, to correlate with cancer progression 

and to predict poor survival of patients. In the proposed mechanism, JADE3 is acting in the Wnt/β-
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catenin pathway as well as enhancing the transcriptional activity of LGR5 and thus increasing the 

cancer stem cell properties in colon cancer (Jian et al., 2018). Besides the role of JADE3 in colon cancer, 

a non-synonymous somatic variant of JADE3 has been identified in hepatocellular carcinoma (Liu et al., 

2012), and JADE3 has been associated with the activation of MSX1 in mantel cell lymphoma (Nagel et 

al., 2014). An additional link has been made between JADE3 and lipid accumulation and differentiation 

in adipocytes, suggesting JADE3 as a potential negative regulator on Wnt or TGF signaling (Chang et 

al., 2019).  

While there are not many studies focused on JADE2 and JADE3, the current evidence points to similar 

molecular functions within the JADE protein family. Histone acetylation, Wnt signaling as well as 

carcinogenesis are reoccurring key aspects linked multiple family members. However, the role of 

JADE2 and JADE3 in the kidney has not been addressed yet. Moreover, a direct comparison of the 

functions of the JADE family members in the same cell of tissue type is lacking.  
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4 Thesis Aims 

Over the last decades, several proteins and pathways have been identified to play a role in NPH, VHL 

disease, and RCC. The role of primary cilia in the pathophysiology of renal cyst formation is well 

established. However, concrete disease mechanism and, more importantly, causative treatment 

options of PKD are still missing. JADE1 has been identified to interact with NPH- and RCC-related 

proteins, but its role in disease onset or progression as well as in cilia biology remains to be fully 

elucidated. The overarching aim of this thesis was to gain deeper insights into the function and 

molecular mechanism of the JADE protein family and to generate novel mouse models assembling 

human NPH. The specific aims addressed in this thesis were:  

(1) Elucidating potentially overlapping functions within the JADE protein family 

A potential compensatory function within the JADE protein family is plausible considering their great 

structural similarities. To put Jade1 in context with Jade2 and Jade3, we first did an in-depth analysis 

of published data to illustrate the similarities of JADE1/2/3 and their respective expression levels in 

different tissues or cell types. Next, we aimed to examine if JADE2 and JADE3 share ciliopathy related 

protein interactors with JADE1. Moreover, we generated several Jade1/2/3-deficient renal tubular 

epithelial cell lines with CRISPR/Cas9-mediated genome engineering. In these mutant cell lines, we 

studied how the loss of one Jade family member affected the expression of the others.  

(2) Unbiased analysis of functions of the Jade protein family in renal epithelial cells 

To gain a better understanding of the functions of the individual protein members of the JADE family, 

the Jade-deficient cell lines generated in aim (1) were used to produce unbiased transcriptome and 

proteome datasets. Comprehensive bioinformatics analysis was performed on these datasets to 

unravel shared and distinct cellular functions of JADE1/2/3.  

(3) Investigating the role of the Jade family members in in vivo models 

In vivo models are crucial to study the pathophysiological functions of Jade proteins in tissue and 

organs. So far, there is only limited in vivo information and tools available for Jade1 and none for Jade2 

and Jade3. Therefore, individual mutant mouse lines were generated using CRISPR/Cas9-mediated 

genome engineering. These models will be important tools to study the role of the individual Jade 

proteins during kidney development and tissue homeostasis, as well as their role in ccRCC.  

(4) Generation of NPH mouse models resembling the human phenotype 

There have been many attempts to generate in vivo models for NPH, however, the phenotype mostly 

did not resemble the human NPH phenotype. Within this thesis, four new NPH mouse models were 

generated and characterized, two with null alleles for Glis2 (Nphp7) and one with a null allele and one 

with a patient-derived mutation for Tmem218.   
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5 Materials and Methods 

 Materials  

5.1.1 Chemicals and Reagents 

 Table 1. List of chemicals and reagents used.  

Chemical/Reagent Product no. Provider 
3,3′,5,5′-Tetramethylbenzidine (TMB) T2885 Sigma-Aldrich 
Accutase #07920 STEMCELL Technologies 
Acetic Acid 7332.1 Carl Roth 
Acetonitrile 701881 ApplicChem 
Agarose A9539 Sigma-Aldrich 
Ammonium bicarbonate (TEAB) A6141 Sigma-Aldrich 
Ammonium persulfate (APS) A0834 AppliChem 
Ammonium sulfate ((NH4)2SO4) 3746 Carl Roth 
Ampicillin Sodium Salt K029.2 Carl Roth 
M2 beads (Anti-FLAG) Affinity Gel A2220 Sigma-Aldrich 
Aqua dest. Injectabile (PCR grade water) PZN-1087335 Berlin-Chemie AG 
ATP R0441 Thermo Fisher Scientific 
BactoTM Yeast Extract 212750 BD Biosciences 
Bovine Serum Albumin (BSA) 1066 Gerbu 
Bromphenol Blue A512 Carl Roth 
Buffer 3.1 B7203S New England Biolabs 
Calcium chloride (CaCl2) HN04.2 Carl Roth 
Cas9 mRNA 040L-6125-1000 Tebu Bio 
Cas9 Nuclease 3NLS 1081059 IDT 
Casy Ton 5651808001 OMNI Life Science 
Casy Clean 5651786001 OMNI Life Science 
Chloramphenicol 3886.1 Carl Roth 
Chloroacetamide C0268 Sigma-Aldrich 
Coomassie brilliant blue G-250 A3480 AppliChem 
Coumaric acid C9008 Sigma-Aldrich 
Deoxyribonucleotide triphosphate (dNTP)-mix 200415 Stratagene 
Dimethyl sulfoxide (DMSO) Hybri-Max D2650 Sigma-Aldrich 
Dithiothreitol (DTT) 6908.1 Carl Roth 
DMEM/F12 D6421 Sigma-Aldrich 
DNase A3778 AppliChem 
Dulbecco’s Modified Eagle Medium (DMEM) D6429 Sigma-Aldrich 
Ethanol (99.8%) 9065.3 Carl Roth 
Ethanol, denatured (96%) 768723 Th. Geyer 
Ethanol, denatured (99%) 769202 Th. Geyer 
Ethylenediaminetetraacetic acid (EDTA) E5134 Sigma-Aldrich 
Evan’s blue E2129 Sigma-Aldrich 
Fetal Bovine Serum (FBS) S 0115 Biochrom AG 

Continued on next page 
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Formaldehyde (37%) 4979.1 Th. Geyer 
Formic Acid 94318 Fluka 
Freuds Adjuvant, complete F5881 Sigma-Aldrich 
Freuds Adjuvant, incomplete F5506 Sigma-Aldrich 
GeneRuler 1kb DNA Ladder SM0311 Thermo Fisher Scientific 
GeneRuler 50bp 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 
Halt Protease & Phosphatase Inhibitor Cocktail 
(100x) 

78444 Thermo Fisher Scientific 

HAT-Supplement 21060017 Thermo Fisher Scientific 
Hematoxylin solution A acc. to Weigert X906.1 Carl Roth 
Hematoxylin solution B acc. to Weigert X907.1 Carl Roth 
Hepes H0887 Sigma-Aldrich 
Histomount HS-103 National Diagnostics 
Hydrogen chloride (HCl) T134 Carl Roth 
Hydrogen Peroxide (H2O2) 30% 107209 Merck 
Imidazole 792527 Sigma-Aldrich 

Incidin PLUS 225194 Igefa 
Incuwater-Clean A5219 AppliChem 
Isopropyl-ß-D-thiogalactopyranosid (IPTG) A1008 AppliChem 
Isopropanol 5752.3 Carl Roth 
Kanamycin T832.2 Carl Roth 
KH2PO4 P5655 Sigma-Aldrich 
LB Medium X964.2 Carl Roth 
LB-Agar X965.1 Carl Roth 
Lipofectamine 2000  11668019 Thermo Fisher Scientific 
Loading Dye Solution (6X) R0611 Thermo Fisher Scientific 
Luminol 9253 Fluka 
Lysozyme 89833 Lysozyme 

Magnesium chloride (MgCl2) 1.05833.0250 Merck 
Methanol 4627.5 Carl Roth 
Meyer’s hematoxylin solution  A0884 AppliChem 
N,N,N´,N´-tetramethylethylenediamine 
(TEMED) 

2367.3 Carl Roth 

Ni-NTA Agarose R90101 Thermo Fisher Scientific 
Non-Essential Amino Acids Solution 11140035 Thermo Fisher Scientific 
Normal Donkey Serum (NDS) 017-000-121 Dianova 
Opti-MEM 31985-047 Thermo Fisher Scientific 
PageRuler Plus Protein Ladder  26620 Fermentas 
Paraformaldehyde (PFA) P6148 Sigma-Aldrich 
Penicillin-Streptomycin 10,000 U/mL (Pen-
Strep) 

15140-122 Thermo Fisher Scientific 

Continued on next page 
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Periodic acid (99%) 3257 Carl Roth 
Phenylmethylsulfonyl fluoride (PMSF) A0999  AppliChem 
Phosphoric acid (85%) 79617 Sigma-Aldrich 
Polyacrylamide (PAA) T802.1 Carl Roth 
Polyethylenglycol (PEG) 1500  10 783 641 001  Roche 
Porpidium Iodide (PtdIns) P4170 Sigma-Aldrich 
Potassium chloride (KCl) 6781 Carl Roth 
ProFlow Sort Grade 8x Sheath Fluid 12012932 Bio-Rad 
ProLine™ Calibration Beads 1451081 Bio-Rad 
Prolong Gold antifade reagent with DAPI P-36931 Thermo Fisher Scientific 
REDTaq Ready Mix  R2523 Sigma-Aldrich 
RNAse A A2760.0100 AppliChem 
RNase-free water Ultra Pure 10977-035 Thermo Fisher Scientific 
RPMI with GlutaMax 61870044 Thermo Fisher Scientific 
Schiff’s reagent 1.090.330.500 VWR 
Sodium acetate (NaAc) 6268 Merck 
Sodium azide (NaN3) S2002 Sigma-Aldrich 
Sodium chloride (NaCl) 3957.1 Carl Roth 
Sodium citrate HN12.4 Carl Roth 
Sodium deoycholate (Na-DOC) 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 
Sodium hydroxide (NaOH, 2N) T135 Carl Roth 
Sodium orthovanadate (Na3VO4) S6508 Sigma-Aldrich 
Sodium Pyruvate S8636 Sigma-Aldrich 
T4 ligase buffer (10x) B69 Thermo Fisher Scientific 
TE buffer 60191 Thermo Fisher Scientific 
Tetrasodium pyrophosphate (Na4P2O7) 106591 Merck 
tracrRNA 1072534 IDT 
TRI Reagent® T9424 Sigma-Aldrich  
Triethylene glycol diamine tetraacetic acid 
(EGTA) 

E4378 Sigma-Aldrich 

Tris Hydrochloride (Tris-HCL) 9090.3 Carl Roth 
TritonX-100 3051.2 Carl Roth 
Trizma base T1503 Sigma-Aldrich 
Trypsin, MS T6567 Sigma-Aldrich 
Trypsin-EDTA Solution (1X), cell culture T3924 Sigma-Aldrich 
Tryptone 1010817 MP Biomedicals 
Tween20 3472 Caesar & Loretz 
Urea U1250 Sigma-Aldrich 
Xylene 0371.5000 Th. Geyer 
Z-Gly-Gly-Leu-AMC BML-ZW8505 Enzo Life Sciences 
β-Mercaptoethanol  M7522 Sigma-Aldrich 
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5.1.2 Assays and Kits  

Table 2. List of assays and kits used.  

Assay /Kit Product no. Provider 
Big Dye Terminator version 3.1 Sequencing Kit  4337455  Applied Biosystems  
Direct-zol RNA Miniprep Kit R2052 Zymo Research 
GeneJet Gel Extraction Kit  K0692  Thermo Fisher Scientific  
GeneJet PCR Purification Kit  K0702  Thermo Fisher Scientific  
GeneJet Plasmid Miniprep Kit  K0503  Thermo Fisher Scientific  
High-Capacity cDNA Reverse Transcription Kit 4368814 Applied Biosystems 
HiScribe T7 High Yield RNA Synthesis Kit E2040S New England Biolabs 
NucleoBond® Xtra Midi Prep Kit  740410  Macherey-Nagel  
PCR Mycoplasma Test Kit I/C  PK-CA91-1096  PromoKine  
PierceTM BCA Protein Assay Kit 23225 Thermo Fisher Scientific 
PierceTM Rapid Isotyping Kit 26178 Thermo Fisher Scientific 
NEBNext® Ultra™ II Q5® Master Mix M0544L New England Biolabs 
RNeasy Mini Kit 74104 Qiagen 
InvitrogenTM SuperScriptTM III Reverse 
Transkriptase 

10368252 Thermo Fisher Scientific 

SuperSignal West Femto Chemiluminescent 
Substrate  

34095  Thermo Fisher Scientific  

SYBR Green PCR Master Mix 4309155 Thermo Fisher Scientific 
 

5.1.3 Buffers and Solutions 

Table 3. List of buffers and solutions used.  

Buffer / Solution Composition 
Base Solution (1x) 0.5 mL Base solution (50x) 

24.5 mL ddH2O 
pH 12 

Base Solution (50x) 12.5 mL NaOH (5N) 
1 mL EDTA (0.5 M) 
36.5 mL ddH2O 

Blocking Solution 5% (v/v) NDS 
0.1% (v/v) TritonX-100 
in PBS (1x) 

Cell Culture Medium (HEK293T) 10% (v/v) FBS 
in DMEM with GlutaMAX 

Cell Culture Medium (mIMCD3) 10% (v/v) FBS 
2 mM GlutaMAX 
in DMEM/F12 

Cell Culture Medium (mIMCD3, serum 
reduced) 

1% (v/v) FBS 
0.2 mM GlutaMAX 
1x Pen-Strep 
in DMEM/F12 

Continued on next page 
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Cell Culture Medium (mIMCD3, sorted) 10% (v/v) FBS 
2 mM GlutaMAX 
1 x Pen-Strep 
in DMEM/F12 

Cell Freezing Medium 90% (v/v) FBS 
10% (v/v) DMSO 

Cell Lysis Buffer 0.45% Tween20 
0.45% TritonX-100 
2.5 mM MgCl2 
50 mM KCl 
10 mM Tris-HCL pH 8.3 
100µg/mL proteinase K 

Colloidal Coomassie Solution 80% Colloidal Coomassie Stock solution 
20% (v/v) Methanol 

Colloidal Coomassie Stock Solution 755 mM (NH4)2SO4 
2.55% (v/v) Phosphoric acid 
0.1% (w/v) Coomassie brilliant blue G- 
250 

Electroporation Mix 4 µM crRNA:tracrRNA duplex 
4 µM Cas9 nuclease 
10 µM ssODN, if required 
in Opti-MEM 

ELISA blocking solution 1% BSA (v/v) 
0.02% NaN3 
in 1x PBS 

ELISA developer solution 50 mM NaAc pH 5 
100 µg/mL TMB 
0.05% H2O2 

Enhanced Chemiluminescence Solution 
(ECL) 

100 mM Tris (pH 8.5) 
1.25 mM Luminol 
0.2 mM Coumaric acid 
0.75% (v/v) H2O2 
pH 8.5 

FACS Buffer 2% (v/v) FBS 
in 1x PBS 

Fixing Solution (Coomassie) 25% (v/v) Isopropanol 
10% (v/v) Acetic Acid 

HIS Buffer 20 mM Tris pH 8 
150 mM NaCl 
20 mM Imidazole 

HIS Elution Buffer 20 mM Tris pH 8 
150 mM NaCl 
300 mM Imidazole 

HIS Wash Buffer 20 mM Tris pH 8 
150 mM NaCl 
30 mM Imidazole 

Continued on next page 
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IP Buffer 20 mM Tris 
1% (v/v) TritonX-100 
50mM NaCl 
15 mM Na4P2O7 
50 mM NaF 
44 μg/μl PMSF  
2 mM Na3VO4 
pH 7.5 

Laemmli Sample Buffer (1x) 50 mM Tris 
2% (w/v) SDS 
10% (v/v) Glycerol 
Bromphenol Blue 
50 mM DTT 
pH 6.8 

Laemmli Sample Buffer (2x) 100 mM Tris (pH 6.8) 
4% (w/v) SDS 
20% (v/v) Glycerol 
Bromphenol Blue 
100 mM DTT 
pH 6.8 

Modified RIPA buffer 10 mM Tris, pH 8 
1 mM EDTA 
0.5 mM EGTA 
1 % Triton-X100 
0.1% Na-DOC 
44 μg/μl PMSF  
2 mM Na3VO4 

Neutralization Solution (1x) 0.5 mL of stock sol. 50X 
24.5 mL H20 
pH 5 

Neutralization Solution (50x) 15.75 g Tris-HCl 
in 50 mL of H2O 

PBST 0.05% Tween20 
In 1x PBS 

Phosphate Buffered Saline (PBS) 137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 
2 mM KH2PO4 

Plating Medium  1x Pen-Strep 
0.5 mM Sodium Pyruvate 
1x MEM Non-Essential Amino Acids Solution 
1x HAT-Supplement 
in RPMI with GlutaMax 

PNI Mix  400 nM sgRNA /crRNA:tracrRNA duplex 
200 nM Cas9 nuclease 
30 ng/µL Cas9 mRNA 
500 nM ssODN, if required 
in sterile H2O 

Continued on next page 
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Proteasomal Activity Assay Buffer  50 mM Tris-HCL pH 7.5 
10% (v/v) Glycerol 
5 mM MgCl2 
0.5 mM EDTA 
2 mM ATP 
1 mM DTT 

Protein Wash Buffer 30 mM Tris 
300 mM NaCl 
0.3% Tween20 
pH 7.5 

PtdIns Solution 0.38 M sodium citrate 
0.75 mM PtdIns 
0.73 mM RNAse A 
pH 7.0 

Resolving Gel 750 mM Tris 
10% (v/v) PAA 
0.2% (w/v) SDS 
pH 8.8 

RPMI Pure Medium  1x Pen-Strep 
0.5 mM Sodium Pyruvate 
1x MEM Non-Essential Amino Acids Solution 
in RPMI with GlutaMax 

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 

StageTip Buffer A  0.1% formic acid 
StageTip Buffer B  0.1% formic acid 

80% acetonitrile 
Staining PBS  1 mM CaCl 

0.5 mM MgCl2 
in 1 x PBS 

Staining Wash Buffer (PBSTx) 0.1% TritinX-100 
in PBS (1x) 

TAE (1x) 40 mM Tris (pH 8.5) 
20 mM Acetic Acid 
1mM EDTA 

Transfer Buffer 25 mM Tris 
188 mM Glycine 
0.1% (w/v) SDS 

Continued on next page 
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Tris-EDTA Buffer (TE) 10 mM Trizma base 
1 mM EDTA 
pH 9.0 

Urea Buffer 8 M Urea 
50 mM TEAB 
1x Halts phosphatase-protease-Inhibitor 

YTA Medium (2x) 16 g/L Tryptone 
10 g/L Yeast Extract 
5 g/L NaCl 

 

5.1.4 Oligonucleotides 

All oligonucleotides were purchased from Integrated DNA Technologies (IDT). 

Table 4. List of oligonucleotides used for genotyping. 

Name Sequence (5’  3’) 
Jade1_emKO1_fp1 TCTGTCTGAGGGAGCTCACT 
Jade1_emKO1_fp2 CACCAGTGGCTCTTGGAACT 
Jade1_emKO1_rp1 CCCGGGGAGATCATGAAAAC 
Jade1_emKO1_rp2 GGGAAGGCGACCTCGTTTC 
Jade1_emKO2_fp ACCCTTTGCTCGGGTTTGTT 
Jade1_emKO2_rp AGGATGCTGCGGAAGTTGTT 
Jade2_emKO_fp GCTGTATCCCAGACACACCC 
Jade2_emKO_rp ACTACCCGAAGGACACTTGC 
Jade2_emKO_rp2 CCATCTCGTTGCCATCCTCGCC 
Jade3_emKO_fp AGCAGCTTAGAGATCATAAGAAGT 
Jade3_emKO_rp TCCTGGTATAATTATTGGGTGTTCT 
Tmem218_fp TACCCTGCTGGCACCTATCT 
Tmem218_rp CACCCTGAGAACACACTCCC 
Glis2_emKO1_fp1 AGTAGGGAGTGGCAGTGGAA 
Glis2_emKO1_rp1 TCCACAGCTACAGTCTCGGA 
Glis2_emKO1_fp2 AAGCTGAGCATCACCAAGAG 
Glis2_emKO1_rp2 TTCTCTCTTCTCTCTTGCCG 
Glis2_emKO2_fp GCAGGGTCTCTTTACCTAGC 
Glis2_emKO2_WT_rp AACTGGGGACACCATCCAAA 
Glis2_emKO2_KI_rp AACTGGGGACTCCATCCTAT 
Jade1_exon6_cellculture_fp AGGATGCTGCGGAAGTTGTT 
Jade1_exon6_ cellculture_rp ACCCTTTGCTCGGGTTTGTT 
Jade1_exon7_ cellculture_fp ACAGCAGGCCATTACTCCAGTT 
Jade1_exon7_ cellculture_rp CTACTGCTGCCTGTGAGTCACT 
Jade2_exon6_ cellculture_fp GCTGAAGCCCAGATCACCAT 
Jade2_exon6_ cellculture_rp ACTACCCGAAGGACACTTGC 
Jade2_exon7_ cellculture_fp TCTCTGTGCCACCCAGTGTA 
Jade2_exon7_ cellculture_rp GGGAACCCAAGAGCTCCTTCTT 
Jade3_exon5_ cellculture_fp AGGGTTTTTATCAGGAGATGGACA 
Jade3_exon5_ cellculture_rp AGCAGCTTAGAGATCATAAGAAGT 
Jade3_exon6_ cellculture_fp CAGATGATGCTACAAGCTTGGTTT 
Jade3_exon6_ cellculture_rp GAAGACTGGAGGTAGCACAGA 
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Table 5. List of oligonucleotides used for sequencing 

Name Sequence (5’  3’) 
Jade1_exon6_cellculture_fp AGGATGCTGCGGAAGTTGTT 
Jade1_exon7_ cellculture_fp ACAGCAGGCCATTACTCCAGTT 
Jade2_exon6_ cellculture_fp GCTGAAGCCCAGATCACCAT 
Jade2_exon7_ cellculture_fp TCTCTGTGCCACCCAGTGTA 
Jade3_exon5_ cellculture_fp AGGGTTTTTATCAGGAGATGGACA 
Jade3_exon6_ cellculture_fp CAGATGATGCTACAAGCTTGGTTT 
Jade1_emKO1_fp1 TCTGTCTGAGGGAGCTCACT 
Jade1_emKO2_fp ACCCTTTGCTCGGGTTTGTT 
Jade2_emKO_fp GCTGTATCCCAGACACACCC 
Jade3_emKO_fp AGCAGCTTAGAGATCATAAGAAGT 
Tmem218_fp TACCCTGCTGGCACCTATCT 
Glis2_emKO1_fp1 AGTAGGGAGTGGCAGTGGAA 
Glis2_emKO2_fp GCAGGGTCTCTTTACCTAGC 
pcDNA6_(-mlu)_fsp CGTGTACGGTGGGAGGTCTA 
pcDNA6_(-mlu)_rsp AGGAAAGGACAGTGGGAGTG 
pET_fsp1 atg cgt ccg gcg tag a 
pET_rsp1 gta gtt att gct cag cgg t 
U6_fsp GAGGGCCTATTTCCCATGATTCC 

Table 6. List of oligonucleotides used for cloning 

Name Sequence (5’  3’) 
Jade1_mlu1_fp CCCGCGACGCGTATGAAACGAGGTCGCCTTCC 
Jade1S_not1_rp CCCGCGGCGGCCGCCTTATAAGGTGTCGGTGTCAA 
Jade1L_not1_rp CCCGCGGCGGCCGCCTCAAGAGGCCAAGATGCTTC 
Jade1_sgRNA_exon7_cellculture_top CACCGCGACATAGCCAACTGCCCTC 
Jade1_sgRNA_exon7_cellculture_bottom AAACGAGGGCAGTTGGCTATGTCGC 
Jade1_sgRNA_exon6_cellculture_top CACCGATGGTGTACTCGTCCAGCTC 
Jade1_sgRNA_exon6_cellculture_bottom AAACGAGCTGGACGAGTACACCATC 
Jade1_sgRNA_emKO1_fp TTAATACGACTCACTATAGGCCCGGGGAGATCATGAAAC

G GTTTTAGAGCTAGAAATAGC 
Jade1_sgRNA1_emKO2_fp TTAATACGACTCACTATAGGCTCACTGCGCACTTACTCAG

GTTTTAGAGCTAGAAATAGC 
Jade1_sgRNA2_emKO2_fp TTAATACGACTCACTATAGGGAACGGCACCCAGCTCTCTC

GTTTTAGAGCTAGAAATAGC 
T7_universal_sgRNA_rp AAAAAGCACCGACTCGGTGCC 
Jade2_mlu1_fp CCCGCGACGCGTATGGAAGAGAAGAGGCGAAA 
Jade2_not1_rp CCCGCGGCGGCCGCCTTAGGAGGCCAGCACCCCCA 
JADE2_not_177rp CGCGGGGCGGCCGCCTTACAGGGTCTCCAGCTCCTCCA 
JADE2_mlu1_fp CCCGCGACGCGTATGGAAGAGAAGAGGCGAAA 
JADE2_not1_rp CCCGCGGCGGCCGCCGGAGGCCAGTACGCCCATGC 
Jade2_sgRNA_exon7_cellculture_top CACCGCACTTGGTCCCACTTCTAGT 
Jade2_sgRNA_exon7_cellculture_bottom AAACACTAGAAGTGGGACCAAGTGC 
Jade2_sgRNA_exon6_cellculture_top CACCGGACGTGTGCCGTTCCCCTGA 
Jade2_sgRNA_exon6_cellculture_bottom AAACTCAGGGGAACGGCACACGTCC 
Jade3_mlu1_fp CCCGCGACGCGTATGATGAAACGGCATAGACC 
Jade3_not1_rp CCCGCGGCGGCCGCCTCACCTTTGCATTGAGCTGT 

Continued on next page 
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JADE3_not_178rp CGCGGGGCGGCCGCCTTAATGGCGTTCCAGGACTTCTA 
JADE3_mlu1_fp CCCGCGACGCGTATGAAACGCCATAGGCCTGT 
JADE3_not1_rp CCCGCGGCGGCCGCCCCTTTGCATTGAACTGTGGG 
Jade3_sgRNA_exon8_cellculture_top CACCGGAACCATGCTATTGAAACAG 
Jade3_sgRNA_exon8_cellculture_bottom AAACCTGTTTCAATAGCATGGTTCC 
Jade3_sgRNA_exon9_cellculture_top CACCGGGCATTCTCAAGATTCCAGA 
Jade3_sgRNA_exon9_cellculture_bottom AAACTCTGGAATCTTGAGAATGCCC 
Glis2_sgRNA_emKO1_fp TTAATACGACTCACTATAGG CTCTCTTCTCTCTTGCCGCT 

G GTTTTAGAGCTAGAAATAGC 
Glis2_sgRNA_emKO2_fp TTAATACGACTCACTATAGG TTTCCAGCCACTTCGCTATT 

G GTTTTAGAGCTAGAAATAGC 

Table 7. List of oligonucleotides used for qPCR 

Name Sequence (5’  3’) 
Jade1_qPCR_fp ACCCGCAGCGGAACCAAGTG 
Jade1_qPCR_rp CCGGTGGGCCTCCTCTCGAT 
Jade2_qPCR_fp CCTGTGGTGAGGCTCCTCCC 
Jade2_qPCR_rp CTCTAACGTTAGCTCATCCA 
Jade3_qPCR_fp CAGTGTGCGGCGAGGAA 
Jade3_qPCR_rp ATGCTGGATTCGTCACTCCC 
Hprt1_qPCR_fp GCTGACCTGCTGGATTACAT 
Hprt1_qPCR_rp TTGGGGCTGTACTGCTTAAC 

Table 8. List of guide RNAs  

The guide RNAs were either ordered as Alt-R® CRISPR-Cas9 crRNA from IDT and used in combination 

with the Alt-R® CRISPR-Cas9 tracrRNA, generated via in vitro transcription, or cloned into 

pSpCas9(BB)-2A-GFP (see section 5.2.21.2.1 and 5.2.8.4).  

Name Sequence (5’  3’) including 
PAM 

Type 

Glis2_emKO1 CTCTCTTCTCTCTTGCCGCT-CGG In vitro transcription 
Glis2_emKO2 TTTCCAGCCACTTCGCTATT-TGG In vitro transcription 
Jade1_emKO1 CCCGGGGAGATCATGAAACG-AGG In vitro transcription 
Jade1_emKO2_exon6_upstream CTCACTGCGCACTTACTCAG-GGG In vitro transcription 
Jade1_emKO2_exon6_downstream GAACGGCACCCAGCTCTCTC-TGG In vitro transcription 
Jade2_emKO_exon6_ upstream GCCCAGATCACCATTGTAAA-TGG IDT 
Jade2_emKO_exon6_ downstream CTAGCCCTCCTTAGGGATAC-TGG IDT 
Jade3_emKO_exon8_ upstream CATAAAAGTCTTATAGTAGT-AGG IDT 
Jade3_emkO_exon8_ downstream ACTAGTGTTGACCTTGCATG-AGG IDT 
Tmem218 ACAAAGACGATGGAGAACCT-GGG IDT 
Jade1_sgRNA1_cellculture ATGGTGTACTCGTCCAGCTC-CGG pSpCas9(BB)-2A-GFP 
Jade1_sgRNA2_cellculture CGACATAGCCAACTGCCCTC-TGG pSpCas9(BB)-2A-GFP 
Jade2_sgRNA1_cellculture GACGTGTGCCGTTCCCCTGA-AGG pSpCas9(BB)-2A-GFP 
Jade2_sgRNA2_cellculture CACTTGGTCCCACTTCTAGT-GGG pSpCas9(BB)-2A-GFP 
Jade3_sgRNA1_cellculture GAACCATGCTATTGAAACAG-TGG pSpCas9(BB)-2A-GFP 
Jade3_sgRNA2_cellculture GGCATTCTCAAGATTCCAGA-AGG pSpCas9(BB)-2A-GFP 

Continued on next page 
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ssODN_Glis2_emKO2 GGGGGGAAGGAAGGAGGAAGCA 
GGTAGGTGCAGAGCCCCACCAGA 
ACCCAGGGGCAAGAAGAACTGGA 
AGGAACTGGGGACACCATCCAATT 
AGCGAAGTGGCTGGAAATCCTAAG 
GAGTAAAGACA 

IDT 

ssODN_Tmem218.R37S AGGCTTGTCCAGTTAGAAGTCAGC 
ACAGTTAGAACTAGACTGTCCGCA 
GTGCAGTGCTTCTGATTTCAACTCA 
GGTCTCTTTGCTCCCAGTTTCTCCAT 
CGTCTTTGTCTTCCTCGGAGCTCTG 
ATC 

IDT 

 

5.1.5 Plasmids 

Table 9. List of plasmids used.  

Name Vector Provider 
F.JADE1S pcDNA6 pCDNA6 Nephrolab, Cologne 
F.JADE1L pcDNA6 pcDNA6 Nephrolab, Cologne 
F.Jade1S pcDNA6 pcDNA6 Generated within this work 
F.Jade1L pCDNA6 pcDNA6 Generated within this work 
F.JADE2 pcDNA6 pcDNA6 Generated within this work 
F.JADE3 pcDNA6 pcDNA6 Generated within this work 
F.Jade2 pcDNA6 pcDNA6 Generated within this work 
F.Jade3 pcDNA6 pcDNA6 Generated within this work 
V5.JADE1S pcDNA6 pcDNA6 Nephrolab, Cologne 
V5.JADE1L pcDNA6 pcDNA6 Nephrolab, Cologne 
V5.Jade1S pcDNA6 pcDNA6 Generated within this work 
V5.Jade1L pCDNA6 pcDNA6 Generated within this work 
V5.JADE2 pcDNA6 pcDNA6 Generated within this work 
V5.JADE3 pcDNA6 pcDNA6 Generated within this work 
V5.NPHP1 pcDNA6 pcDNA6 Nephrolab, Cologne 
V5.NPHP4 pcDNA6 pcDNA6 Nephrolab, Cologne 
F.EPS1-225 pcDNA6 pcDNA6 Nephrolab, Cologne 
V5.VHL pcDNA6 pcDNA6 Nephrolab, Cologne 
F.VHL pcDNA pcDNA6 Nephrolab, Cologne 
F.GFP pcDNA6 pcDNA6 Nephrolab, Cologne 
F.Podocin pcDNA6 pcDNA6 Nephrolab, Cologne 
F.STAT3 pcDNA6 pcDNA6 Nephrolab, Cologne 
pSpCas9(BB)-2A-Puro (PX459) V2.0 pSpCas9(BB)-2A-Puro Addgene #62988 
pSpCas9(BB)-2A-GFP pSpCas9(BB)-2A-GFP Addgene #48138 
Jade1 exon6 pSpCas9(BB)-2A-GFP pSpCas9(BB)-2A-GFP Generated within this work 
Jade1 exon7 pSpCas9(BB)-2A-GFP pSpCas9(BB)-2A-GFP Generated within this work 
Jade2 exon6 pSpCas9(BB)-2A-GFP pSpCas9(BB)-2A-GFP Generated within this work 
Jade2 exon7 pSpCas9(BB)-2A-GFP pSpCas9(BB)-2A-GFP Generated within this work 
Jade3 exon8 pSpCas9(BB)-2A-GFP pSpCas9(BB)-2A-GFP Generated within this work 
Jade3 exon9 pSpCas9(BB)-2A-GFP pSpCas9(BB)-2A-GFP Generated within this work 
His.hJADE2(1-177) pET30b Z Be pET30b Z Be Generated within this work 
His.hJADE3(1-178) pET30b Z Be pET30b Z Be Generated within this work 
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5.1.6 Cell lines 

Table 10. List of cell lines 

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 Jade1 KO1 mouse mIMCD3 WT #8 Compound heterozygote 
mIMCD3 Jade1 KO2 mouse mIMCD3 WT #8 Homozygote 
mIMCD3 Jade2 KO1 mouse mIMCD3 WT #8 Homozygote 
mIMCD3 Jade2 KO2 mouse mIMCD3 WT #8 Homozygote 
mIMCD3 Jade3 KO1 mouse mIMCD3 WT #8 Homozygote 
mIMCD3 Jade3 KO2 mouse mIMCD3 WT #8 Homozygote 
SP2/ab mouse - WT 

 

5.1.7 Antibodies 

Table 11. List of primary antibodies used.  

Epitope Product no.  Host Dilution Provider 
Arl13B 17711-1-AP Rabbit, polyclonal 1:500 ProteinTech 
E-cadherin 610182 Mouse 1:500 BD BioSciences 
FLAG (M2) A2220-5ML Mouse 1:5000 Sigma-Aldrich 
FLAG F7425 Rabbit 1:2000 Sigma-Aldrich 
JADE3 B4 - Mouse, monoclonal 1:10 Nephrolab, Cologne 
JADE3 B7 - Mouse, monoclonal 1:10 Nephrolab, Cologne 
V5 MCA1360 Mouse, monoclonal 1:1000 Serotec 
V5 AB3792 Rabbit, polyclonal 1:1000 Millipore 

 

Table 12. List of secondary antibodies used.  

Epitope Product no.  Dilution Provider 
Donkey anti mouse A488 715-545-150 1:500 Jackson ImmunoResearch 
Donkey anti mouse Cy3 715-165-150 1:500 Jackson ImmunoResearch 
Donkey anti mouse Cy5 715-175-150 1:500 Jackson ImmunoResearch 
Donkey anti rabbit A488 711-546-152 1:500 Jackson ImmunoResearch 
Donkey anti rabbit C3 711-165-152 1:500 Jackson ImmunoResearch 
Goat anti mouse IgG-HRP 
conjugated 

115-035-003 1:30.000 Jackson ImmunoResearch 

Goat anti rabbit IgG-HRP 
Conjugated 

111-035-003 1:30.000 Jackson ImmunoResearch 

Fluorescein Lotus Lectin VEC-FL-1321 1:250 Biozol 
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5.1.8 Enzymes 

Table 13. List of enzymes used.  

Enzyme Product no.  Provider 
FastDigest BbsI FD1014 Thermo Scientific 
Exonuclease I (ExoI) EN0581 Thermo Scientific 
MluI R0198L New England Biolabs 
NotI RO189L New England Biolabs 
Proteinase K EO0492 Thermo Scientific  
Shrimp Alkaline Phosphatase 
(SAP) 

M0371S New England Biolabs 

T4 Ligase M0202M New England Biolabs 
T4 polynucleotide kinase M0201S New England Biolabs 
T7 DNA Ligase M0318S New England Biolabs 

 

5.1.9 Unique target peptides for the PRM assay 

Table 14. List of unique target peptides for the PRM assay.  

Mass [m/z] Charge state peptide Protein 
525.2667 2 VLEEFEQR Jade1 
566.2982 2 TILAENDEVK Jade1 
857.1147 3 QKLQQLEDEFYTFVNLLDVAR Jade1 
723.7175 3 ALRLPEEVVDFLYQYWK Jade1 
692.859 2 VQEQIFTQYTK Jade1 
671.7939 2 SLC[CAM]]QEHSDGGPR Jade2 
559.2766 2 IPEGSWLC[CAM]R Jade3 

 

5.1.10 Consumables 

Table 15. List of consumables used.  

Consumable Product no. Provider 
10 cm dish for Agar Plates  82.1473 Sarstedt  
384 well plates 785290 Greiner BioOne 
96-well plate, sterile, f-bottem, with lid  655180 Greiner BioOne 
Adhesive qPCR tape 951,999 Sarstedt  
Biosphere Filter Tip 10 μl, sterile 70.1116.210 Sarstedt 
Biosphere Filter Tip 1000 μl, sterile 70.762.211 Sarstedt 
Biosphere Filter Tip 200 μl , sterile 70.760.211 Sarstedt 
Blotting paper (Type BF4, 580 x 580) FT-2-521-580580G  VWR  
Bottle Top Filter (150 mL, 0.22 µm) 430626 LMS 
BottleTopFilter (500 mL) 430513 Corning  
Casy Cups 5651794001 OMNI Life Science 
Cell culture dishes (10-cm)  430167 Corning  
Cell culture dishes (12-well)  3513 Corning  
Cell culture dishes (6-well) 3516 Corning 

Continued on next page 
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Cell strainers 40 µm, blau 833945040 Sarstedt 
Combs (10 well, 1 mm) for acrylamide gels NC3010 Invitrogen 
Combs (12 well, 1 mm) for acrylamide gels NC3012 Thermo Fisher Scientific 
Coverslips (round 18 mm Nr. 1.5)  631-0153 VWR 
Eppendorf tubes (1.5 mL) 72.690.001 Sarstedt 
FACS tubes (5 mL) 734-0447 Corning 
FACS tubes (5 mL), with cell strainer   734-0001 Corning 
Fast Thermal Cycling Plates 96 well 4346907 Applied Biosystems 
Gel cassette (1 mm) NC2010 Invitrogen 
Glas Pasteur Pipettes (150 mm, 2 mL) 612-1701 VWR 
Histosette® I M499-11 Simport 
Inoculation loop (1 µL) 734-2138 VWR 
Luer slip syringe (2 mL) 300185 BD 
Luer slip syringe (3 mL) 309658 BD 
Microfuge Tube Polypropylene (1.5 mL) 357448 Beckman Coulter 
Millipore Immobilon-P Transfer Membranes  T831.1 Carl Roth 
Needle 20G x 1½”  301300 BD 
Needle 27G x 3/4"  302200 BD 
Nitrile gloves S 224685 Abena 
Nunc CryotubeTM  368632 Thermo Fisher Scientific 
Paraplast PLUS  X881.2 Carl Roth 
PCR Soft-tubes 0.2 mL 8 Tubes/Flat Caps, clear 710970 Biozym 
PCR Soft-tubes 0.2 mL assorted colours 711088 Biozym 
PCR Soft-tubes 0.2 mL clear 710920 Biozym 
Pipette tips (1000 μl blue)  70.760.002 Sarstedt 
Pipette tips (200 μl yellow) 70.762 Sarstedt 
Polypropylene conical tube (15 mL) 227261 Greiner BioOne 
Polypropylene conical tube (50 mL) 227261 Greiner BioOne 
Reservoir V-Form (60 mL)  613-2671 VWR 
Safe Lock 1,5 mL Eppendorf tubes 211-2130 VWR 
Safe Lock Tubes (1.5 mL) 0030 123.328 Eppendorf 
Stripettes (10 mL) 4101 LMS 
Stripettes (25 mL) 4251 LMS 
Stripettes (5 mL) 4051 LMS 
Stripettes (50 mL) 4501 LMS 
SuperFrost®/Plus microscope slides 7695002 Th.Geyer Group 
Syringe (PlastipakTM 1 mL) 7392/2007 BD 
Syringe filters ROTILABO® PVDF, 0,22 µm P666.1 Carl Roth 
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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5.1.11 Equipment 

Table 16. List of equipment used. 

Equipment Model Provider 
Autoclave V-150 Systec 
Avanti centrifuge J-301 Beckman 
AxioCam MRm Zeiss 
Axiovert microscope 200M Zeiss 
Cell Freezing Containers CoolCell SV2 Biocision 
Centrifuge (refrigerated) 5810 R Eppendorf 
Cryostat CM1850 UV Leica 
Dumont #5 forceps 14098 WPI 
Dumont #55 forceps 14099 WPI 
EnSpire Multimode Plate Reader 2300-0000 Perkin Elmer 
Eppendorf Research® Multipipette (10-100 μl)  3122000043 Eppendorf  
Eppendorf Research® plus, 8-channel, 
variable, 10 – 100 μL 

3122000035 Eppendorf 

Fusion Solo chemiluminometer  60-FU-SOLO  PeqLab  
Hamilton syringe (50 μl Type 705)  549-1155  VWR  
Heatingblock TH 21 Ditabis 
HERAcell Incubator  240 Heraeus  
HERAcell Incubator  150 Heraeus  
Heraeus B12 Function Line incubator  50042307 Kendro Laboratory 

Products  
Horizontal electrophoresis system size L 40-1214 PeqLab 
Horizontal electrophoresis system size S 40-0708 PeqLab 
Incubator BD 115 Binder 
Incubator (Agarose)  T 6030  Heraeus  
Innova Incubator Shaker  4400 New Brunswick 

Scientific  
Inverted microscope  CK2  Olympus  
Laminar Flow Cabinet  HS12  Heraeus  
MacsMix Tube Rotator  MX100  Miltenyi Biotech  
Microcentrifuge 5424 Eppendorf 
Microcentrifuge (refrigerated) 5415 R Eppendorf 
Microcentrifuge (refrigerated) 5417R Eppendorf 
Microtome RM2235 Leica 
Minicentrifuge 521-2844 VWR 
Nanodrop Spectrophotometer  1000 PeqLab  
Odyssey CLx - Li-COR 
Operating scissor 501754 WPI 
Pipetboy acu  155 015  Integra Biosciences AG  
Pipetman Pipette set (P2, P10, P100)  F167500  Gilson  
Pipetman Pipette set (P20, P200, P1000)  F167300  Gilson  
Power supply 700-0115 VWR 
Power supply (for Dan-Kar system)  EPS200  Pharmacia Biotech  

Continued on next page 
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Powerpac 200 Power supply  1655052 Bio-Rad  
Powerpac 3000 Power supply  1655057 Bio-Rad  
S3e Cell Sorter 12007058 Bio-Rad  
Shaker  KS 260  IKA  
Slidescanner SCN400 Leica 
Sterile hood Mars Safety Class 2 SCANLAF 
Suction pump 181-0067DE VWR 
Suction pump (cell culture) HLC DITABIS 
TCS SP8  -  Leica  
Thermal cycler S1000 Bio-Rad  
Thermal cycler (MJ mini)  PTC-1148  Bio-Rad  
Thermomixer Comfort 1.5 mL Thermoblock  5360 000.011  Eppendorf  
Thermomixer Comfort shaker & heating plate  5355 000.011  Eppendorf  
UV Transilluminator system  MW312  Intas  
Vannas Scissors 500086 WPI 
Vortex Mixer 444-1372 VWR 
Vortex Mixer  MS525-20  Heidolph (Reax)  
Water bath  WNB 22  Memmert  
Water bath (digital heating bath)  HBR4  IKA  
Water bath (for paraffin sections) HI1210 Leica 
XCell SureLockTM Mini-Cell electrophoresis 
system  

100601-1408  Invitrogen  

 

5.1.12 Software and online tools 

Table 17. List of software used.  

Software Version Provider 
Adobe Illustrator 2021 25.4.1 Adobe 
FlowJo 10.7.1 FlowJo, LLC 
GraphPad Prism9 9.1.0 GraphPad Software Inc. 
ImageJ/Fiji 1.53c Wayne Rasband 
ImageScope 12.3.2.8013 Aperio 
ImageStudio 5.2 LI-COR 
INTAS GelDoc 2019 Intas 
LAS 4.13 Leica 
Mausoleum 7.3.8 b4 Dr. H.-E. Stöffler 
MaxQuant 1.5.2.8. Computational Systems Biochemistry, Prof. 

Jürgen Cox (Cox and Mann, 2008) 
Microsoft Office Suite Professional Plus 2016 Microsoft 
Nanodrop 1000 3.8.1 Thermo Scientific 
Perseus 1.6.1.1/1.6.15.0 Computational Systems Biochemistry, Prof. 

Jürgen Cox (Tyanova et al., 2016) 
ProSort™ Software 1.6.0.12 Bio-Rad 
R 4.0 R Core Team 
RStudio 1.4 RStudio PBC 
QuantStudio 1.4.1 Applied Biosystems 
ZEN Blue 3.0 Zeiss 
Zotero 5.0.93 Corporation for Digital Scholarship 
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Table 18. List of websites and online tools used.  

Online Tool Website 
ArrayExpress https://www.ebi.ac.uk/arrayexpress/ 
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 Blast https://blast.ncbi.nlm.nih.gov/Blast.cgi 
NCBI PrimerBlast https://www.ncbi.nlm.nih.gov/tools/primer-blast/ 
NCBI PubMed https://pubmed.ncbi.nlm.nih.gov/ 
PRIDE https://www.ebi.ac.uk/pride/ 
WGE Crispr Finder https://wge.stemcell.sanger.ac.uk//find_crisprs 

 
 Methods 

5.2.1 Cloning PCR 

Plasmids containing JADE1S, JADE1L, pVHL, EPS1-225, STAT3, and Podocin cDNA were previously 

described (Borgal et al., 2012; Huber et al., 2001, 2003; Schermer et al., 2006). JADE2 and JADE3 cDNA 

were obtained by PCR from HEK293T cDNA. Jade1S, Jade1L, Jade2, and Jade3 cDNA were obtained by 

PCR from mIMCD3 cDNA. cDNA was generated from RNA isolated with RNAeasy Mini Kit with the 

SuperScriptTM III Reverse Transkriptase kit. PCR was preformed using Q5® High-Fidelity DNA 

Polymerase following the manufacturer’s instructions with the cloning primers as indicated in Table 6. 

On a MJ mini thermal cycler, the polymerase was activated for 30 s at 98°C followed by thirty 

repetitions of the following tree-step cycle: Denaturing for 20 s at 98°C, annealing for 10 s at [Primer 

Tm - (5-10) °C], and extension for 30 s/kb at 72°C. A final extension step of 2 min at 72°C was added. 

For purification of PCR products the GeneJet PCR Purification Kit was used according to the 

manufacturer’s instructions. The PCR products were analyzed by agarose gel electrophoresis (section 

5.2.2). 

5.2.2 Enzymatic digest 

All PCR products intended to be ligated into a pcDNA6 vector backbone or a pET30b Z Be vector 

backbone were generated with an N-terminal MluI restriction site and a C-terminal Not1 restriction 

site. The PCR products were digested using MluI and NotI and ligated into an existing plasmid with a 

pcDNA6 vector backbone or pET30b Z Be vector backbone which had been digested with the same 

enzymes. Both vector backbones had previously been modified to remove an internal MluI side. 

Enzymes were ordered from New England BioLabs (Table 13) and used according to a modified version 

of the manufacturer’s protocol. Digests of PCR products and vector backbones intended for use in a 

ligation reaction were performed as a 30 µL reaction using PCR grade water, 1 µg DNA, 3 µL buffer 3.1, 

0.5 µL MluI, and 0.5 µL NotI. The reactions were incubated at 37°C for 2h (plasmids) or overnight (PCR 
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products). Fragments were analyzed using agarose gel electrophoresis (section 5.2.3) after gel 

extraction and purification. For a diagnostic digest after bacterial transformation and DNA isolation 

the volume of the reaction was reduced to 15 µL with 500 ng DNA, 1.5 µL buffer 3.1, 0.3 µL MluI, and 

0.3 µL NotI. The reactions were incubated at 37°C for 30 min, followed by analysis on a 1% agarose gel 

(section 5.2.3). 

5.2.3 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed according to standard protocols (Brody and Kern, 2004). 

Either 1% or 2% agarose gels in 1x TAE buffer were run by applying an appropriate voltage. Intas UV 

Transilluminator system together with the Intas GDS Windows software were used to visualize the 

DNA frgaments. For 1% agarose gels a 1 kb DNA ladder was used, for 2% agarose gels a 50 bp DNA 

ladder was used to estimate the DNA fragment size. For gel extraction, the required bands were 

excised with a scalpel under UV light. Purification of gel fragments was performed with the GeneJET 

Gel Extraction Kit according to the manufacturer’s instructions. The final elution volume was adjusted 

to 30 µL. 

5.2.4 Ligation 

After agarose gel extraction (section 5.2.3) appropriate pairs of insert DNA and vector DNA were 

ligated using the T4 ligase kit with a modified version of the manufacturer’s protocol. A 21 µL reaction 

with PCR grade water was set up with the following components: 2.1 µL T4 ligase buffer (10x), 0.4 µL 

T4 ligase (5 U/µL), 1 µL vector DNA, and 5-10 µL insert DNA. A control reaction using water in place of 

insert DNA was always included.  Incubation of the reaction took place for 2 h at room temperature 

(RT).  

5.2.5 Bacterial transformation and plasmid DNA isolation 

Bacterial transformation was performed using standard techniques (Chen and Dubnau, 2004) and 

chemocompetent DH10B T1 Phage-Resistant E.coli cells unless otherwise stated. 3-5 µL of the ligation 

or control reaction (section 5.2.4) were added to 25 µL of bacteria and incubated on ice for 30 min. A 

heat shock was performed for 45 s at 42°C using an IKA digital heating water bath. Afterwards the 

mixture was placed on ice for 2 min. For each sample 500 µL of pre-warmed SOC medium was added 

followed by a 1 hour incubation at 37°C at 800 rpm. 100 µL of the bacteria were streaked out on pre-

warmed agar plates with 100 μg/mL of ampicillin antibiotic (pcDNA6 constructs) or 25 µg/mL of 

kanamycin (pET30b Z Be constructs). After drying the plate at RT for 15 min, plates were incubated at 

37°C overnight. The following day the surviving colonies transformed with the ligation product were 

compared to the surviving colonies transformed with the control reaction product. An appropriate 

number of colonies were cultured in a 15 mL falcon tube containing 3 mL of LB medium (20g/L) with 
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antibiotic (100 μg/mL of ampicillin antibiotic/pcDNA6 constructs, 25 µg/mL of kanamycin/pET30b Z Be 

constructs). The bacterial mini culture was incubated overnight at 37°C and 120 rpm. For plasmid DNA 

isolation, the GeneJET Plasmid Miniprep Kit was used according to manufacturer’s instructions with 

1.5 mL of the bacterial mini culture. The correct insert size was verified with a diagnostic digest (section 

5.2.2) and agarose gel electrophoresis (section 5.2.3). The remaining 1.5 mL from a positive clone was 

used to start a midi culture in 200 mL of LB medium (20g/L) with the appropriate antibiotic (see above). 

The bacterial midi cultures were incubated overnight at 37°C and 120 rpm. Plasmid DNA was extracted 

using NucleoBond Xtra Midi Kit according to manufacturer’s instructions. The plasmid concentration 

was determined using the Nanodrop 1000 spectrophotometer according to manufacturer’s 

instructions. The correct insert sequence was verified by Sanger sequencing (section 5.2.6).  

5.2.6 Sanger sequencing 

Automated DNA sequencing service was provided by the Cologne Centre for Genomics (CCG). The 

samples were prepared using the Big Dye Terminator version 3.1 sequencing kit according to a 

modified protocol. A 10 µL reaction in PCR grade water was set up with the following components: 

2.25 μl Big Dye Terminator sequencing buffer, 0.25 μl Big Dye Terminator version 3.1, 0.25 μl 

sequencing primer (100μM), 100-200 ng template. Sequencing primers are listed in Table 5. The 

reactions were run on a MJ mini thermal cycler with the following conditions: An initial 1 min 

polymerase activation at 96°C followed by 40 repetitions of denaturing for 10 s at 96°C, annealing for 

5 s at 55°C, and extension for 4 min at 60°C. Sequence readings were aligned using Benchling 

(Benchling [Biology Software]. 2021. Retrieved from https://benchling.com) and BLAST (Altschul et al., 

1990) 

5.2.7 Recombinant protein production 

5.2.7.1 Mini culture 

Transformation of the pET30b Z Be plasmids into BL21 (DE3) Codon Plus RIPL cells was performed as 

described in section 5.2.5. 2-4 colonies were picked in 3 mL of 2 x YTA medium supplemented with 25 

µg/mL kanamycin antibiotic and incubated on a shaker at 37°C for about 5 h until the cultures were 

cloudy. For each culture 2 x 1 mL was transferred into 2 Eppendorf tubes (1.5 mL). 1 mM IPTG was 

added to one of the tubes. Both tubes were incubated for 2 h at 37°C and 900 rpm ensuring ventilation 

by poking holes in the lid. The bacteria were pelleted (1 min, 20.000 x g, RT) and resuspended in 1x 

Laemmli sample buffer. After boiling them for 5 min at 95°C they were directly loaded on an 

polyacrylamide gel (section 5.2.10) and analyzed by colloidal coomassie staining (section 5.2.11).  
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5.2.7.2 Maxi culture 

After successful test of the clones with the mini culture described above, the remaining culture of an 

inducible clone was added to 100 mL of 2 x YTA medium with 25 µg/mL kanamycin antibiotic and 

incubated overnight at 30°C and 120 rpm. 50 mL of the overnight culture was added to 1 L of 2 x YTA 

medium supplemented with 25 µg/mL of kanamycin as well as 34 µg/mL chloramphenicol and 

incubated at 30°C and 120 rpm. OD600 was measured regularly until an OD600 of 0.6-0.8 is obtained. 

After adding IPTG to a final concentration of 0.1 mM the solution was incubated for 5 h at 30°C and 

120 rpm. The culture was cooled on ice while shaking it carefully to avoid foam. The culture was then 

transferred to 1 L Beckman centrifuge tubes and centrifuged at 3100 x g for 15 min at 4°C. The 

supernatant was discarded and the pellet was resuspended in 35 mL of HIS-buffer. To lyze the bacteria 

1 µg/mL DNase and 200 µg/mL lysosome were added and incubated on ice for up to 15 min. After 

adding 10 µL/mL PMSF the culture was sonicated on ice (7 x 10% (= 0,7s sonic, 0,3s pause), time 10 s, 

power 70%) with 6-12 x 30 pluses. 1.5 mL of the lysate was centrifuged at 20.000 x g for 10 min at 4°C 

and further processed for the expression control. The remaining lysate was centrifuged in Sorvall tubes 

at 50.000 x g for 45 min at 4°C and the supernatant was sterile filtered with a 0.45 syringe filter on a 

precursor syringe.  

5.2.7.3 Expression test 

To the expression control 30 µL of Ni-NTA coupled agarose beads were added to 1 mL of lysate and 

incubated for 1 h at 4°C. After pelleting the beads (400 x g, 2 min, 4°C) the supernatant is transferred 

to a new 1.5 Eppendorf tube (“flow through”). The beads were washed three times with HIS-buffer 

and then boiled with 30 µL of 2x Laemmli sample buffer and loaded on a polyacrylamide gel (section 

5.2.10). The amount of protein visualized by colloidal coomassie staining (section 5.2.11).  

5.2.7.4 Purification  

An appropriate amount of Ni-NTA beads (1 mL of beads per 10 mg protein in lysate) was added to the 

lysate and incubated for 2 h at 4°C. A polypropylene column was set up and moistened with HIS-buffer. 

Afterwards, the bead-lysate solution was added to the column. The flow-though was collected and 

stored at 4°C. The falcon tube that contained the bead-lysate solution was rinsed with 50 mL of HIS 

wash buffer and added to the column. After the column had drained, the proteins were eluted with up 

to 5 mL of HIS elution buffer. The elution fractions were collected in 5-8 different Eppendorf tubes (1.5 

mL). The protein concentration of the elution factions was estimated with a colloidal coomassie 

staining (section 5.2.11). 
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5.2.8 Cell culture 

5.2.8.1 Culturing of immortalized cell lines 

Cell culture experiments were performed under sterile working conditions in a laminar-flow hood. All 

used equipment was disinfected with 70% of ethanol before use. All cell lines were cultured in 

monolayers and maintained at 37 °C / 5% CO2. A list of all cell lines used and generated within this 

work can be found in Table 10. Human embryonic kidney (HEK) 293T cells were cultivated in DMEM 

media with GlutaMAX supplemented with 10% fetal bovine serum (FBS). Inner medulla collecting duct 

cells (mIMCD3) were cultivated in DMEM/F12 supplemented with 10% FBS, 2 mM GlutaMAX. FACS 

sorted cell lines were supplemented with 1 % Penicillin/Streptomycin. The cells were passaged by 

washing them once with 1x PBS and adding 1 mL trypsin for 5 min at 37°C until the cells were no longer 

adherent. After inactivation of the trypsin with pre-warmed medium the desired amount of cells were 

transferred into a fresh culture dish with pre-warmed medium 

5.2.8.2 Freezing and thawing of cells 

To maintain a stock of cells at a lower passage number they were frozen. A 80-90% confluent 10 cm 

dish was washed with 1x PBS, trypsinized, and resuspended in the according cell culture medium. The 

cells were pelleted at RT at 150 x g. The pellet was resuspended in 1 mL of freezing medium and 

transferred into a cryogenic vial. After freezing the cells at -80 °C in a cell-freezing container, they were 

transferred to N2 tanks.  

To thaw the cells, the vials were quickly thawed at 37 °C. The cells were resuspended in 8 mL of pre-

warmed medium and transferred to a 15 mL falcon tube. After pelleting them at RT at 150 x g, the 

supernatant was removed and they were resuspended in 10 mL of pre-warmed medium. After 

transferring them into a 10 cm culture dish, they were incubated overnight at 37°C. Depending on their 

growth, either the medium was changed or they were passaged the next day. All cells were tested for 

mycoplasma using the PCR Mycoplasm Test Kit.  

5.2.8.3 Transfection of HEK293T cells 

For transfection of HEK293T cells the CaCl2 method was used (Benzing et al., 2001; Phelan, 2006). For 

each data point appropriate amounts of plasmids were added into 1.5 mL Eppendorf tubes containing 

500 µL of 0.25 M CaCl2 solution. While vortexing the CaCl2 solution, 500 µL of 2x HEBS were added 

dropwise. The mixture was added dropwise to a 50 % confluent 10 cm dish of HEK293T cells. The 

medium was replaced after 6-8 hours and the cells were harvested the following day.  
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5.2.8.4 Generation of Jade-deficient mIMCD3 cell lines 

For each Jade family member two independent single-guide RNAs (sgRNAs) were designed using the 

WGE CRISPR Finder tool (Hodgkins et al., 2015). Sequence editing was performed with Benchling 

(Benchling [Biology Software]. 2021. Retrieved from https://benchling.com). The targeting strategy is 

shown in section 6.1.5 The sgRNAs were cloned into the plasmid pSpCas9(BB)-2A-GFP (PX458), a gift 

from Feng Zhang (Addgene plasmid #48138; http://n2t.net/addgene:48138; RRID:Addgene_48138) 

(Ran et al., 2013). mIMCD3 WT#8 cells were transfected with the generated plasmids using 

Lipofectamine 2000 according to the manufacturers’ instruction. After 48 h GFP-positive cells were 

sorted into 5x 96-well plates on a BD FACSAriaTMIII at the Max Planck Institute for Biology of Ageing 

(Kohli et al., 2017). We extracted DNA using the cell lysis buffer (56 °, 1h; 95°C, 10 min) from the clones 

and performed a first screen via PCR using the REDTaq® ReadyMix™ PCR reaction mix following the 

manufacturer’s instructions (Table 19 and Table 20) and Sanger sequencing (section 5.2.6). The clones 

were further validated with qPCR (section 5.2.14) and targeted proteomics (see section 5.2.15).  

Table 19. List of reaction compositions for PCRs of Jade mutant cell lines. 

Gene Reaction Mix 
Jade1 KO1 7.5 µL ddH2O 

1.25 pM Jade1_exon6_cellculture_fp 
1.25 pM Jade1_exon6_cellculture_rp 
12.5 µL REDTaq ReadyMix 
˜ 50 ng DNA 

Jade1 KO2 7.5 µL ddH2O 
1.25 pM Jade1_exon7_cellculture_fp 
1.25 pM Jade1_exon7_cellculture_rp 
12.5 µL REDTaq ReadyMix 
˜ 50 ng DNA 

Jade2 KO1 7.5 µL ddH2O 
1.25 pM Jade2_exon6_cellculture_fp 
1.25 pM Jade2_exon6_cellculture_rp 
12.5 µL REDTaq ReadyMix 
˜ 50 ng DNA 

Jade2 KO2 7.5 µL ddH2O 
1.25 pM Jade2_exon7_cellculture_fp 
1.25 pM Jade2_exon7_cellculture_rp 
12.5 µL REDTaq ReadyMix 
˜ 50 ng DNA 

Jade3 KO1 7.5 µL ddH2O 
1.25 pM Jade3_exon8_cellculture_fp 
1.25 pM Jade3_exon8_cellculture_rp 
12.5 µL REDTaq ReadyMix 
˜ 50 ng DNA 

  Continued on next page 
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Jade3 KO2 7.5 µL ddH2O 
1.25 pM Jade3_exon9_cellculture_fp 
1.25 pM Jade3_exon9_cellculture_rp 
12.5 µL REDTaq ReadyMix 
˜ 50 ng DNA 

 

Table 20. List of cycling conditions used for performing PCRs of Jade mutant cell lines. 

Gene Step Temperature 
[°C] 

Duration 
[s] 

No. of cycles 

Jade1 exon6 / Jade1 
exon7 

Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
64 
72 
72 
15 

180 
45 
60 
30 

180 
∞ 

 
 
 
go to step 2, 35 repeats 

Jade2 exon6 / Jade2 
exon7 

Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
66 
72 
72 
15 

180 
45 
60 
30 

180 
∞ 

 
 
 
go to step 2, 35 repeats 

Jade3 exon8 / Jade3 
exon9 

Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
62 
72 
72 
15 

180 
45 
60 
30 

180 
∞ 

 
 
 
go to step 2, 35 repeats 

 

5.2.8.5 Flow cytometry  

The flow cytometry with propidium iodide (PtdIns) staining were performed as previously published 

(Borgal et al., 2016). mIMCD3 cells (WT#8, Jade-deficient cell lines) were seeded at 2x 1°06 cells / 10 

cm culture dish and harvested 24 h later. For experiments with serum reduced medium, the cells were 

seeded at 0.5 x 106 cells/ 10 cm in full medium. After 24 h the medium was replaced by serum reduced 

medium for 48 h. The cells where harvested with accutase and washed twice with 5 mL BSA (1% w/v) 

in 1x PBS the cell pellets were resuspended in 100 µL sodium chloride (0.9% w/v). The cell suspension 

was added dropwise to 5 mL of ice-cold methanol while vortexing. After 45 min incubation on ice the 

suspension was centrifuged at 240 x g for 5 min at 4 °C. The cell pellets were resuspended in 1 mL of 

2N hydrogen chloride solution with 0.5% (v/v) Triton X-100. After 40 min incubation at RT the cells 

were centrifuged at 100 x g for 5 min at 4°C. The pellet was resuspended in 500 µL of PtdIns solution 

and incubate at RT for 30 min. After washing the cells twice with 1x PBS the PtdIns intensity was 

analyzed using a Bio-Rad S3e Cell Sorter. The acquired data was analyzed with FlowJo software.  
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5.2.8.6 In vitro assay of 26S proteasome activity 

The proteasomal activity assay was performed as previously described (Kisselev and Goldberg, 2005). 

For each replicate with the mIMCD3 cells, the cells were grown into 6-well plates and grown until 70% 

confluency. HEK29T cells were grown into 6-well plates, transfected at 50% confluency with 2 µg of 

DNA using the calcium phosphate method (section 5.2.8.3), and harvested 24 h after transfection. Cells 

were collected in proteasomal activity assay buffer and immediately frozen in liquid nitrogen. Before 

performing the assay, samples were lyzed and centrifuged at 10000 x g for 10 min at 4°C. 25 µg of 

protein was loaded on a flat-bottom, black fluorescence 96-well microplate and incubated with the 

fluorogenic substrate (Z-Gly-Gly-Leu-AMC). Fluorescence (360 nm excitation, 430 nm emission) was 

monitored every 5 min for 2 h at 37°C using an EnSpire Multimode Plate Reader . Samples were assayed 

in technical triplicates and in biological replicates. 

5.2.8.7 Immunofluorescence staining of cells 

Cells were grown in 12-well culture dishes on glass coverslips. The cells were washed once with 1x 

staining PBS and fixed with 4% paraformaldehyde (PFA) for 15 min at RT. After three washing steps 

with 1x staining PBS the cells were blocked for 1 h with 5% normal donkey serum (NDS) in 1x PBSTx. 

Primary antibodies (Table 11) were diluted in 1x PBSTx and incubated overnight at 4°C, followed by 1 

h incubation with the fluorescently labelled secondary antibody (Table 12). Cells were washed 

thoroughly with 1x staining PBS prior to mounting onto glass slides using Prolong Diamont antifade 

reagent with DAPI as a mounting medium. Images were acquired with TCS SP8 Confocal Microscope 

and processed with ImageJ/Fiji. 

5.2.9 Immunoprecipitation 

Immunoprecipitation (IP) experiments were performed as described previously (Borgal et al., 2012). 

HEK293T cells were harvested on ice in 8 mL of ice-cold 1x PBS and transferred to a 15 mL falcon tube. 

The cell suspension was pelleted for 5 min at 4°C and 100 x g. The cell pellet was resuspended in 1 mL 

IP lysis buffer. The cell suspension was incubated for 15 min on a MacsMix tube rotator and centrifuged 

at 20.000 x g for 15 min at 4°C. The supernatant was transferred into Ultra-Clear ultracentrifugation 

tubes and centrifuged at 100.000 x g for 30 min at 4°C. 30 µL of the post-ultracentrifugation 

supernatant was kept as IP lysate, mixed with 30 µL of 2x Laemmli sample buffer and incubated at 95°C 

for 5 min. The remaining post-ultracentrifugation supernatant was transferred into new 1.5 mL 

Eppendorf tubes. 50 µL of anti-FLAG beads (M2, 1:2 in Agarose) were added and incubated for 1 h at 

4°C using a MacsMix tube rotator. The beads were pelleted at 400 x g for 2 min at 4°C and the 

supernatant was discarded. The beads were resuspended in 1 mL of IP lysis buffer and again pelleted 

at 400 x g for 2 min at 4°C. After three washing steps, 50 µL of 2x Laemmli sample buffer was added to 
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the beads and mixed by flicking. Samples were boiled at 95°C for 5 min. Lysates and IP samples were 

stored at -20°C.  

5.2.10 SDS polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot 

Proteins were separated by SDS-PAGE electrophoresis and visualized by HRP chemiluminescence. For 

each gel 6 mL resolving buffer were mixed with 0.15% TEMED and 0.1% APS. After pouring this solute 

in an empty gel cassette a top layer of Isopropanol was added. After polymerization, isopropanol was 

removed and 1.7 mL stacking buffer mixed with 0.15% TEMED and 0.1% APS were added and a 10-well 

or 12 well comb was added. After the stacking gel was solidified, the gels were assembled into a XCell 

SureLockTM Mini-Cell electrophoresis system filled with 1x running buffer according to manufacturer’s 

instructions. To determine the molecular weight of the proteins 3 µL of Page-ruler Plus protein ladder 

was used. After loading of the sample the following program was run: 70 V for 30 min, 25 milliamps 

per gel for approximately 2 h, or until the ladder used had extended the entire length of the gel.  

Immuoblotting was preformed using a semi-dry system. Separated proteins were transferred from the 

gel to a Millipore Immobilon-P polyvinylidene difluoride (PVDF) membrane, which was activated in 

methanol for 30 s and washed in 1 x transfer buffer. The polyacrylamide gel as well as two filter papers 

were soaked in 1 x transfer buffer. The blot was assembled as follows: filter paper, PVDF membrane, 

polyacrylamide gel, second filter paper. Air bubbles were rolled out. Transfer of proteins was 

performed by a constant current of 12 V for 1 h. After blotting, the membrane was incubated in 5% 

BSA for 1 h at RT, followed by three washing steps for 5 min with 1 x protein wash buffer. Afterwards 

the membranes were incubated with the primary antibody (Table 11) diluted in 1 x protein wash buffer 

for 1 h at RT or at overnight at 4°C. The membranes were washed three time for 5 min in 1x protein 

wash buffer before incubation with the appropriate HRP-conjugated secondary antibody (Table 12) 

diluted in 1 x protein wash buffer for 30 min at RT. After the additional wash steps with 1 x protein 

wash buffer for 10 min each, excess buffer was shaken off the membranes and they were transferred 

to a plastic tray. The membranes were developed using ECL detection solution or SuperSignal West 

Femto Chemiluminescent Substrate. The proteins were visualized using a PeqLab Fusion Solo 

chemiluminometer and Fusion-CAPT software.  

5.2.11 Colloidal coomassie staining 

10 µL of sample containing recombinant protein (section 5.2.7) was mixed with 10 µL of 2x Laemmli 

sample buffer. As a control a defined amounts (1 µg and 5 µg) of bovine serum albumin (BSA) mixed 

with 2x Laemmli sample buffer (1:1) were used. Prior to loading the samples and control were boiled 

at 95°C for 5 min. Gel electrophoresis was performed as described in section 5.2.3. The polyacrylamide 

gel was incubated for 30 min at RT in fixing solution. This was followed by an overnight incubation in 
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colloidal coomassie staining solution. For destaining the gel was transferred into water and destaining 

it until the gel background was clear. Images were acquired with the Odyssey CLx. 

5.2.12 Enzyme-linked immunosorbent assay (ELISA) 

ELISA microplates were coupled with 40 ng of recombinant protein (section 5.2.7) per well in 100 µL 

sterile 1 x PBS and stored at 4°C. After 24 h they were washed with PBST and stored in ELISA blocking 

solution at 4°C. Before usage, they were washed three times with PBST. 100 µL of serum (different 

dilutions from 1:100 to 1:1.000.000) or hybridoma culture supernatant was added and incubated for 

1 h at 37°C. After three washing steps with PBST the HRP-conjugated secondary antibody was added 

(1:5000 dilution in PBST) and incubated for 1 h. After three additional washing steps with PBST 100 µL 

of ELISA developer solution was added. Depending on signal intensity, the reaction was stopped by 

adding 50 µL of 2N HCL after 30 s to 10 min. The plates were analyzed with the EnSpire Multimode 

Plate Reader. Absorbance was measured at 480 nm.  

5.2.13 RNA isolation 

RNA extraction for quantitative PCR (qPCR) analysis as well as RNAseq was performed with the Direct-

zol RNA Miniprep kit following the manufacturer’s instructions including a DNase1 treatment step. The 

pellet was resuspended in 30 μl of RNase-free water. The yield and quality was evaluated using the 

Nanodrop 1000 spectrophotometer according to manufacturer’s instructions. 

5.2.14 qPCR 

After RNA isolation (section 5.2.13) 1µg of total RNA was used as template for a reverse transcription 

reaction using the High-Capacity cDNA Reverse Transcription kit according to the manufacturer’s 

instructions. mRNA expression was assessed in triplicate by SYBR Green qPCR with Hprt1 as a house 

keeping gene. All qPCR primers are listed in Table 7 and were validated in a separate experiment by 

running a standard curve PCR with 4 cDNA dilutions (50 ng; 5 ng; 0.5 ng; 0.05 ng) and a genomic DNA 

control. The qPCR experiments were performed on a QuantStudio 12K Flex Real-time PCR System. A 

dissociation curve was run after every experiment. Data were visualized and analyzed with 

QuantStudio and Prism software. Data were analyzed using a student’s t-test and are presented as 

mean +/− standard error of the mean (SEM). Significance levels are indicated in the figure legends.  

5.2.15 Parallel reaction monitoring (PRM) assay 

Preparation of the samples for targeted mass spectrometry was performed as previously described 

(Bartram et al., 2016). Pellets were resuspended in Urea buffer and sonicated (Bioruptor, 10 min, cycle 

30/30 sec). After clearing of the sample (20000 x g, 30 min at 4°C) the protein concentration was 

measured using the Pierce™ BCA Protein Assay Kit following the manufacturer’s instructions. The 
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lysates were reduced (10 mM Dithiothreitol, 1 h, RT) and alkylated (50 mM Chloroacetamide, 30 min, 

RT, in the dark). An equal amount of protein (50 µg) was diluted with 50 mM TEAB to reach a urea 

concentration of 2M and subjected to tryptic digestion (enzyme:substrate ratio of 1:50). The overnight 

digestion was stopped by adding formic acid to a final concentration of 1%. On the next day, double-

layered stage-tip clean up (C18) was performed. Double layer SDB-RP StageTips packed in 200 µL 

pipette tips were provided by the proteomics facility at CECAD. All steps were performed at RT. The 

StageTips were first equilibrated by adding 20 µL of methanol (650 x g, 1 min), followed by 20 by of 

StageTip buffer B (650 x g, 1 min) and twice 20 µL of StageTip buffer A (650 x g, 1.5 and 2 min, 

respectively). The samples were centrifuged at 20.000 x g for 5 min before loading them onto the 

StageTips. These were centrifuged for 5 min at 650 x g. This was followed by three washing steps: 30 

µL of StageTip buffer A and twice 30 µL of StageTip buffer B (each 650 x g, 3 min). The StageTips were 

dried with a syringe and stored at 4°C.  

All samples were measured by the proteomics facility at CECAD. All samples were analyzed on an 

Orbitrap Exploris 480 mass spectrometer coupled to an EASY nLC 1200 UPLC (both Thermo Scientific). 

Peptides were loaded with solvent A (0.1% formic acid in water) onto an in-house packed analytical 

column (30 cm × 75 μm I.D., filled with 2.7 μm Poroshell EC120 C18 (Agilent)). Peptides were 

chromatographically separated at a constant flow rate of 300 nl min-1 using with the following gradient: 

initial 4 % solvent B (0.1% formic acid in 80% acetonitrile), ramp to 25% B within 72 min, to 55% B 

within 8 min and to 95% B within 2 min, followed by washing and column equilibration. The Exploris 

was equipped with a FAIMS Pro Interface (Thermo) set to a CV of -47 and operated in scheduled PRM 

mode. The MS1 survey scan was acquired from 400 to 1000 m/z at a resolution of 120,000. Target 

masses were isolated in a 2 h window and fragmented by HCD with collision energy of 30%. The AGC 

target was set to 100 % and resulting spectra recorded with a resolution of 120,000. Product ions were 

detected in the Orbitrap at a resolution of 17,500. 

Target list generation and follow-up analysis were performed in Skyline 20.2. Unique target peptides 

and their retention times were chosen based on their detectability in data-independent trials using the 

identical setup and gradient. Results were compared against their theoretical spectra simulated by the 

Prosit algorithm (Gessulat et al., 2019) plugin in Skyline (MacLean et al., 2010; Pino et al., 2020). Only 

areas with a dotp value above 0.7 were included in the analysis to ensure the confidence of the result. 

The targets are listed in Table 14.  

5.2.16 Proteome 

For each replicate, a 10 cm dish of mIMCD3 cells of the indicated genotype was harvested and snap-

frozen. Samples were processed as descripted under section 5.2.15. All samples were analyzed on a Q 

Exactive Plus Orbitrap (Thermo Scientific) mass spectrometer that was coupled to an EASY nLC (Thermo 



Materials and Methods 
 

46 
 

Scientific). Peptides were loaded with solvent A (0.1% formic acid in water) onto an in-house packed 

analytical column (50 cm — 75 µm I.D., filled with 2.7 µm Poroshell EC120 C18, Agilent). Peptides were 

chromatographically separated at a constant flow rate of 250 nL/min using the following gradient: 3-

4% solvent B (0.1% formic acid in 80 % acetonitrile) within 1.0 min, 4-27% solvent B within 119.0 min, 

27-50% solvent B within 19.0 min, 50-95% solvent B within 1.0 min, followed by washing and column 

equilibration. The mass spectrometer was operated in data-dependent acquisition mode. The MS1 

survey scan was acquired from 300-1750 m/z at a resolution of 70,000. The top 10 most abundant 

peptides were isolated within a 1.8 Th window and subjected to HCD fragmentation at a normalized 

collision energy of 27%. The AGC target was set to 5e5 charges, allowing a maximum injection time of 

55 ms. Product ions were detected in the Orbitrap at a resolution of 17,500. Precursors were 

dynamically excluded for 30.0 s. 

All mass spectrometric raw data were processed with Maxquant (version 1.5.3.8) using default 

parameters. Briefly, MS2 spectra were searched against the canonical Uniprot mouse fasta database 

(UP000000589; May 4, 2020) and the MaxQuant default list of common contaminants. False discovery 

rates on protein and PSM level were estimated by the target-decoy approach to 1% (Protein FDR) and 

1% (PSM FDR) respectively. The minimal peptide length was set to 7 amino acids and 

carbamidomethylation at cysteine residues was considered as a fixed modification. Oxidation (M) and 

Acetyl (Protein N-term) were included as variable modifications. The match-between runs option was 

enabled. Student´s t-tests were calculated in Perseus (version 1.6.1.1) after removal of decoys and 

potential contaminants. Data were filtered for at least 3 out of 3 values in at least one condition. 

Remaining missing values were imputed with random values from the left end of the intensity 

distribution using Perseus defaults. 

5.2.17 Interactome 

For each replicate, a 10 cm dish of Jade1 KO1 mIMCD3 cells was transfected with 10 µg of either FLAG-

tagged Jade1S, Jade1L or an empty vector control using Lipofectamine 2000 following the 

manufacturer’s instructions. 48 h after transfection cells were harvested and lyzed in modified RIPA 

buffer for 15 min @ 4°C. After sonication (Bioruptor, 10 min, cycle 30/30 sec) and centrifugation 

(16.000 x g, 4°C, 15 min) anti-FLAG agarose beads were added to the supernatant and incubated at 4°C 

overnight. After three washing steps, 5% SDS in 1xPBS was added to the beads and proteins were 

released from the beads by incubation at 95°C for 3 min. Subsequently, the supernatant was reduced 

with DTT and alkylated with CAA followed by two single-pot solid-phase-enhanced sample 

preparations (SP3) (Hughes et al., 2019). 

All samples were analyzed on a Q Exactive Plus Orbitrap (Thermo Scientific) mass spectrometer that 

was coupled to an EASY nLC (Thermo Scientific). Peptides were loaded with solvent A (0.1% formic acid 
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in water) onto an in-house packed analytical column (50 cm — 75 µm I.D., filled with 2.7 µm Poroshell 

EC120 C18, Agilent). Peptides were chromatographically separated at a constant flow rate of 250 

nL/min using the following gradient: 3-5% solvent B (0.1% formic acid in 80 % acetonitrile) within 1.0 

min, 5-30% solvent B within 65.0 min, 30-50% solvent B within 13.0 min, 50-95% solvent B within 1.0 

min, followed by washing and column equilibration. The mass spectrometer was operated in data-

dependent acquisition mode. The MS1 survey scan was acquired from 300-1750 m/z at a resolution of 

70,000. The top 10 most abundant peptides were isolated within a 1.8 Th window and subjected to 

HCD fragmentation at a normalized collision energy of 27%. The AGC target was set to 5e5 charges, 

allowing a maximum injection time of 110 ms. Product ions were detected in the Orbitrap at a 

resolution of 35,000. Precursors were dynamically excluded for 15.0 s. 

All mass spectrometric raw data were processed with Maxquant (version 1.5.3.8) using default 

parameters. Briefly, MS2 spectra were searched against the canonical Uniprot 

MOUSE_UP000000589.fasta (downloaded at: 26.08.2020) database, including a list of common 

contaminants. False discovery rates on protein and PSM level were estimated by the target-decoy 

approach to 1% (Protein FDR) and 1% (PSM FDR) respectively. The minimal peptide length was set to 

7 amino acids and carbamidomethylation at cysteine residues was considered as a fixed modification. 

Oxidation (M) and Acetyl (Protein N-term) were included as variable modifications. The match-

between runs option was enabled for replicates from the same group. LFQ quantification was enabled 

using default settings. Student´s t-tests were calculated in Perseus (version 1.6.1.1) after removal of 

decoys and potential contaminants. Data were filtered for at least 4 values in at least one condition.  

5.2.18 mRNA sequencing 

RNA was extracted as described earlier (section 5.2.13). Library preparation and sequencing was 

performed by the Cologne Center for Genomics as described previously (Lee et al., 2019). Libraries 

were prepared using the Illumina® TruSeq® mRNA stranded sample preparation Kit. Library 

preparation started with 300 ng total RNA. After poly-A selection, mRNA was purified and fragmented 

using divalent cations under elevated temperature. The RNA fragments underwent reverse 

transcription using random primers, followed by second strand cDNA synthesis with DNA Polymerase 

I and RNase H. After end repair and A-tailing, indexing adapters were ligated. The products were then 

purified and amplified to create the final cDNA libraries. After library validation and quantification 

(TapStation 4200, Agilent), equimolar amounts of library were pooled and quantified by using the 

Peqlab KAPA Library Quantification Kit and the Applied Biosystems 7900HT Sequence Detection 

System. The pool was sequenced on an Illumina NovaSeq6000 with PE100 read length and a minimum 

of 35 million reads per sample. 
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The reads were trimmed with Trimmomatic version 0.36 (Bolger et al., 2014) using default parameters. 

The trimmed reads were mapped to the GRCm39 mouse reference genome with STAR version 2.6 

(Dobin et al., 2013) using default parameters. mRNA expression was analyzed using DESeq2 (version 

1.28.1)(Love et al., 2014) package of R (version 4.0.0) software (https://www.R-project.org/). A p-value 

cut-off of <0.05 was applied to the list of differentially regulated mRNAs after pairwise comparison of 

the Jade-deficient cell lines with wild-type. P-values were adjusted for multiple testing.  

5.2.19 Raw data deposition 

The proteome and interactome mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner 

repository (Perez-Riverol et al., 2019) with the dataset identifier PXD028800. RNA sequencing data 

have been deposited in the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under 

accession number E-MTAB-11021 (Athar et al., 2019). Login information is available upon request. 

5.2.20 Statistical analyses 

Unless otherwise stated, all data are presented as mean average plus standard error of the mean 

(SEM), calculated using Prism software. Data was normalized as indicated by figure legends and in the 

respective methods sections. Statistical analysis was performed using Prism software and differences 

between means were assessed by one-way ANOVA or Student’s t-test as appropriate. 

5.2.21 Mouse Work 

5.2.21.1 Mouse holding 

Mice were housed according to standardized specific pathogen-free (SPF) conditions in the CECAD in 

vivo Research Facility. They were kept under a 12 hour light/dark cycle and had free access to food and 

water. The Animal Care Committee of the University of Cologne and LANUV NRW (Landesamt für 

Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, State Agency for Nature, Environment 

and Consumer Protection North Rhine-Westphalia) approved the experimental protocols for all mouse 

experiments performed during this study.  

5.2.21.2 Generation of novel mouse lines 

All mouse lines in this section were generated within this work by the Nephrolab, Cologne, Germany 

in cooperation with the transgenic core facility at the CECAD, Cologne, Germany. We generated two 

Glis2 mutant mouse line and two Tmem218 mutant mouse lines for aim (4), the generation of NPH 

mouse models resembling the human phenotype. Detailed targeting strategies are shown in section 

6.2. As part of aim (3), investigating the role of the Jade family members in in vivo models, we 

generated two Jade1 mutant mouse lines and one for each Jade2 and Jade3, respectively. The targeting 
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strategies are shown in section 6.1.10. All mice were generated and maintained in C57BL/6N 

background unless otherwise stated.  

5.2.21.2.1 Generation of guide RNAs 

For the Jade1 and Glis2 mutant mice the sgRNAs (Table 8) were generated via in vitro transcription 

with a T7 RNA polymerase from the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid gifted from Feng Zhang 

(Addgene plasmid # 62988 ; http://n2t.net/addgene:62988 ; RRID:Addgene_62988) (Ran et al., 2013). 

sgRNAs were column purified and stored at -80 °C . Primers for the generation of the sgRNAs are listed 

in Table 6. For the Jade2_emKO, Jade3_emKO, and Glis2 mutant mice custom crRNA (Table 8) and 

generic tracrRNA were ordered and resuspended in 100 μM in sterile and nuclease-free T10E0.1 buffer 

(Chu et al., 2016). The ssODN repair templates (Table 8) were ordered as custom Ultramer Oligos and 

resuspended in T10E0.1 buffer. 

5.2.21.2.2 Pronuclear injection 

The Jade1_emKO1/2 and Glis2_emKO1/2 mouse models were generated with a pronuclear injection 

(PNI)-based approach (Chu et al., 2016; Wefers et al., 2017). In brief, zygotes were collected from 

superovulated females and inspected for the presence of two pronuclei. Microinjection of the PNI mix 

was performed with an Axio Observer.D1 microscope (Zeiss) and microinjector devices CellTram and 

FemtoJet with TransferMan NK2 micromanipulators (Eppendorf). Embryos that developed to the two-

cell stage were transferred to pseudo-pregnant females.  

5.2.21.2.3 Electroporation 

Electroporation of zygotes has emerged as an alternative, easier strategy. A novel approach for Easy 

Electroporation of Zygotes (EEZy) has been develop by the in-house transgenic core facility (Tröder et 

al., 2018), which not only increased embryo viability but also works with a common electroporator. 

For the generation of the Jade2_emKO, Jade3_emKO, as well as Tmem218 mutant mice we utilized 

EEZy. A detailed step-by-step protocol is published on protocols.io 

(dx.doi.org/10.17504/protocols.io.bwzhpf36). In brief, zygotes were collected from superovulated 

females (Behringer, 2014) then were transferred to the electroporation mix and electroporated in a 

BioRad Gene Pulser XCell electroporator with two square wave pulses (30V, 3 ms pulse duration, 2 

pulses, 100 ms interval). After incubation until the two-cell stage, developed embryos were transferred 

to pseudo-pregnant foster mice.  

5.2.21.3 DNA extraction from mouse tissue 

Ear or tail biopsies were used for DNA isolation as previously described (Truett et al., 2000). The 

biopsies were incubated in 75-150 µL of 1x base solution at 95°C for 30 min. The reaction was stopped 
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by adding an equal volume of 1x neutralization solution. The extracted DNA was directly used to 

perform polymerase chain reactions (PCRs) or stored at -20°C.  

5.2.21.4 Genotyping PCR 

For genotyping PCRs either REDTaq® ReadyMix™ PCR reaction mix or Go Taq Flexi DNA Polymerase 

5U/μl was used according to the manufacturer’s instructions. The specific primer sequences are listed 

in Table 4. The exact composition and cycling conditions for each reaction are listed below (Table 21 

and Table 22, respectively). The PCR products analyzed using a 2% agarose gel (section 5.2.3) For the 

first two generations of all newly generated mouse strains as well as all mice of the Glis2_emKO1/2, 

Tmem218.R37S, and Tmem218_emKO lines we performed Sanger sequencing of the PCR product to 

confirm the mutation. The PCR product was cleaned by enzymatic purification. It was incubated with 

0.25 U SAP and 0.5 U ExoI for 20 min at 37°C followed by an inactivation step for 15 min at 72°C. The 

resulting product was used for Sanger sequencing as described under section 5.2.6. Sequencing 

primers are listed in Table 5.  

Table 21. List of reaction compositions of the genotyping PCRs.  

Gene Reaction Mix 
Glis2_emKO1 5 µL ddH2O 

1.25 pM Glis2_emKO1_fp1 
1.25 pM Glis2_emKO1_fp2 
1.25 pM Glis2_emKO1_rp1 
1.25 pM Glis2_emKO1_rp2 
12.5 µL REDTaq ReadyMix 
˜ 50 ng DNA 

Glis2_emKO2 WT  13.1 µL ddH2O 
1.25 pM Glis2_emKO2_fp 
1.25 pM Glis2_emKO2_WT_rp 
1.5 mM MgCl2 (25 mM) 
0.2 mM dNTP (25 mM) 
2 Units Go Taq Flexi DNA Polymerase 
˜ 50 ng DNA  

Glis2_emKO2 point mutation 13.1 µL ddH2O 
1.25 pM Glis2_emKO2_fp 
1.25 pM Glis2_emKO2_PM_rp 
1.5 mM MgCl2 (25 mM) 
0.2 mM dNTP (25 mM) 
2 Units Go Taq Flexi DNA Polymerase 
˜ 50 ng DNA 

Continued on next page 
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Jade1_emKO1 9.6 µL ddH2O 
1.25 pM Jade1_emKO1_fp1 
1.25 pM Jade1_emKO1_fp2 
1.25 pM Jade1_emKO1_rp1 
1.25 pM Jade1_emKO1_rp2 
1.5 mM MgCl2 (25 mM) 
0.2 mM dNTP (25 mM) 
2 Units Go Taq Flexi DNA Polymerase 
˜ 50 ng DNA 

Jade1_emKO2 13.1 µL ddH2O 
1.25 pM Jade1_emKO2_fp 
1.25 pM Jade1_emKO2_rp 
1.5 mM MgCl2 (25 mM) 
0.2 mM dNTP (25 mM) 
2 Units Go Taq Flexi DNA Polymerase 
˜ 50 ng DNA 

Jade2_emKO 13.1 µL ddH2O 
1.25 pM Jade2_emKO_fp 
1.25 pM Jade2_emKO_rp 
1.5 mM MgCl2 (25 mM) 
0.2 mM dNTP (25 mM) 
2 Units Go Taq Flexi DNA Polymerase 
˜ 50 ng DNA 

Jade3_emKO 13.1 µL ddH2O 
1.25 pM Jade3_emKO_fp 
1.25 pM Jade3_emKO_rp 
1.5 mM MgCl2 (25 mM) 
0.2 mM dNTP (25 mM) 
2 Units Go Taq Flexi DNA Polymerase 
˜ 50 ng DNA 

Tmem218.R37S/emKO 13.1 µL ddH2O 
1.25 pM Tmem218_fp 
1.25 pM Tmem218_rp 
1.5 mM MgCl2 (25 mM) 
0.2 mM dNTP (25 mM) 
2 Units Go Taq Flexi DNA Polymerase 
˜ 50 ng DNA 

 

Table 22. List of cycling conditions used for performing genotyping PCRs.  

Gene Step Temperature 
[°C] 

Duration 
[s] 

No. of cycles 

Glis2_emKO1 Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
60 
72 
72 
15 

180 
30 
30 
60 

600 
∞ 

 
 
 
go to step 2, 35 repeats 

Continued on next page 
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Glis2_emKO2 WT  Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
64 
72 
72 
15 

180 
30 
30 
60 

600 
∞ 

 
 
 
go to step 2, 35 repeats 

Glis2_emKO2 point 
mutation 

Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
62 
72 
72 
15 

180 
30 
30 
60 

600 
∞ 

 
 
 
go to step 2, 35 repeats 

Jade1_emKO1/ 
Jade1_emKO2 

Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
64 
72 
72 
15 

180 
45 
60 
30 

180 
∞ 

 
 
 
go to step 2, 35 repeats 

Jade2_emKO Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
66 
72 
72 
15 

180 
45 
60 
30 

180 
∞ 

 
 
 
go to step 2, 35 repeats 

Jade3_emKO Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
62 
72 
72 
15 

180 
45 
60 
30 

180 
∞ 

 
 
 
go to step 2, 35 repeats 

Tmem218.R37S/emKO Initialization 
Denaturation 
Annealing 
Extension 
Final extension 
Final hold 

94 
94 
60 
72 
72 
15 

180 
30 
30 
60 

180 
∞ 

 
 
 
go to step 2, 35 repeats 

 

5.2.21.5 Body weight measurement 

Animal caretakers of the CECAD housing facility weighed the mice biweekly.  

5.2.21.6 Survival studies 

For the overall survival studies of the Jade1_emKO1 mutant mice, the mice were monitored on a daily 

basis. They were euthanized when they reached the human endpoint according to termination criteria 

of the federal animal care regulations.  
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5.2.21.7 Sample collection 

The mice were sacrificed at the indicated time points via cervical dislocation. The organs were 

harvested and cleaned with ice-cold PBS. After fixation in 4% formaldehyde for 24 h the samples were 

dehydrated and paraffin-embedded.  

5.2.21.8 Periodic-Acid Schiff (PAS) staining 

PAS staining was used for morphological assessment of the kidney and liver architecture. The paraffin-

embeddded tissue was cut in to 1-2 µm thick sections, which were incubated at 60°C of 1 h. They were 

deparaffinized by passing a descending ethanol row (xylene, 2x 5 min; ethanol 100%, 3x 3 min; ethanol 

95%, 2x 2 min,; ethanol 70%, 1x 1min) and rehydrated in water for 5 min. Samples were oxidized for 

10 min in 0.9% periodic acid. After a 1 min washing step in water, they were stained by Schiff’s reagent 

for another 10 min. After counterstaining the nuclei with Meyer’s hematoxylin solution for 10 s, the 

slides were washed in tap water for 10 min. Rehydration was performed by incubating the slides in an 

ascending ethanol row (ethanol 95%, 2x 1 min; ethanol %, 3x 3 min; xylene, 2x 5min). After mounting 

with Histomount the slides were dried over night at room temperature and scanned using the 

slidescanner SCN4000 (Leica Microsystems, Jena, Germany) with 20x magnification.  

5.2.21.9 Immunofluorescence staining on renal tissue 

Cutting and incubation of the slides followed by the descending ethanol row was performed as 

described above (section 5.2.21.8). The slides were washed twice in 1x staining PBS. 10 mM Tris-EDTA 

pH9 was used for antigen retrieval followed by 3 washing steps with 1x staining PBS. Afterwards, 

sections were blocked in 5% NDS in 1x staining PBS for 1 h at RT followed by three washing steps with 

1x staining PBS. The primary antibodies (Table 11) were diluted in PBS with 5% BSA and incubated at 

4°C overnight. After one additional washing step with 1x staining PBS, the sections were incubated 

with the fluorescently labelled secondary antibody (Table 12), diluted 1:500 in PBS with 5% BSA, for 1 

h at RT in the dark. This was followed by washing the sections 3 times with 1x staining PBS and once 

with water. ProLong Diamond antifade reagent with DAPI was used for mounting. Images were 

acquired with TCS SP8 Confocal Microscope and processed with ImageJ/Fiji.  

5.2.21.10 Immunization 

For the immunization 200 µL of complete Freuds Adjuvant were added to 80 µg of purified 

recombinant protein (section 5.2.7) in 200 µL of sterile water. The samples were incubated for 3 min 

in an ultrasound bath followed by 15 min on a vortexer. The solution was then collected at the bottom 

of the Eppendorf tube by shaking and filled into a 1 mL syringe with a 22 g needle. The needle was 

replaced by a 27 g needle and air was removed from the syringe. 50 µL were injected into to hind leg 

of eight-week-old Balb/cJRj (provided by CECAD animal facility, fur border, 3 mm deep). The injection 
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location was then massaged for about 30 s. Subsequent injections were performed using incomplete 

Freuds Adjuvant and 40 µg of recombinant protein. After multiple immunizations, serum of the mice 

was tested for immunoreaction by enzyme-linked immunosorbent assay (ELISA) with the recombinant 

proteins (section 5.2.12). In addition, the serum was used to stain immunoblots with lysates of 

HEK293T cells overexpressing JADE proteins. 

5.2.21.11 Fusion and selection of hybridoma clones 

After positive testing of the serum, the popliteal lymph node cells were extracted and fused with 

mouse myeloma SP2/ab cells by a standard fusion protocol. The mice were killed by cervical 

dislocation. Afterwards blood was taken from the heart. The blood was incubated for 1 h at 37°C, 

centrifuged at 20.000 x g for 10 min. Serum was mixed with 50% glycerol and used as positive control 

for ELISA. Immediately after taking the blood, the mouse was disinfected with 70% ethanol and Evan’s 

blue was injected into the feet. The skin of the hind legs was completely dissected. The lymph nodes 

from the hind legs were taken out with sterile tweezers and scissors under a laminar flow hood and 

put into RPMI pure medium in a 6 cm culture dish. The lymph nodes were grinded using the pestle of 

a 10 mL syringe and cells were separated by pipetting them up and down. The cell suspension was 

evaluated under a microscope to ensure separation of the cells. Afterwards the cells were filtered 

though a 45 µm cell strainer into a 50 mL falcon tube. The filter was rinsed with 5 mL of RPMI pure 

medium. In the meantime, the medium of the SP2/ab cells was removed and they were washed with 

RPMI pure medium, resuspended in 5 mL of RPMI pure medium and transferred to a 50 mL falcon 

tube. Both falcon tubes were centrifuged at 150 x g for 10 min at RT. After discarding the supernatant 

the cell pellet of the lymph node cells was resuspended in 5 mL of RPMI pure and transferred to the 

falcon tube containing the SP2/ab cells. After suspending, the tube was filled up to 50 mL with RPMI 

pure and the cells were centrifuged at 150 x g for 10 min. During this centrifugation step 10 µL of β-

Mercaptoethanol was added to 990 µL of sterile water and 1.5 mL of PEG 1500 were filled into a 3 mL 

syringe with a 20 g needle. The supernatant for the cells was removed and the pellet resuspended by 

slightly knocking against the tube. The PEG 1500 was slowly (over 1-2 min) added dropwise to the cells 

while stirring the cells with a Pasteur pipette. Afterwards the solution was stirred for an additional 

minute. While gently shaking the tube RPMI pure medium was added: 1 mL in 1 min, 3 mL in 1 min, 16 

mL in 2 min. The mixture was centrifuged at 150 x g for 10 min and incubated another 5 min. The 

supernatant was removed and the cells were resuspended in plating medium to a cell density of 

around 3 x 105 cells/mL and plated into 96-well plate. The monoclonal hybridoma lines were 

characterized, expanded, and subcloned according to standard procedures (Köhler and Milstein, 1975). 

Initial screening of clones was performed by ELISA (section 5.2.12) with recombinant JADE protein and 
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immunoblots (section 5.2.10) using JADE proteins overexpressed in HEK293T cells (section 5.2.8.3). 

Isotyping of selected clones was performed with Pierce Rapid Isotyping Kit. 
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6 Results 

 The JADE protein family 

6.1.1 Comparison of structure and expression of JADE family members reveals their high 
similarity. 

The members of the JADE protein family share a high structural similarity (section 3.5). Additionally, 

expression of JADE family members in the same tissue and cell type would be necessary for 

interchangeable functions, for building up a common protein compex, or for any compensatory 

mechanism to take place. We compared JADE expression in published transcriptomic datasets and 

could confirm ubiquitous expression of all JADE genes across tissue types (Figure 4A) (Uhlén et al., 

2015). JADE1 is highly expressed in pancreas, endocrine, and female tissues. JADE2 shows a high 

expression in brain, endocrine tissues, female tissues, and lymphoid tissue, while JADE3 shows overall 

the lowest expression levels with the highest JADE3 expression in brain, endocrine tissues, female and 

male tissues, and lymphoid tissues. However, in most tissues one JADE family member is 

predominantly expressed. JADE1 is the predominant family member in pancreas, kidneys, bone 

marrow, or breasts, JADE2 in cerebral cortex, lymph node, and midbrain and JADE3 in epididymis, 

placenta, and testis. As for protein expression, JADE1 reveals highest expression levels in squamous 

epithelial cells of the oral mucosa, esophagus, uterus, hepatocytes, and kidney tubules (Figure 4B) 

(Uhlén et al., 2015). Protein expression data was only available for JADE1. Next, we specifically looked 

into expression of Jade1/2/3 in the murine kidney in available single-cell transcriptomic data (Park et 

al., 2018). These data reveal a high percentage of cells expressing Jade1, especially in the renal tubular 

epithelial cells of the collecting duct. Jade2 and Jade3 are expressed to a lesser extent in these cell 

types (Figure 4C). A recent study on microdissected murine kidney tubule segments also shows that 

Jade1 is more highly expressed than Jade2 and Jade3 (Chen et al., 2021). This data set shows the 

highest Jade1 expression in the long descending limb of the loop of Henle in the inner medulla. Jade2 

and Jade3 are both expressed mainly in the different segments of the loop of Henle. For all three Jade 

isoforms, expression is the lowest in the proximal tubule segments.  
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Figure legend on next page 
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Figure 4. Expression profiles of JADE family members across tissues. (previous page) 
(A) RNA expression profiles for JADE1/2/3 based on transcriptomic data from HPA, GTEx and 
FANTOM5. Data is depicted as normalized expression (NX) based on the maximum NX for each gene 
in the different data sets and obtained from The Human Protein Atlas v 19.3 and Ensembl version 92.38 
Transcriptomic data available from   
https://v19.proteinatlas.org/download/rna_tissue_consensus.tsv.zip. (Uhlén et al., 2015). (B) Protein 
Expression Levels for JADE1 based on tissue micro arrays obtained from The Human Protein Atlas 
version 19.3 and Ensembl version 92.38. Proteomic data available from 
https://v19.proteinatlas.org/download/normal_tissue.tsv.zip (Uhlén et al., 2015). (C) Gene expression 
data of single cell transcriptomics of mouse kidney. Shown is the percentage of cells expressing each 
Jade gene in the different cell clusters: endothelial, vascular, and descending loop of Henle (Endo), 
podocyte (Podo), proximal tubule (PT), ascending loop of Henle (LOH), distal convoluted tubule (DCT), 
collecting duct principal cell (CD-PC), collecting duct intercalated cell (CD-IC), collecting duct 
transitional cell (CD-Trans), fibroblast (Fib), macrophage (Macro), neutrophil (Neutro), lymphocyte 
(lymph), natural killer cell (NK) (Park et al., 2018). See also MS ID#: BIORXIV/2021/462752. 

 

6.1.2 All JADE family members are associated with pVHL and NPH proteins 

Based on the structural similarities, we decided to investigate whether JADE2 and JADE3 can function 

in a similar way compared to JADE1 with regard to protein interactions related to hereditary kidney 

diseases. As described previously, JADE1 has been identified to be interacting with pVHL as well as to 

be a part of the NPH-protein-complex. To this end, we first cloned human JADE2 and JADE3 cDNA into 

expression vectors. We co-expressed V5-tagged pVHL (V5.VHL) together with FLAG-tagged JADE 

proteins or a control protein (F.Jade1S, F.JADE2, F.JADE3, F.EPS1-225) and performed an anti-FLAG co-

immunoprecipitation. Here, we show that pVHL co-precipitates with all three JADE proteins (Figure 

5A). In similar experiments with V5.NPHP4 (Figure 5B) and V5.NPHP1 (Figure 5C), specific co-

precipitation with all three JADE proteins could be shown.  
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Figure 5. JADE family members interact with pVHL, NPHP4, and NPHP1.  
HEK293T cells were transiently transfected with (A) V5-tagged pVHL (V5.VHL), (B) V5-tagged NPHP4 
(V5.NPHP4), and (C) V5-tagged NPHP1 (V5.NHPH1), and either FLAG-tagged JADE1S (F.JADE1S), JADE2 
(F.JADE2), JADE3 (F.JADE3) or a control protein EPS1-225 (F.EPS1-225). Immunoprecipitation was 
performed with an anti-FLAG antibody. In summary, V5.VHL, V5.NPHP1, and V5.NPHP4 co-
immunoprecipitate with F.JADE1S, F.JADE2, and F.JADE3, but not with the control protein F.EPS1-225. 
Blots represent at least three individual experiments. See also MS ID#: BIORXIV/2021/462752. 
 

Next, we used co-immunoprecipitation experiments to show that FLAG-tagged JADE1S and JADE2 are 

each able to interact with V5 tagged version of the same protein (Figure 6A,B). Thus, in addition to the 

known common function as co-factors for the HBO1 complex, we show that all JADE proteins share 

relevant renal protein complexes as well as the capability to homodimerize. Given the high level of 

similarity between the individual JADE proteins, we checked for heterodimerization among the 

different JADE proteins. As expected, we could show that V5.JADE1S and V5.JADE3 both co-

immunoprecipitate with F.JADE2 (Figure 6C). In conclusion, JADE proteins seem to be able to form 

hetero-multimeric protein complexes.  
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Figure 6. JADE proteins have the capability to dimerize.  
HEK293T cells were transiently transfected with (A) V5-tagged JADE1S (V5.JADE1S) and (B) V5-tagged 
JADE2 (V5.JADE2). FLAG-tagged JADE1S (F.JADE1S) and JADE2 (F.JADE2) were co-expressed, 
respectively. EPS1-225 (F.EPS1-225) and pVHL (F.VHL) function as negative and positive control. 
Immunoprecipitation was performed with an anti-FLAG antibody. F.JADE1S does co-
immunoprecipitate with V5.JADE1S. The same is observed for F.JADE2 with V5.JADE2. (C) HEK293T 
cells transiently transfected with V5-tagged JADE2 (V5.JADE2) and FLAG-tagged JADE1S (F.JADE1S), 
JADE3 (F.JADE3), and control proteins. Immunoprecipitation with an anti-FLAG antibody revealed that 
V5.JADE2 does co-immunoprecipitate with F.JADE1S, F.JADE3, and the positive control F.VHL but not 
with F.EPS1-225. Blots represent at least three individual experiments. See also  
MS ID#: BIORXIV/2021/462752. 
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6.1.3 Monoclonal JADE3 antibody specifically recognizes human and murine JADE3 

Since overexpression of proteins can be a source of potential artefacts, we aimed to generate and 

validate the necessary tools to study the endogenous proteins. The high similarity within the Jade 

protein family makes specific detection difficult. For JADE1 there were several commercial antibodies 

available as well as multiple monoclonal antibodies from our lab previously generated in a 

collaboration with the lab of Hanswalter Zentgraf ( 17.07.2011) at the German Cancer Research 

Center. However, availability of commercial antibodies for JADE2 and JADE3 was limited. Therefore, 

we decided to generate our own monoclonal mouse antibodies. To generate antibodies that are 

specific for either of the JADE proteins, the selected antigen would need to show distinct differences 

in protein sequence. We decided not to target the more distinct C-terminal area, since we wanted the 

antibodies also to recognize potential shorter isoforms. For the antigen generation we decided on 

cloning the N-terminal part of JADE2 (aa 1-177) and JADE3 (aa 1-178) in a bacterial expression vector 

(Figure 7A). Both HIS-tagged protein fragments were expressed with the expected molecular weight 

(Figure 7B). After Ni-NTA purification (Figure 7C) the antigen was used for immunization in BALB/c 

mice.  
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Figure 7. Antigen selection and production for the generation of JADE2 and JADE3 antibodies.   
(A) Protein sequence alignment of N-terminal regions of JADE1L, JADE1S, JADE2, and JADE3. Protein 
fragments selected for antigen generation are marked with a black box. Alignment was performed with 
CLUSTAL O(1.2.4) multiple sequence alignment tool (Sievers F et al., 2011). (B) Expression control and 
determination of protein concentration of the HIS-tagged recombinant proteins JADE21-177 
(HIS.hJADE21-177) and JADE31-178 (HIS.hJADE31-178) was done by doing a test pulldown with Ni-NTA 
coupled agarose beads. SDS-PAGE Coomassie blue staining of BSA standard and flow through, and 
beads. Expression of HIS.hJADE21-177 and HIS.hJADE31-178 is visible at the expected size of ~ 35 kDa. (C) 
Batch purification of the proteins was done using Ni-NTA followed by imidazole elution. Coomassie 
blue staining was used to assess the elution fractions. 
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The workflow of the monoclonal mouse antibody generation is described in Figure 8A. BALB/c mice 

were injected with the purified proteins in the hind leg every 2-3 days. After 4-5 injections, blood was 

collected from the submandibular vein. The serum was diluted and used as primary antibody to stain 

immunoblots. Serum derived from the mouse injected with JADE21-177 only recognized overexpressed 

JADE2. Serum derived from the mouse injected with JADE31-178 mainly detected overexpressed JADE3 

however showed additional cross-reactivity with JADE2 but not with the control protein (Figure 8B). 

After this positive serum test, the popliteal lymph nodes where isolated and the obtained B-cells fused 

to SP2/ab myeloma cells. A first selection of clones was performed by ELISA screening. Positive clones 

were further validated in immunoblot and immunoprecipitation experiments. Two individual fusions 

performed with the lymph nodes of two mice immunized with JADE2 antigen did not result in antibody 

clones, which were able to recognize either human or mouse JADE2. For JADE3, we were able to 

identify two clones working in immunoblot with overexpressed proteins (Figure 8C). JADE3 clone B4 

specifically recognizes human JADE3, whereas clone B7 predominantly recognizes mouse Jade3. With 

this, we generated a useful tool to study the individual functions of JADE3. Whether the antibody also 

detects endogenous JADE3 is currently under investigation. 
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Figure 8. Generation of monoclonal antibodies against JADE2 and JADE3.  
(A) Schematic overview of the generation of monoclonal antibodies using hybridoma cells. BALB/c 
mice were immunized by injecting the purified proteins in the hind leg. Immunization was repeated 
every 2-3 days for 4-5 times in total. Before isolating the lymph nodes, the blood titer was evaluated 
by immuoblot and ELISA. After isolation of the lymph node cells, they were fused to SP2/ab myeloma 
cells generating hybridoma cells. The cell suspension was plated in multiple 96-well plates. Arising 
clones were first screen by ELISA and then expanded and validated by immunoblot. Purification was 
done by ammonium sulfate precipitation followed by affinity chromatography using Protein G. 
Adapted from “Monoclonal Antibodies Production”, by BioRender.com (2021). Retrieved from 
https://app.biorender.com/biorender-templates. (B) Blood was collected from the submandibular 
vein and the serum was tested by immunoblot. HEK293T cells were transfected with FLAG tagged 
JADE2, JADE3 or STAT3 as a negative control. Immunoblot of whole cell lysates were stained with either 
serum of mice injected with HIS.JADE21-177 or HIS.JADE-31-178 or with a polyclonal FLAG antibody. 
Serum derived from the HIS.JADE21-177 injected mouse does only recognize over expression JADE2 
whereas serum derived from the Mouse injected with HIS.JADE31-178 recognized JADE3 as well as 
JADE2. FLAG staining shows expression of all three proteins. (C) Supernatant of two hybridoma clones 
derived from HIS-JADE31-178 immunization tested for their specificity within the JADE protein family. 
HEK293T cells were transfected with the indicated plasmids and whole cells lysates were evaluated by 
immunoblot. JADE3 clone B4 does specifically recognizes human JADE3 whereas clone B7 recognizes 
both human JADE3 and mouse Jade3. FLAG restraining shows expression of all transfected plasmids.  

https://app.biorender.com/biorender-templates
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6.1.4 Subcloning of mIMCD3 cells in preparation of Jade deletion by genome editing  

Based on the results of the renal expression profile for Jade1/2/3 (Figure 4C), we decided to perform 

the subsequent experiments in murine inner medulla collecting duct (mIMCD3) cells. These are 

polarized epithelial cells first isolated in 1991 derived from microdissected tubules. As typical for 

immortalized cell lines, due to passaging, freezing, and thawing, the mIMCD3 cell line developed a 

heterogenous genetic background over time. To be able to compare our downstream data based on 

single clones we decided to subclone the cells before generating Jade-deficient cell lines. To this end, 

we sorted single cells from the earliest available passage of mIMCD3 cells in 96-well plates. 

Characterization of the subclones identified a high variability on ciliation, ranging from almost 100 % 

ciliated to barely any ciliation (Figure 9A). For all mIMCD3 experiments within this thesis, mIMCD3 WT 

subclone #8 was used. This subclone had a high number of almost 100% ciliated cells (Fig. 6A), just like 

the non-subcloned mIMCD3. Using mRNA sequencing, we checked for expression of classical cell type 

selective markers for kidney cells. Most makers for mIMCD cells can be found in the mIMCD3 WT#8 

cell line (Figure 9B). Looking at a more general marker set for different kidney cells, we do see some 

expression of markers of proximal tubules (Agt, Lrp2), loop of Henle (Umod), and macula densa cells 

(Nos1, Oxtr), but not of podocytes (Nphs1, Nphs2) (Figure 9C).  
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Figure 9. Subcloning of mIMCD3 to generate cell lines with a defined genetic background.  
(A) Two representative mIMCD3 WT subclones (#8 and #2) were immunostained for cilia using Arl13b 
(green) and nuclei (blue). (B-C) Transcriptomic data of mIMCD3 WT#8 cells presented as normalized 
count values. (B) Selected marker genes for mIMCD cells as identified by deep sequencing of micro 
dissected renal tubules (Clark et al., 2019; Lee et al., 2015). (C) Standard marker genes for different 
kidney cell types (Chen et al., 2019).  
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6.1.5 Jade1/2/3-deficient mIMCD3 cell lines do show neither compensatory upregulation in 
the other family members nor abnormalities in cell cycle progression under baseline 
conditions 

To study the individual and mutual functions of the Jade protein family as well as the consequences of 

the loss of either one of the Jade proteins, we next generated Jade-deficient cell lines by targeting each 

gene individually with CRISPR/Cas9-mediated genome editing (Figure 10A). We used the mIMCD3 

WT#8 cell line described under section 6.5 as a parental clone. To account for potential off-target 

effects, two independent non-overlapping sgRNAs (single-guide RNAs) were designed for each Jade 

gene. The first sgRNA for each gene was targeted against the region encoding for the first PHD domain, 

the second sgRNA was targeted against the region upstream of the second PHD domain (Figure 10B). 

Sanger sequencing of the mRNA was performed to verify mutations in the mutant cell lines. The effect 

of the gene editing result on the exon structure and expressed protein extrapolated from the 

sequencing data is depicted in Figure 10C.  

 

 

 

 

 

Figure 10. Generation of mIMCD3 mutant cell lines for Jade1/2/3. (next page) 
(A) Schematic overview of the workflow for generation CRISPR/Cas9-mediated mutant cell lines. After 
selection of suitable sgRNAs, their locus was sequenced for comparison with the reference genome. 
Plasmids containing the sgRNA under a U6 promotor as well a Cas9-GFP under a CBh promotor were 
generated following the protocol of Ran et al. (Ran et al., 2013). mIMCD3 WT#8 were transfected with 
the respective plasmids and after 48 hours single GFP positive cells were sorted in 96 well plates. After 
expansion clones were screened by PCR and Sanger sequencing of both genomic DNA and mRNA 
before using them for downstream experiments. Figure created with BioRender.com. (B) Selection of 
two independent non-overlapping sgRNAs for each Jade gene targeting exons containing the first and 
second the PHD domain. Wellcome Sanger Institute Genome Editing was used to identify suitable 
sgRNAs by location and potential off-target effects (https://wge.stemcell.sanger.ac.uk/)(Hodgkins et 
al., 2015). (C) Exon structure of the Jade1/2/3-deficient cell lines based on Sanger sequencing of mRNA. 
The first cell line generated for Jade1 is heterozygous, a frameshift is introduced in one allele, and the 
second one has a deletion of the region encoding the first PHD domain. The second cell line generated 
for Jade1 is homozygous with a deletion of exon 7, including the sequence for part of the second PHD 
domain. Both cell lines generated for Jade2 result in deletions leading to frameshifts and early stop 
codons. The first Jade2-deficient cell line is missing exon 6, the second cell line part of exon7. The first 
Jade3-deficient cell line has a deletion in exon 5 leading to an early stop codon shortly after. In the 
second Jade3-deficient cell line exon 6 is skipped. See also MS ID#: BIORXIV/2021/462752. 

https://biorender.com/
https://wge.stemcell.sanger.ac.uk/
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Figure legend on previous page 

 

In the process of cell line generation, the cells were transfected with a SpCas9-2A-GFP plasmid (Ran et 

al., 2013). This provided the means to sort transfected cells, which generate Cas9 and the sgRNA, into 

single cells to generate monoclonal cell lines. The GFP signal during the sorting, 48 h after transfection, 

is depicted in Figure 11A. Since this was intended to be a transient transfection, plasmid concentrations 

and thus the GFP signal should vanish after a certain amount of culturing time. To confirm that the 

plasmid encoding Cas9 and GFP was not functionally integrated in the genome of the cells we repeated 
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the FACS analysis with the established cell lines (minimum of six passages after the initial sorting). As 

expected, we did not see an increased baseline GFP expression as compared to the wild-type control 

cell line (Figure 11B).  

 

 
Figure 11. Established mIMCD3 Jade1/2/3-deficient cell lines do not continue to show GFP 
expression.  
FACS analysis was carried out as described in methods. The relative fluorescence is indicated on the x-
axis (FL2 Area) and the y-axis represents FSC height. (A) GFP expression 48 h after transfection with 
sgRNA and Cas9-GFP containing plasmid. Low to medium GFP positive cells were used for sorting single 
cells in 96-well plates. (B) Established monoclonal mutant cell lines do not show GFP expression, 
comparable to WT cells.  
 



Results 

70 
 

Next, we validate the Jade-deficiency on mRNA and protein level in our selected clones. We performed 

qPCR analysis from the cell lines. In each of the cell lines we looked at the mRNA expression level of 

each Jade family members. We see a significant reduction of Jade1 mRNA expression in both Jade1-

deficient cell line compared to the WT cell line (Figure 12A). The same is observed for Jade2 and Jade3 

in the Jade2- and Jade3-deficient cell lines, respectively (Figure 12B-C). Notably, we do not see any 

compensatory upregulation of either of the Jade mRNA expressions upon loss of one Jade family 

member. This is visualized by Jade2 and Jade3 expression levels in the Jade1-deficient cell lines, that 

are comparable to WT levels or reduced. The same is observed in Jade2- and Jade3-deficient cell lines 

for the respective other Jade family members.  

Since finding antibodies that are able to recognize and differentiate between the different Jade protein 

family members on endogenous expression levels was challenging, we decided to use a target 

proteomics approach to validate the mutant cell lines on protein level. In a parallel reaction monitoring 

(PRM) assay we were able to confirm the loss of the Jade proteins in the respective mutant cell lines 

(Figure 12D-F). Similarly, to the qPCR analysis, we again do not see any clear significant regulation of 

the not targeted Jade family members.  

 

 



Results 

71 
 

 
Figure 12. mIMCD3 Jade1/2/3-deficient cell lines reveal no major compensatory upregulation on 
mRNA and protein level of the other family members under baseline conditions. 
(A-C) qPCR data showing gene expression of each Jade family member across the different mutant cell 
lines. For each mutant cell line a significant reduction of mRNA expression is seen for the target gene. 
(N=3, students t-test, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). (D-F) PRM assay to validate loss of protein 
in the Jade1/2/3-deficient cell lines. Schematic representation of the Peptide locations used for the 
targeted proteomics approach within the Jade1/2/3 locus are depicted above graphs. Peak areas for 
the selected peptides across mIMCD3 WT and Jade mutant cell lines are used for protein 
quantification. Only areas with a dotp value above 0.7 were included in the analysis to ensure the 
confidence of the result (N=3). See also MS ID#: BIORXIV/2021/462752. 

Several studies suggested a role of Jade1 in proliferation and cell cycle progression (Borgal et al., 2016; 

Zhou et al., 2005). To investigate whether the loss of one Jade protein leads to a change in cell cycle 

progression we used flow cytometry to determine whether we can observe differences in the cell cycle 

phases (Figure 13). We do not observe any obvious differences between wild-type and Jade-deficient 

cell lines as seen by a similar amount of cells in each phase of the cell cycle across the different cell 

lines. If we partially starve the cells, we observe a tendency towards cell cycle arrest in G0/1 as shown 

in Figure 14. This goes along with a reduced number of cells in S and G2/M phase. However, the 

reduction of cells in the G2/M phase is significantly stronger in WT cells compared to the Jade1-

deficient cell lines. First experiments did not indicate any alterations of cilia in the Jade-deficient cell 

lines (data not shown). Further evaluation of ciliation and ciliogenisis in these cell lines is currently 

ongoing. 
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Figure 13. Cell cycle analysis does not show significant changes in the Jade1/2/3-deficient cell lines 
compared to mIMCD3 wild-type cells.  
 (A) mIMCD3 of the indicated genotypes were seeded at 2 x 106 cells / 10 cm culture dish and harvested 
after 24 hours for flow cytometry. Representative histograms of propidium iodide (PtdIns) staining of 
mIMCD3 WT #8 and each Jade mutant cell line. (B-D) Quantification of flow cytometry data 
represented as percentage of cell in each phase of the cell cycle. The first histogram peak corresponds 
to 2n DNA / cells in G1/G0 phase (B). Cells in S phase, with an intermediary DNA status, are represented 
by the area between both peaks (C). The second peak to 4n DNA/ cells in G2/M phase (D). 
Quantification of the flow cytometry data was performed using FlowJo software. To maintain integrity 
of individual experimental repetitions the results were analyzed with repeated measures ANOVA. 
(N=3, Errors bars represent SEM). 
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Figure 14. Starvation leads to reduced cell cycle arrest in Jade1-deficient cells compared to WT cells. 
(A) mIMCD3 of the indicated genotypes were seeded at 0.5 x 106 cells / 10 cm culture dish. After 24 h 
the medium was replaced by serum reduced medium. 48 h later the cells were harvested for flow 
cytometry. Representative histograms of propidium iodide (PtdIns) staining of mIMCD3 WT #8 and 
Jade1 mutant cell lines. (B-D) Quantification of flow cytometry data represented as percentage of cell 
in each phase of the cell cycle. The first histogram peak corresponds to 2n DNA / cells in G1/G0 phase 
(B). Cells in S phase, with an intermediary DNA status, are represented by the area between both peaks 
(C). The second peak to 4n DNA/ cells in G2/M phase (D). Quantification of the flow cytometry data 
was performed using FlowJo. (N=3, Errors bars represent SEM). 
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6.1.6 Proteomic profiling of Jade-deficient cell lines reveals an upregulation of proteasomal 
components as a common finding.  

After establishing the different Jade-deficient cell lines, we utilized a global approach to study the 

effects of the loss of Jade proteins in mIMCD3 cells. Therefore, we generated whole cell proteome 

profiles for all six Jade-deficient cell lines as well the wild-type control cell line. In three independent 

replicates, we quantified about 3500 proteins on average with little variation across cell lines (Figure 

15A). Using principal component analysis on the label-free quantification (LFQ) intensities, we 

observed clustering of replicates and no outliers (Figure 15B-D). Moreover, the first principle 

component separated the wild-type sampled from the mutant cell lines explaining 72.8 %, 58.4 %, and 

70.6 % variance for the Jade1, Jade2, and Jade3 dataset, respectively.  

 
Figure 15. Quality control of proteome datasets for Jade1/2/3-deficient and wild-type mIMCD3 cell 
lines.   
(A) Number of valid values of LFQ intensities measured in each cell line. Principal component analysis 
scatter plot of the protein expression data of WT versus Jade1 (B), Jade2 (C), and Jade3 (D) KO1 and 
KO2 cell lines. Depicted are the first two principal components (PC1 and PC2). The axes represent the 
percentages of variation explained by the principal components. The replicates of the different groups 
cluster together and the difference between mutant and wild-type groups explains the largest 
variance. See also MS ID#: BIORXIV/2021/462752. 
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After the quality control, we first took a detailed look on the changes upon loss of Jade1. Therefore, 

we extracted the significantly regulated proteins by statistical analysis on LFQ intensities. Using a two 

–sample t-test (s0 = 0.2, FDR =0.1), we identified 594 (653) upregulated and 414 (722) downregulated 

proteins when comparing the Jade1 KO1 (KO2) cell lines to the wild-type control (Figure 16A,B). Among 

these was Prom1 as one of the most downregulated proteins, which has been shown to increase cilia 

length and when mutated causes retinal degeneration through malformation of the outer segment of 

photoreceptors (Cehajic-Kapetanovic et al., 2019; Jászai et al., 2020; Maw et al., 2000). Here, we 

already noticed that we had a high overlap between the two individual Jade1-deficient cell lines. To 

further investigate the similarity of both mutant cell lines we plotted the logarithmic fold changes of 

Jade1 KO1 versus WT against Jade1 KO2 versus WT (Figure 16C). As expected, we see a high correlation 

confirming that the majority of proteins are regulated in the same direction in both Jade1 KO1 and 

KO2. To get a better understanding of what the role of these proteins might be, we used the proteins 

significantly regulated in either Jade1 KO1, KO2, or both mutant cell lines and performed Gene 

Ontology (GO) and KEGG pathway enrichment analysis on this subset of 1458 proteins (Figure 16D). 

This revealed a significant overrepresentation of GO terms such as cytoplasmic translation, translation 

initiation factor activity, and integral component of membrane and KEGG pathways like proteasome 

and ribosomal biogenesis.  

 



Results 

76 
 

   

Figure 16. Protein expression profiling of Jade1-deficient cell lines.  
(A) Scatter plot with the t-test differences in protein expression of the Jade1 KO1 mutant cells vs the 
wild-type cells on the x-axis and the statistical significance (-log10 Student’s t-test p-value) on the y-
axis. Highlighted are proteins that are significantly regulated based the students t-test (s0 = 0.2, FDR = 
0.1). (B) Same scatter blot as in (A) for Jade1 KO2. (C) Comparison of the two different mutant cell lines 
for Jade1. The fold change of KO1 is depicted on the x-axis, the fold change of the KO2 on the y-axis. 
Proteins are highlighted according to their significance based on the students t-test (s0 = 0.2, FDR = 
0.1) in the Jade1 KO1 only (blue), the Jade1 KO2 only (green), and in both Jade1 KO1 and KO2 (dark 
red). (D) GO and KEGG pathway annotation based on a Fisher exact test of the 1458 proteins found to 
be regulated in both Jade1 mutant cell lines. See also MS ID#: BIORXIV/2021/462752. 
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When performing the same analysis pipeline for the Jade2/3-deficient cell lines identified 17 (420) 

upregulated and 2 (348) downregulated proteins for Jade2 KO1 (KO2) and 16 (15) upregulated and 496 

(590) downregulated proteins for Jade3 KO1 (KO2). Also for these two Jade family members, we could 

show the correlation of the two individual mutant cell lines (Figure 17A,C). Combining the proteins 

with a p-value below 0.05 for either KO1, KO2 or both we ended up a subset of 773 proteins for Jade2 

and 1460 proteins for Jade3. Enrichment analysis of proteins regulated upon loss of Jade2 and Jade3 

revealed terms like ribosome, proteasome, and transcription enriched ( Figure 17B,D).  

 

  
 
Figure 17. Protein expression profiling of Jade2- and Jade3-deficient cell lines.  
(A) Comparison of the two different mutant cell lines for Jade2. The fold change of KO1 is depicted on 
the x-axis, the fold change of the KO2 on the y-axis. Proteins are highlighted according to their 
significance (students t-test, s0 = 0.2, FDR = 0.1) as indicated in the figure. (B) GO and KEGG pathway 
annotation based on a Fisher exact test of the 773 proteins found to be regulated in both Jade2 mutant 
cell lines. (C) Comparison of the two different mutant cell lines for Jade3. The fold change of KO1 is 
depicted on the x-axis, the fold change of the KO2 on the y-axis. Proteins are highlighted according to 
their significance as indicated in the figure. (D) GO and KEGG pathway annotation based on a Fisher 
exact test of the 1460 proteins found to be regulated in both Jade3 mutant cell lines. See also MS ID#: 
BIORXIV/2021/462752. 
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Already in the individual analysis of the Jade1/2/3 we saw terms related to proteasome, ribosomes, 

and translation enriched. To further investigate possible shared functions within the Jade family, we 

used the subsets of regulated proteins for the individual members to calculate the overlap within the 

Jade family (Figure 18A). This revealed 644 proteins that are regulated throughout the Jade protein 

family. GO and KEGG pathway enrichment analysis confirmed overrepresentation of terms associated 

with the proteasome, ribosome, as well as translation (Figure 18B). Looking specifically at proteins, 

which are associated with proteasome-related GO terms for biological processes, we indeed see that 

the majority of these proteins is significantly upregulated in the Jade1 KO2 cell line (Figure 18C). 

Visualizing these proteins based on the average LFQ intensities for all seven cell lines in a heatmap, we 

do see a general upregulation in the Jade-deficient lines which is most prominent for proteasome core 

and regulatory subunit components (Figure 18D). In addition to the upregulation of the proteasome, 

we also see a similar pattern for ribosomal proteins, tRNA-ligases, and elongation factors, which might 

indicate an increased protein turnover (Figure 19A-C).  
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Figure 18. All Jade-deficient cell lines show an upregulation in proteasome associated proteins. 
 (A) Venn diagram depicting the overlap between significantly regulated proteins across the Jade-
deficient cell lines. The Jade1 section includes all proteins that are significantly regulated in either one 
or both of the Jade1-deficient cell lines. The Jade2 and Jade3 sections were generated in the same 
way. (B) GO and KEGG pathway annotation based on a Fisher exact test of the 644 proteins found to 
be regulated in all Jade mutant cell lines. Ribosome, proteasome, and translation related areas are 
regulated the most. (C) Scatter plot with the t-test differences in protein expression of the Jade1 KO2 
mutant cells vs the wild-type cells on the x-axis and the statistical significance (-log10 Student’s t-test 
p-value) on the y-axis. Proteins associated with the GOBP terms associated with the proteasome are 
highlighted in magenta. (D) Heatmap of the proteins highlighted in (C) based on logarithmic z-score 
normalized LFQ values for all seven cell lines to visualize the upregulation of proteasome associated 
proteins across Jade-deficient cell lines. See also MS ID#: BIORXIV/2021/462752. 
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Figure 19. Components of the protein turnover machinery are upregulated in Jade-deficient cell 
lines.  
(A) Scatter plot with the t-test differences in protein expression of the Jade1 KO2 mutant cells vs the 
wild-type cells on the x-axis and the statistical significance (-log10 Student’s t-test p-value) on the y-
axis. Ribosomal proteins are highlighted in magenta, tRNA ligases in blue, and elongation factors in 
green. (B,C) Heatmap of the proteins highlighted in (A) based on logarithmic z-score normalized LFQ 
values for all seven cell lines to visualize the upregulation of ribosomal proteins (B), tRNA ligases, and 
elongation factors (C) across Jade-deficient cell lines. See also MS ID#: BIORXIV/2021/462752. 
 

6.1.7 In vitro proteasome assays confirm the role of the Jade protein family in the regulation 
of the proteasome.  

Based on the expression profiles for the proteasomal proteins across the Jade-deficient cell lines, we 

aimed to confirm these findings with an in vitro based proteasome activity assay. In our protein 

expression profiles we saw both, components of the proteasomal core subunit 20S as well as the 

regulator subunit 19S regulated. The 20S subunit contains the proteolytic active site while the 19S 

subunit forms a cap structure which is necessary for the 20S subunit to be able to degrade proteins as 

well as for the regulation of the activity (Finley, 2009). Together they form the 26/30S proteasome 
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(single /double capped). We measured 26S/30S proteasome activity by monitoring the degradation of 

a fluorogenic substrate (Kisselev and Goldberg, 2005). For all of the Jade-deficient cell lines we could 

observe a significant increase in chymotrypsin-like proteasome activity (Figure 20A). Moreover, when 

overexpressing the different Jade family members we saw a marked decrease in proteasome activity 

compared to an overexpressed control protein, further confirming the regulatory function Jade protein 

family members have on the proteasome (Figure 20B).  

 
Figure 20. In vitro proteasome activity assay confirms role of Jade proteins in proteasome regulation.  
(A) Measurement of the proteasome activity in wild-type and Jade-deficient mIMCD3 cell lines. The 
proteasome activity of Jade1, Jade2, or Jade3-deficient cell lines is increased compared to the wild-
type control. Quantification of the slope as readout for proteasome activity (N=3, one-way ANOVA 
with a Dunnett’s multiple comparison test, ****p ≤ 0.0001) (B) Measurement of the proteasome 
activity in HEK293T cell with either Jade1S, Jade1L, Jade2, Jade3, or Podocin (control) overexpressed. 
All cell lines with overexpressed Jade proteins show a decreased activity compared to the control. 
Quantification of the slope as readout for proteasome activity (N=3, one-way ANOVA with a Dunnett’s 
multiple comparison test, * p ≤ 0.05). See also MS ID#: BIORXIV/2021/462752. 
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6.1.8 mRNA expression of proteasomal components is not significantly altered  

Several studies have implicated the role of Jade1 as an epigenetic and transcriptional regulator. 

However, specific targets have been suggested but not been verified (Avvakumov et al., 2012; 

Panchenko et al., 2004). All Jade family members contain two PHD domains, which are zinc-binding 

motifs and known to be found in proteins involved in transcriptional regulation and chromatin 

modification (Aasland et al., 1995; Saha et al., 1995). Moreover, it has been shown that transcriptional 

regulation is one of the main mechanisms to modulate proteasomal activity (Schmidt and Finley, 2014). 

On one hand, this can occur via regulation of the abundance of proteasome subunits. This is well 

studied for the transcription factor Rpn4 in yeast (Mannhaupt et al., 1999; Xie and Varshavsky, 2001) 

as well as NRF1/2 in mammals (Kwak et al., 2003; Radhakrishnan et al., 2010). On the other hand, 

regulation can happen via controlling the assembly of proteasome subunits. For example, inhibition of 

mTor signaling can induce assembly chaperones of the 19S regulatory subunit, which are essential for 

proteasome assembly (Rousseau and Bertolotti, 2016).  

The potential role of Jade family members in transcriptional regulation as well as established 

mechanism of transcriptional regulation of the proteasome raised the question if the changes we 

observed on protein expression are caused by transcriptional changes. To answer this question as well 

as to identify potential transcriptional targets of the Jade family we performed unbiased transcriptomic 

analyses with bulk mRNA-Seq from all six Jade-deficient cell lines and the wild-type control cell line. 

For all samples, we observed narrow clustering of the three replicates (Figure 21A-C). Separation of 

the mutant samples from the control samples is based on either the first (Jade1) or the second (Jade2 

and Jade3) principle component. The volcano plot for each Jade1 mutant depicts the genes with a fold 

change > 1.5 or < -1.5 as well as a p-value < 0.05 in red (Figure 21D,E). Notably, the vast majority of 

significantly altered genes are regulated in the same direction in both cell lines (Figure 21F). We used 

the subset of genes which is significantly regulated in either Jade1 KO1 or Jade1 KO2 cell lines to 

performed GO and KEGG pathway enrichment analysis. We found pathways related to cancer as well 

as regulation of transcription and binding functions enriched in the Jade1-deficient cell lines (Figure 

21G).  
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Figure 21. Transcriptomic expression profiling of Jade-deficient cell lines.  
Principal component analysis scatter plot of the gene expression data of WT versus Jade1 (A), Jade2 
(B), and Jade3 (B) KO1 and KO2 cell lines. Depicted are the first two principal components (PC1 and 
PC2). The axes represent the percentages of variation explained by the principal components. (D) 
Volcano blot for Jade1 KO1 showing the fold change on the x-axis and the significance on the y-axis. 
Highlighted are genes with a p-value below 0.05 and a log2 fold change above 1.5 or below -1.5. (E) 
Volcano blot for Jade1 KO2 showing the fold change on the x-axis and the significance on the y-axis. 
Highlighted are genes with a p-value below 0.05 and a log2 fold change above 1.5 or below -1.5. (F) 
Comparison of the two different mutant cell lines for Jade1. The fold change of KO1 is depicted on the 
x-axis, the fold change of the KO2 on the y-axis. Proteins are highlighted according to their significance 
as indicated in the figure. (G) GO and KEGG pathway annotation based on a Fisher exact test of the 
genes regulated in either Jade1 KO1, Jade1 KO2, or both mutant cell lines. See also MS ID#: 
BIORXIV/2021/462752. 
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We calculated the subset of genes enriched in Jade2 or Jade3-deficient cell lines as well as the GO 

pathway annotation in a similar manner (Figure 22A-D). Annotation enrichment analysis revealed a 

high overlap in overrepresented terms between Jade1/2/3. To further investigate the shared functions 

of Jade1/2/3, we calculated the overlap of the significantly enriched subsets and found 567 genes as 

commonly regulated within the family (Figure 23A). GO and KEGG pathways enrichment analysis 

confirmed that the mutual regulated genes are involved in metabolic and cancer related pathways 

(Figure 23B). Since the transcriptomic analysis did not reveal any regulation of the proteasome so far, 

we specifically looked into the expression of the proteasomal complex components (Figure 23C). In 

contrast to our proteome analysis, we do not see upregulation of the proteasomal proteins on a 

transcriptomic level. We can further show that ribosomal components, tRNA-ligases and transcription 

initiation and elongation factors are mainly unaltered as well.  
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Figure 22. Transcriptomic expression profiling of Jade2/3-deficient cell lines.  
(A,C) Comparison of the two different mutant cell lines for Jade2 (A) and Jade3 (C). The fold change of 
KO1 is depicted on the x-axis, the fold change of the KO2 on the y-axis. Proteins are highlighted 
according to their significance as indicated in the figure. (B,D) GO and KEGG pathway annotation based 
on a Fisher exact test of the genes regulated in either Jade2 (B) or Jade3 (D) KO1, KO2 or both mutant 
cell lines. See also MS ID#: BIORXIV/2021/462752. 
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Figure 23. Mutual regulated genes within the Jade family do not show upregulation of the 
proteasome or protein turnover machinery.  
(A) Venn diagram depicting the overlap between significantly regulated genes across the Jade-deficient 
cell lines. The Jade1 section includes all proteins that are significantly regulated in either one or both 
of the Jade1-deficient cell lines. The Jade2 and Jade3 sections are generated in the same way. (B) GO 
and KEGG pathway annotation based on a Fisher exact test of the 567 genes found to be regulated in 
all Jade mutant cell lines. (C-F) Heatmap of the genes of the proteasome (C), ribosome (D), tRNA-ligases 
(E) and transcription initiation and elongation (F) based on logarithmic z-score normalized counts for 
all seven cell lines to visualize the transcript levels of proteasome associated proteins across Jade-
deficient cell lines. See also MS ID#: BIORXIV/2021/462752. 
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6.1.9 Components of the proteasome are part of a Jade protein complex.  

After discovering that the regulation of the proteasome is likely not caused by changes on 

transcriptional level and the function of Jade proteins as transcription factor, we speculated whether 

regulation might be based on direct interaction or association of Jade proteins with components of the 

proteasome. To answer this question, we expressed either FLAG-tagged Jade1S or Jade1L in the Jade1 

KO1 cell line. After a FLAG-co-immunoprecipitation, the proteins were eluted from the beads and 

prepared for proteomic analysis. We identified one of the five replicates of Jade1L as an outlier with 

only 27 valid values compared to an average of 1178 (SEM ± 23) valid values in all other samples. This 

sample was excluded for all further analysis. We continued our analysis with four replicates for Jade1L 

and five for Jade1S as well as the control. To identify interactors of Jade1L and Jade1S we utilized the 

intensity Based Absolute Quantification (iBAQ) intensities. First, we looked at proteins which were 

never measured in the control samples, but either in all replicates for Jade1L, for Jade1S, or both 

(Figure 24A). Sorting them based on their intensities we could identify Jade1 as the most abundant 

protein in this subset for Jade1L and Jade1S, confirming a successful pulldown. Moreover, in this subset 

we also found the known Jade1 interactor Plk1. We performed statistical analysis on the iBAQ 

intensities to identify significantly enriched proteins (Figure 24B,C). Among these were several known 

interactors, which are highlighted (green) based on a cross-referencing our list with known interactors 

for Jade1 annotated in the BioGRID database (Oughtred et al., 2021). Among these were the 

established interactors such as HBO1/Kat7. Notably, we did identify several components of the 

proteasome complex. For Jade1S, a main component of the proteasome core complex, Psma1, has 

been identified as one of the most enriched proteins. However, most of the enriched proteasome 

components are part of the regulatory S19 subunit, including Psmc3, Psmd3, Psmd12, and Psmd14. 

Taken together, we could show that loss of either of the Jade protein family members leads to an 

upregulation of proteasome abundance and activity, which is not caused by transcriptional regulation. 

Co-immunoprecipitation of proteasomal components with Jade proteins suggest a direct link, for 

example by targeting the proteasome for degradation.   
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Figure 24. Interactome analysis based on co-immunoprecipitations reveals a potential direct link 
between Jade proteins and proteasomal components.  (previous page) 
(A) Heatmap of average iBAQ values for proteins which were never measured in the control samples, 
but in either all replicates for Jade1L, all replicates for Jade1S, or all replicates of both. The protein with 
the highest iBAQ is Jade1 for both, the Jade1S and the Jade1L pulldown. Quantitative analysis for the 
Jade1L (B) & Jade1S (C) interactome. Jade1 KO1 mIMCD3 cells were transiently transfected with either 
Flag-tagged Jade1L, Jade1S, or a control plasmid. Pulldown was performed with anti-FLAG (M2) 
agarose beads. Proteins on the right side, above the p=0.05 line, are determined significantly enriched. 
Proteasomal components are highlighted in magenta, known JADE1/Jade1 interactors based on known 
interactors annotated in BioGrid (Oughtred et al., 2021) in green. See also MS ID#: 
BIORXIV/2021/462752. 
 

6.1.10 Generation of in vivo models for the Jade protein family  

Already in 2003 a gene-trap mouse model for Jade1 was published, which did not show any obvious 

phenotype (Tzouanacou et al., 2003). Furthermore, there is a study that show that Jade1 is regulated 

during repair of damage in the tubule epithelium (Havasi et al., 2013). However, there is only very 

limited data from genetic mouse models available for Jade1 and none for Jade2 and Jade3. Since the 

in vivo function of the Jade protein family remains unknown, the development of mutant mouse 

models is crucial.  

6.1.10.1 Jade1 knockout mouse models  

Since there are many open questions about the role of Jade1 that can only be answered in a more 

complex in vivo model, we decided to generate genetically modified mouse models for all members of 

the Jade family using CRISPR/Cas9-mediated genome engineering. We first generated two 

independent models for Jade1. The Jade1_emKO1 (Jade1 endonuclease mediated knockout 1) model 

was generated by targeting a sgRNA to the first coding exon, cutting two bp after the start codon 

(Figure 25A). The offspring (F0) was then screen for so-called ̀ indel´ mutations. This resulted in 23 pups 

with 5 pups showing the intended mutation at the targeted locus. The Jade1_emKO1 allele has a 1 bp 

insertion right after the start codon leading to a frameshift and a premature stop codon after 10 amino 

acids (Figure 25B). In a second approach, we targeted exon 6 by designing sgRNAs that cut before and 

after the exon (Figure 25A). Exon 6 includes the start of the first PHD domain. We screened 24 pups 

for complete deletion of exon 6, of these 4 had the desired deletion. The Jade1_emKO2 allele has a 

267 bp deletion including exon 6 and resulting in a frameshift and a stop codon in exon 7 (Figure 25C).  
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Figure 25. Generation of Jade1-deficient mouse models.  
(A) Targeting strategy for Jade1_emKO1 and Jade1_emKO2 mouse models. On the top the exon 
(boxes)-intron (lines) structure of Jade1 is indicated. For Jade1_emKO1 one sgRNA targeting the first 
coding exon was designed. For Jade1_emKO2 two sgRNAs targeting up- and downstream of exon 6 
were designed. (B) Sanger Sequencing of genomic DNA from a Jade1emKO1/emKO1 mouse shows insertion 
of one adenine right after the start codon leading to a frameshift resulting in a stop codon after 10 
amino acids. (C) Sanger sequencing of genomic DNA of the Jade1emKO2/emKO2 allele. A 267 bp deletion 
results in the complete removal of exon 6 followed by a frameshift and a premature stop codon in 
exon 7.  
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After backcrossing and sequencing of the F1 generation to account for potential mosaicism, we 

established allele specific genotypings (Figure 26A,B). To remove potential off target mutations we 

waited until the F2 generation before mating animals for first experimental mice. The litters from 

experimental matings (Jade1wt/emko1(2) x Jade1wt/emKO1(2)) had slightly more males than females (Figure 

26C). The average litter size was comparable for both alleles lying between four and five animals/litter 

(Figure 26D). Genotyping revealed that we did not get a Mendelian distribution of genotypes. We 

would expect to see around 25% of Jade1emKO1/emKO1 animals, however, we only see around half of that 

number (Figure 26E). For the Jade1_emKO2 allele, this effect is only seen for females, but here the 

number of animals analyzed is still rather low (Figure 26F). The Jade1emKO1/emkO1 and Jade1emKO2/emKO2 

were both born viable. Survival and weight data is only available for the first allele so far. Here, we see 

that the median survival for Jade1emKO1/emKO1 mice is lightly increased compared to wild-type littermates 

(Figure 26G). Analyzing the weight over two years revealed that the Jade1emKO1/emKO1 mice weigh less 

than their wild-type and heterozygous litter mates (Figure 26H).  

 

 

 

 

 

 

 

Figure 26. Jade1-deficient mice are not born in Mendelian ratios and have a reduced body weight 
compared to litter mate controls. (Next page) 
(A) PCR products using specific primers to detect the insertion in Jade1_emKO1 mutant mice. Primer 
locations are indicated at the top. (B) PCR products using specific deletion primers for Jade1_emKO2. 
Primer locations are indicated at the top. (C) Sex ratio in litters born from experimental matings 
(Jade1wt/emKO1(2) x Jade1wt/emKO1(2)) shows that slightly more male than female mice are born for both 
Jade1 mutant mouse strains. (D) Average litter size for experimental (Jade1wt/emKO1(2) x Jade1wt/emKO1(2)) 
matings was determined. Each dot represents a litter. The lines represent means ± SEM. (E, F) 
Genotype distribution in litters born from experimental matings (Jade1wt/emKO1(2) x Jade1wt/emKO1(2)). 180 
animals in for Jade1_emKO1 and 34 for Jade1_emKO2 have been analyzed. Mendelian ratios are 
indicated with dotted lines (50 % for wt/emKO and 25 % for wt/wt and emKO/emKO). For both mutant 
strains, less homozygous mutant mice are born than predicted. (G) Survival curve of mice with the 
indicated genotypes. N represents the number of animals for each genotype. (H) Weight curve 
comparing male Jade1emKO1/emKO1 and their littermate controls. Homozygous knockout mice show a 
reduced weight (52 weeks, P < 0.05), whereas there is no difference between wild-type and 
heterozygous mice. Statistical analysis was done by Student's-t test compared to wild-type animals.  
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We performed Periodic acid–Schiff (PAS) stainings to evaluate morphological differences between 

organs for knockout and wild-type animals. At four months and one year of age, we could not observe 

any obvious deformities or difference in the kidneys (Figure 27A,C) or livers (Figure 27B,D) of 

Jade1emKO1/emKO1 animals compared to littermate controls.  

 
Figure 27. Jade1emKO1/emKO1 mice show no obvious histological phenotype.  
Histopathological analysis from Jade1_emKO1 knockout mice at the indicated ages. Images showing 
PAS staining from mice of indicated genotypes from (A,C) kidney and (B,D) liver. Scale bar = 400 µm 
left side, scale bar =100 µm right side. N=3 for 4 month, N=2 for 1 year. 
 

6.1.10.2 Jade2 and Jade3 knockout mouse models 

Besides the two mouse models generated for Jade1, we also generated mouse models for Jade2 and 

Jade3. For these moue models, we followed the same strategy as used for the Jade1_emKO2 mouse 

model. We designed sgRNAs up-and downstream of the exon with contains the start of the first PHD 

domain, which is exon 6 and exon 8 for Jade2 and Jade3, respectively (Figure 28A,B). The offspring 

were screened for deletion of the complete exon. For Jade2 we got 27 pups found of which 16 had a 

large deletion of the complete exon, four had smaller deletion around one or both of the cutting sites, 

and seven were wild-type. For Jade3 we had 24 pups of which three had the desired mutation, the rest 

was not further analyzed since they showed only one band comparable with the WT band during the 

initial PCR screen. Using Sanger sequencing we confirmed complete deletion of the targeted exon 

followed by a frameshift leading to a premature stop codon (Figure 28C,D).  
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Figure 28. Generation of Jade2 and Jade3 mutant mouse models.  
(A, B) Strategy used to generate Jade2 and Jade3 knockout mouse models. Two sgRNAs framing the 
exon 6 (Jade2) and exon 8 (Jade3), which contain the start of the first PHD domain, were used. (C, D) 
Sanger sequencing of genomic DNA shows the deletion of the targeted exon. 
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To evaluate morphological changes in kidney and liver tissue between wild-type animals and Jade2- or 

Jade3-deficient animals we performed PAS. For Jade2 analyzed tissue from four months old animals 

and saw no difference between the genotypes (Figure 29C,D). For Jade3 six-month-old animals were 

analyzed. Similarly to the Jade1- and Jade2-deficient animals, we again do not observe an obvious 

phenotype (Figure 29E,F). Lifespan and longitudinal weight analyses are currently being performed.  

 
Figure 29. Jade2 and Jade3 mutant mice do not show a histological kidney or liver phenotype at 4 or 
6 months of age, respectively.  
(A, B) PCR products using specific deletion primers for Jade2 and Jade3 locus. Primer locations are 
indicated at the top. (C-F) Histopathological analysis from Jade2 and Jade3 knockout mice at age 4 
months and 6 months respectively. Images showing PAS staining from mice of indicated genotypes 
from (C, E) kidney and (D, F) liver. Scale bar = 400 µm left side, scale bar =100 µm right side. N=3.  
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 Generation of knockout models to study NPH 

As discussed in section 3.1.3, there is an increasing need for suitable in vivo models for NPH. Within 

this work we target two different genes, Glis2 and Tmem218, which showed promising results in 

previously published studies (Attanasio et al., 2007; Kim et al., 2008; Vogel et al., 2015). Unfortunately, 

both mouse models were not available to us.  

6.2.1 Glis2 mutant mouse models 

For our first novel Glis2 mutant mouse model (Glis2_emKO1), we selected a sgRNA targeting the area 

downstream of the start codon within the first coding exon (Figure 30A). The offspring was then 

screened for indel mutations. This resulted in five out of 19 pups with the intented mutation in the 

targeted locus. We selected one founder animal with a 14 bp deletion leading to a frameshift on the 

amino acid level resulting in premature stop codon at position 41 (Figure 30B). In a second targeting 

strategy (Glis2_emKO2), we decided to focus on the area which encodes the zinc-finger domains, which 

was the locus of a recently published patient mutation. The homozygous point mutation (c.523T>C, 

p.C175R) was proposed to inference with the exon splicing (Halbritter et al., 2013). This would result 

in skipping of exon 5 that encodes for part of the zinc-finger motifs followed by a frameshift in exon 6 

resulting in a premature stop codon. Rather than introducing the patient mutation directly, we opted 

for the introduction of a single point mutation in exon 4, changing amino acid 122 from a tyrosine to a 

stop codon. This mutation is just upstream of the region encoding for the zinc-finger motifs. For this, 

we used an asymmetrically designed single-stranded donor oligonucleotide (ssODN) as a repair 

template (Figure 30A) (Richardson et al., 2016). Out of 15 born pups, three carried the point mutation 

(Figure 30C).  
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Figure 30. Generation of Glis2 mutant mouse models.  
(A) Strategy to generate the Glis2_emKO1 and Glis2_emKO2 mouse models. On the top the exon 
(boxes)-intron (lines) structure of Glis2 is indicated. The Glis2_emKO1 strain was generated using a 
single sgRNA introducing a double-strand break at the region encoding for the amino acid residue 19, 
followed by screening of the founder generation for indel mutations. The Glis2_emKO2 strain was 
generated using one sgRNAs targeting the beginning of exon 4 combined with a ssODN introducing a 
point mutation which leads to a stop codon. (B) Sanger Sequencing of genomic DNA from a 
Glis2emKO1/emKO1 mouse shows a deletion of 14 base pairs at the targeted site leading to a frameshift 
resulting in a stop codon after 26 amino acids. (C) Sanger sequencing of genomic DNA from a 
Glis2emKO2/emKO2 mouse confirms introduction of the point mutation.  
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The founder animals were backcrossed to a pure C57BL/N background for at least two generation 

before we started to generate experimental animal for phenotyping. We do observe a slightly smaller 

litter size for the Glis2_emKO2 model (Figure 31A). The sex ratio of the mice born is almost equal, with 

slightly more males born in both models (Figure 31B). While the first model shows a normal Mendelian 

birth ratio of genotypes, we do see a reduced number of homozygous mutant animals in the 

Glis2_emKO2 model (Figure 31C,D). Histological staining at over 2 years of age show a phenotype for 

the Glis2emKO1/emKO1 mice with some cysts and fibrosis (Figure 32A). The Glis2emKO2/emKO2 mice show a 

severe phenotype at 1.5 years of age with cysts, fibrosis, and immune infiltration (Figure 32B). The 

exact time course of the diease onset and progression are currently under investigation.  

 

 
Figure 31. Glis2_emKO2 mice show a reduced litter size and show a non-Mendelian pattern of 
inheritance.  
(A) Average litter size for experimental (Glis2wt/emKO1(2) x Glis2wt/emKO1(2)) matings was determined. Each 
dot presents a litter. The lines represent means ± SEM. (B) Sex ratio in litters born from experimental 
matings (Glis2wt/emKO1(2) x Glis2wt/emKO1(2)) shows that slightly more female than male mice are born for 
both Glis2 mutant mouse strains. (C,D) Genotype distribution in litters born from experimental matings 
(Glis2wt/emKO1(2) x Glis2wt/emKO1(2)). 79 mice were analyzed for Glis2_emKO1 and 94 mice for Glis2_emKO2. 
Expected mendelian ratios are indicated with dotted lines (50 % for wt/emKO and 25 % for wt/wt and 
emKO/emKO). For both, Glis2_emKO1 and Glis2_emKO2 line, less homozygous mutant mice are born 
than expected.  
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Figure 32. Glis2emKO2/emKO2 mice present with kidney cysts and fibrosis at 1.5 years of age.  
(A) Histopathological analysis from Glis2_emKO1 mice  over 2 years old. (B) Histopathological analysis 
from Glis2_emKO2 mice  at 1.5 years of age. Images show PAS stainings from mice of indicated 
genotypes from kidney. Scale bar = 400 µmm left side, scale bar = 100 µm right side. N=2. 
 

6.2.2 Tmem218 mutant mouse models 

In 2015, Vogel et al. published a Tmem218-/- mouse model that presented with a phenotype closely 

reminiscent of NPH and retinal degradation in human patients (Vogel et al., 2015). Moreover, a year 

later the group of Leroux identified Tmem218 as a novel component of the MKS module in C.elegans 

(Valente et al., 2010). Both, the MKS as well as the NPH complex, are located at the ciliary TZ and are 

crucial for ciliogenesis and cilia function (Valente et al., 2010). Around the same time, we learned from 

a patient mutation in Tmem218 (personal communication) (Figure 33A). Tmem218 is a small 

transmembrane protein that has been shown to localize at the TZ of cilia as part of the MKS module in 

C.elegans (Li et al., 2016). Taken together, this put Tmem218 in a prime position to generate a 

ciliopathy mouse model carrying a patient mutation. The sequence identity between human and 

mouse TMEM218 is 80.87% and the locus of the point mutation is well conserved (Figure 33B,C)(Howe 

et al., 2021). We chose a single point mutation, where the first nucleotide of exon 4 was mutated from 

G> T leading to a serine instead of an arginine (Figure 33A). To introduce the point mutation in the 

mouse genome we selected a sgRNA cutting just downstream of the desired locus and designed and 

asymmetric ssODN (Figure 33D) (Richardson et al., 2016). Analyzing the founder generation revealed 

three pups out of 13, which carried the point mutation (Tmem218.R37S) (Figure 33E). Besides a 

founder carrying the patient derived mutation, we also selected a null allele with a deletion of 10 base 

pairs (Tmem218_emKO) (Figure 33F), which likely disrupts the splicing and thus, in a protein lacking 

exon 3 and a frameshift in exon 4 leading to a premature stop codon.   
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Figure 33. Generation of Tmem218 mutant mouse models.  
(A) Location of the patient derived point mutation. (B) Human TMEM218 and murine Tmem218 show 
a very similar protein structure. (C) Locus of the point mutation is conversed on proteins and cDNA 
level between human and mouse. (D) Strategy to generate Tmem218.R37S mutant mice. A sgRNA 
targeting the side of the mutation was selected. The ssODN carrying the point mutation has an 
asymmetric design with homology arms of 91 and 36 nt. (E) Sanger sequencing of genomic DNA of a 
founder animal carrying the point mutation. (F) Sanger sequencing of genomic DNA of a founder 
animal showing a 10 bp deletion including part of the intron and the start of the exon 4 likely which 
likely infers with splicing.  
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The published Tmem218-/- mouse model showed a clear kidney phenotype with 14 weeks of age (Vogel 

et al., 2015). We performed PAS on kidney and liver at 6 months of age in the Tmem218.R37S mouse 

model. To our surprise, we could not observe any obvious morphological difference between 

Tmem218wt/wt and Tmem218R37S/R37S mice in the kidney and liver (Figure 34A,B). Interestingly, the 

Tmem218emKO/emKO mice did present with kidney cysts in the cortex at 18 weeks of age (Figure 34C). 

Immunofluorescence staining revealed that the cyst lining tissue stained positive for E-cadherin, a 

distal tubule marker (Figure 34D). We did not observe loss of ciliation as visualized by staining for 

Arl13B, a ciliary maker. An in-depth analysis on ciliation and ciliary structure is currently on going. 

Taken together, our Tmem218_emKO mouse models presents with a key feature of human NPH and 

will be a valuable model to study the underlying disease mechanisms as well as to test putative 

therapeutic strategies.  

 
Figure 34. Tmem218emKO/emKO mice show cysts arising from the distal tubule.   
(A-C) Histopathological analysis from Tmem218.R37S and Tmem218_emKO mice at the indicated time 
points. Images showing PAS staining from mice of indicated genotypes from (A, C) kidney and (B liver. 
Scale bar =2 mm left side, scale bar = 200 µm right side. N=3. (D) Immunofluorescence staining of 
kidney tissue from Tmem218_emKO mice of the indicated genotypes using antibodies against E-
cadherin (distal tubule marker), Arl13b (cilia marker), and PHA-E lectin (proximal tubule marker). (N=3). 
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7 Discussion 

 Jade protein family members share protein interactors related to renal 
pathology 

JADE1 has been first identified as an interactor of pVHL (Zhou et al., 2002). Later, interaction with 

several NPHPs have been found (Borgal et al., 2012). Up until now, JADE protein research has been 

primarily focused on JADE1. Here, we could now show that JADE2 and JADE3 also interact with pVHL 

as well as with NPHP1 and NPHP4 giving us an indication that they might all play a role in renal 

pathology (Figure 5). Moreover, JADE proteins co-immunoprecipitate with themselves suggesting that 

they function as homodimers or homomultimers (Figure 6). Based on the structural similarity we 

hypothesized that they might form heterodimers as well, which we could confirm (Figure 6). This raises 

the question if a multimeritc JADE protein complex exists and whether the function of such a complex 

depends on the composition.  

One of the most studied aspects of JADE1 in the past was the function within the HBO1 HAT complex 

(Foy et al., 2008; Han et al., 2018; Siriwardana et al., 2014). JADE1 has been shown to form a complex 

together with HBO1, ING4/5, and EAF6 and proved necessary for histone acetylation (Doyon et al., 

2006). ING4/5 are tumor suppressors that have been shown to affect cell proliferation and cell cycle 

progression (Campos et al., 2004). Interestingly, both ING proteins contain at least one NLS as well as 

PHD domains (Ormaza et al., 2017, 2019). For ING4 and ING5 it has been published that they form 

homodimers (Ormaza et al., 2019). Heterodimer formation between them has been observed and 

suggested as a means to increase their functional diversity (Ormaza et al., 2019). Whether ING4/5 and 

JADE1/2/3 share hetero-multimeric protein complexes, requires further investigations and was not in 

the focus of the at hand thesis.  

 The effect of loss of Jade proteins on cell cycle progression 

Most knowledge on the function of the JADE protein family members has been gained by discovering 

their interactors (Borgal et al., 2012; Foy et al., 2012; Panchenko et al., 2004; Zhou et al., 2002). So far, 

there has not been a study on the individual and shared functions within the same cellular context. 

Here, we generated Jade-deficient cell lines to perform an unbiased comparison on proteomic and 

transcriptomic changes upon loss of either Jade family member. Since the known links to renal 

ciliopathy genes for JADE1 could be confirmed for JADE2 and JADE3 by the interaction with NPH 

proteins NPHP1 and NPHP4, we utilized a well-characterized renal tubular epithelial cell line for further 

studies. Moreover, previous published datasets showed that all Jade proteins are expressed in renal 

epithelial cells of the collecting duct (Figure 4). To ensure a more homogenous parental cell line we 

used a mIMCD3 subclone, which is ciliated and shows expression of inner medulla and collecting duct 
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makers (Figure 9). With CRISPR/Cas9-mediated genome engineering, we generated two independent 

Jade-deficient cell lines for each family member, ensuring that our findings would not be the effect of 

off-target mutations (Figure 10). For each cell line generation we used one sgRNA targeting the location 

of the PHD motifs and screened the monoclonal cell lines for indel mutations. We did an extensive 

validation of the Jade-deficiency with Sanger sequencing, qPCR analyses, and, in addition, a targeted 

proteomic assay to ensure that the mutations and the loss of expression were verified on mRNA level 

and on the protein level (Figure 12). Importantly, Smits et al. showed in a screen of 193 cell lines with 

deletions introduced with CRISPR/Cas9-mediate genome engineering that about a third of them 

showed residual protein expression (Smits et al., 2019). Therefore, DNA and mRNA analysis are not 

sufficient to validate knockout models that are based on frameshifting mutations. In our Jade-deficient 

models, however, we did not find any evidence for residual protein expression. Interestingly, mRNA 

and protein expression of the remaining family members in the Jade-deficient cell lines did not point 

towards a compensatory mechanism in renal epithelial cells. However, compensation in other cell 

types, during development, or by other means of compensation, like posttranscriptional or 

posttranslational modifications, cannot be excluded.  

Several studies have shown a relation between JADE1 proteins and cell cycle progression (Borgal et al., 

2016; Calvi, 2014; Havasi et al., 2013; Siriwardana et al., 2014). We did not observe an obvious effect 

of the loss of any of the Jade proteins on cell proliferation under baseline conditions in mIMCD3 cells 

(Figure 13). However, introducing cellular stress through partially starving the cells by reducing the 

serum concentration revealed that Jade1-deficient cells could at least partially escape cell cycle arrest 

compared to wild-type cells (Figure 14). Low levels of JADE1 have been reported for several cancer cell 

lines and JADE1 overexpression has been associated with a growth disadvantage. The studies showing 

a growth disadvantage for cells overexpressing JADE1 were carried out in 786-O, a human VHL-

deficient kidney carcinoma cell line, and in HeLa cells, originally derived from cervical cancer. This goes 

along with our findings that Jade1 loss is not enough under baseline conditions to disrupt cell cycle 

progression and that an additional stimulus is needed. Our group has previously shown a delay in cell 

cycle progression for cells expressing a mutant variant of JADE1S lacking the N-terminal CK1α 

phosphorylation motif with an accumulation of mutant cells in the S-phase (Borgal et al., 2016). We 

suggested that the impaired S-phase progression could be caused by dominant-negative effect of the 

JADE1S mutant with an increased affinity to its interactors important for chromatin remodeling. 

Interestingly, in our Jade-deficient cell model the checkpoint between S and G2/M phase seems to be 

affected by loss of Jade1. During the S phase centrosomes undergo duplication. Jade1 might have an 

effect on the DNA synthesis either by direct interactions, on a transcriptional level or a combination of 

both. In the Jade1-deficient cells underlying our dataset we deleted both the long and short isoform 

of Jade1 which likely contributes to different functions during cell cycle progression, since only JADE1S 



Disussion 

104 
 

was found to be localized at the centrosomes of dividing cells (Borgal et al., 2014; Siriwardana et al., 

2015). Our data supports a diverse role for JADE1 during cell cycle progression likely with different 

functions at different time points during cell cycle progression. Since cell cycle regulation is an 

important aspect in PKD, VHL disease, and RCC, unraveling the exact mechanism on how Jade proteins 

influence the cell cycle regulation is crucial and needs further investigation.  

 Jade proteins as negative regulator of the proteasome 

JADE proteins have been shown to be involved in a broad range of pathways, including Wnt signaling, 

histone acetylation, and in cell cycle progression (Borgal et al., 2012, 2016; Chitalia et al., 2008; Foy et 

al., 2008). In addition, they seem to play a role in various diseases like PKD, VHL disease and several 

cancers (Borgal et al., 2012; Calvi, 2014; Jian et al., 2018, 2018; Xiao-Fen et al., 2016; Zhou et al., 2004). 

However, the underlying mechanism on how the JADE protein family affects all these different 

processes and functions is not yet understood in detail. Here, we performed unbiased proteomic 

expression profiling in cell lines lacking either member of the Jade protein family for the first time. 

Surprisingly, we found an increased abundance of a multitude of proteasomal components in all six 

mutant cell lines, including an upregulation of more than 80% of the 26S proteasome subunit 

components (Figure 18). Besides an increased abundance of the proteasome, we could also show that 

loss of Jade proteins leads to increased proteasomal activity. Consistently, high JADE levels through 

overexpression reduced the proteasome activity (Figure 20). The 26S proteasome is part of the 

ubiquitin-proteasome system (UPS), which is one of the main protein degradation systems in 

eukaryotes, being responsible for the degradation of over 80% of mainly short-lived, regulatory, or 

damaged cellular proteins (Meyer-Schwesinger, 2019; Navon and Ciechanover, 2009). The UPS is a key 

regulator in various cellular processes, from transcription and translation over protein quality control, 

to cell cycle regulation, cell survival, metabolism, and inflammation (Meyer-Schwesinger, 2019). In a 

multistep process involving ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and 

ubiquitin-ligating enzymes (E3), a chain of ubiquitin molecules is attached to the protein to target it 

for degradation (Navon and Ciechanover, 2009). E3 ligases are the most diverse with more than 500 

different species in humans since they are selective for the proteins targeted for ubiquitylation 

(Voorhees and Orlowski, 2006). The polyubiquitinated proteins are recognized by the 26S proteasome 

and then degraded (Bard et al., 2018). The 26S proteasome has a complex architecture. The core 

complex (20S) is barrel-shaped and with the proteolytic active site inside (Bard et al., 2018). Since it is 

only accessible though narrow pores, large or folded proteins are excluded from degradation by the 

26S proteasome (Bard et al., 2018). Moreover, the 19S regulatory subunit forms a gate and caps either 

one or both ends of the 20S subunit (Bard et al., 2018).  
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The proteasome abundance and assembly are tightly regulated in the cell since generation of 

proteasomes consumes a high amount of energy and dysregulation is linked to several diseases 

(Schmidt and Finley, 2014). Expression of the different subunits is regulated by the transcription factors 

NRF1 and NRF2 in mammals (Schmidt and Finley, 2014). NRF2 increases proteasomal gene expression 

after stabilization upon redox stress (Kwak et al., 2003; Radhakrishnan et al., 2010). NRF1 is also rapidly 

degraded by the proteasome under normal conditions (Schmidt and Finley, 2014). However, 

proteasome dysfunction leads to an active form though cleavage by the aspartyl protease protein DDI1 

homologue 2 (DDI2) and increases proteasome gene expression after translocation to the nucleus 

(Koizumi et al., 2016; Lehrbach and Ruvkun, 2016; Radhakrishnan et al., 2010). One of the best-known 

regulators of proteasome assembly is mTor signaling (Schmidt and Finley, 2014; Zhao and Goldberg, 

2016). Several additional regulators have been identified, including the transmembrane domain 

recognition complex (TRC) pathway, the known tumor suppressor miR-101, heat shock protein 90 

(HSP90), as well as post-translational modifications (Akahane et al., 2013; Imai et al., 2003; Kors et al., 

2019; Zhang et al., 2015). However, since our RNA-seq analyses did not indicate upregulation of the 

proteasomal subunits on the transcription level, it is likely that Jade proteins through posttranslational 

modifications either play a role in negatively regulating the assembly of the proteasome or are involved 

in targeting the proteasome for degradation through a specific autophagic process referred to as 

proteophagy. Seeing that several proteasomal subunits co-precipitate with Jade1S and Jade1L a direct 

involvement of Jade proteins in the regulation is probable. The exact mechanism how and on which 

level Jade proteins regulate proteasome abundance and thus activity still needs further investigation. 

Interestingly, we did observe an upregulation of the protein turnover machinery on proteome level, 

including ribosomal components, tRNA-ligases, and transcription initiation and elongation factors 

(Figure 19). The balance betwen protein synthesis and protein degradatin is essential for a healthy 

metabolisms and dysregulation has been implicated in severeal diseases (Rosenwald et al., 1999; 

Tokheim et al., 2021; Vellai and Takács-Vellai, 2010). Further analyses of protein productin and protein 

degeneration rates in the Jade-deficient cell lines are necessary to comprehend the meaning of this 

result. Dynamic SILAC labeling is a well-established method to analyze protein turnover. Cells are 

incubated with medium containing isotopically labeled amino acids and then measured by liquid 

chromatography tandem mass spectrometry (Doherty et al., 2009). The rate of the incooperation of 

heavy amino acids can be correlated to the rate of protein synthesis, while the rate of decreasing light 

amino acids can be correlated to the rate of protein degradation (Ross et al., 2021).  

 Therapeutic approaches to target the proteasome 

Proteasome inhibitors have been successfully used to treat several cancers like myeloma, lymphoma, 

and amyloidosis. The proteasome inhibitors bortezomib, carfilzomib, and ixazomib have all received 
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regulatory approval and entered the clinic, adding to the treatment options for patients with 

haematological malignancies (Manasanch and Orlowski, 2017). However, acquired resistance as well 

as primary resistance in solid cancers are a challenge and need a more detailed understanding of the 

underlying mechanism (Manasanch and Orlowski, 2017). Even though bortezomib showed promising 

results in vitro by inducing apoptosis in kidney cancer cell lines (An et al., 2004), clinical trials do not 

support its use in RCC patients since only very few patients respond to the treatment (Davis et al., 

2004; Kondagunta et al., 2004). Carfilzomib, a second-generation proteasome inhibitor, has not lead 

to promising results in treatment of RCC patients in clinical trials yet (Hasanov et al., 2019). However, 

even though the current proteasomal inhibitors are not suitable as a single therapeutic drug, it might 

prove useful in combination with other drugs to make cancers better targetable and/or overcome drug 

resistance (Voorhees and Orlowski, 2006). Additionally, Carfilzomib has also been used in a mouse 

model of autosomal-dominant polycystic liver diease (ADPLD) where it decreased proliferation and 

increased cell death in renal epithelial cells and by this reducing the cystic kidney phenotype (Fedeles 

et al., 2011). Recently, about 8000 components were screened to identify their effect on PKD-deficient 

cells (Asawa et al., 2020). Interestingly, proteasome inhibitors have been identified among other 

candidates to reduce viability in these cells (Asawa et al., 2020). The increased proteasome activity 

caused by Jade dysregulation might be a mechanism targeted by proteasome inhibitors. Loss or low 

levels of Jade might make the cells more susceptible to proteasome inhibitors by leading to a more 

efficient induction of proteolytic stress ultimately resulting in apoptosis.  

While the above-mentioned drugs inhibit the 26S core unit directly, there are more and more 

approaches either to target upstream components of the proteasome or to target degradation of 

specific proteins by the proteasome (Nalepa et al., 2006, 2006; Navon and Ciechanover, 2009; Solit et 

al., 2002).   

In VHL disease as well as in RCC the ubiquitylation and protein degradation is impaired. Here, activators 

of the 26S protease would be of interest as a therapeutic strategy (Corn, 2007; Gorospe et al., 1999). 

However, so far there are no drugs available that activate the proteasome pathway in a non-specific 

way. Unraveling the mechanism of how the loss of Jade proteins leads to the general increase in 

proteasome abundance and activity might provide valuable insights and help in the identification and 

development of new drugs.  

 Loss of a single Jade protein family member does not lead to any obvious 
phenotype in vivo.  

The 2003 published gene-trap mouse model for Jade1 did now show any obvious morphological 

phenotype and only showed that lower than expected ratios of homozygous mutant animals were 

born (Tzouanacou et al., 2003). Based on the structural similarities between the JADE protein family 
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members this raised the question of a potential compensatory mechanism (Figure 2) (Panchenko, 

2016). Here, we did not only generate two new Jade1 mutant mouse models (Figure 25-31) but also 

novel mouse models for Jade2 and Jade3 (Figure 28 and 33). Similarly, to the published Jade1 model 

we observe a lower than expected ratio of homozygous offspring in our Jade1 mutant models. 

Moreover, the Jade1emKO1/emO1 mice are significantly lighter than their heterozygous and wild-type 

littermates. We do not observe any major changes in life span; the homozygous animals might live 

slightly longer. A larger cohort will be required to study this particular effect. An increased lifespan 

would be in line with observations in C.elegans showing that the proteasome activity is increased in 

long-lived glp-1 mutant worms (Vilchez et al., 2012). Moreover, this study could show that Rpn6, which 

is important for the interaction between S20 and S19 subunits, is a regulator of not only proteasomal 

activity, but also lifespan. Knocking down of rpn6.1 in c.elegans lead to a downregulation of 

proteasomal activity and a decreased lifespan (Vilchez et al., 2012). Rpn6 is thus regulating the 

proteasome in an opposing way compared to Jade protein family. Downregulation of the proteasome 

could be linked to several aging-related diseases, including neurodegenerative diseases like 

Alzheimer’s and Parkinson’s disease (Bosco et al., 2011; Li and Li, 2011; Schmidt and Finley, 2014). 

Identifying pathways that increase proteasome stability and function during aging will be important 

for a better understanding of these diseases and to identify druggable targets.  

While further phenotyping of the Jade family mutant mouse lines is still ongoing, we did not observe 

any obvious morphological changes in the kidney for either. Even though we did not see any 

compensatory regulation of the Jade protein family member in our cell culture model this still needs 

to be investigated in the in vivo models. Here, we have the unique opportunity to study the effect of 

single, double, and triple Jade mutants in vivo. Therefore, we started crossing the Jade1_emKO2 model 

with the Jade2_emKO and Jade3_emKO models to investigate any additive effect of the lack of more 

than one Jade protein on the whole organism. The high conservation rate throughout vertebrate 

species does point towards an essential function of Jade protein family members and co-expression in 

various tissues is given as a requisite for functional compensation. This brings back the question raised 

in section 7.1 whether Jade proteins form heterogenic complexes and if some functions are dependent 

on the exact composition of such a complex. Moreover, the functional compensation might not 

happen under baseline conditions but certain stimuli or developmental stages.  

Besides the effect of the loss of Jade family members in vivo under baseline conditions, we now can 

study how Jade-deficiency affects different renal pathologies. Havasi et al. analyzed the Hbo1-Jade1 

complex during epithelial regeneration (Havasi et al., 2013) and could show that Jade1 expression 

levels dropped after inducing acute kidney injury (AKI) and later recovered to pre-injury levels in 

relation to cell proliferation. Jade1 was later again linked to proliferation and organ discovery by 

showing a shift from the localization in the nucleus to the cytoplasm after injury (Siriwardana et al., 
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2015). Additionally, we identified inhibitor of differentiation 4 (Id4) as one of the target genes 

significantly downregulated in all Jade-deficient cell lines in our cell culture model. Id4 has recently 

been linked to recovery after AKI via canonical BMP signaling by repressing pro-fibrotic signaling 

proteins and thus, preventing progression of AKI to chronic kidney disease (Vigolo et al., 2019). This 

brings our Jade family mouse models in a prime position to study AKI in a Jade-deficient background 

to gain a detailed understanding of the Jade proteins in organ damage and regeneration.  

In our cell culture model, we furthermore found the Rap1 signaling pathway regulated in all mutant 

cell lines. The Rap1 signaling pathways plays an important role in cell adhesion (Bos, 2005), integrin 

function (Bos et al., 2003), and is deregulated together with downstream pathways like regulation of 

the actin cytoskeleton and focal adhesions. Focal adhesions as well as the cytoskeleton are known to 

be altered in CDK (Castelli et al., 2015; Zhang et al., 2020) as well as RCC (Béraud et al., 2015; Brenner 

et al., 2008). Along this line, we also observe the upregulation of components of the extra cellular 

matrix (ECM), like collagens and fibroblast growth factors (FGF). Abnormal ECM composition has 

previously been linked to cyst growth and fibrosis in PKD (Joly et al., 2006; Mangos et al., 2010; Raman 

et al., 2018). Taken together, this provides further evidence of the role of Jade proteins in PKD and 

RCC. Combining the Jade-deficient mouse lines with an RCC model (Harlander et al., 2017) or using 

them in a Renca RCC metastasis model (Danhier et al., 2014; Schokrpur et al., 2016) could help unravel 

how the Jade family is linked to RCC. The Renca RCC metastasis model utilizes a cell line isolated from 

a spontaneously arising tumor in BALB/c mice, which if implanted under the kidney capsule 

metastasizes (Murphy and Hrushesky, 1973).  In a similar manner, combing the Jade-deficient mouse 

models with models for PKD would help to understand the relation between Jade family members and 

PKD. Moreover, the Jade-deficient mouse models could help us understand what the effect of a high 

proteasome activity on various renal pathologies is as well as how it effects potential treatment 

options.  

 Generation of new models to study renal ciliopathies in vivo 

While most individual renal ciliopathies are rare, collectively they affect millions of people worldwide. 

With very limited specific treatment options, the majority of these patients will ultimately need renal 

replacement therapy (Stokman et al., 2021) . While in vitro experiments are providing important 

insights in the function of relevant disease causing genes on the cellular level as well as underlying 

molecular mechanisms, there are many research questions that can only be addressed in vivo. 

Investigating the complex nature of pathology, the role of disease-related proteins in the tissue context 

or effects of novel therapeutic strategies typically requires suitable animal models. The cystofibrotic 

degenerative renal phenotype of human NPH with only a rather small number of cysts primarily at the 

cortico-medullary border has been proven difficult to reproduce in mouse models in the past. The 
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majority of models either do not show any kidney phenotype or present with massively enlarged 

kidneys similar to ADPKD (Cook et al., 2009; Omran et al., 2001). Three promising mouse models from 

previous publications, Glis2-/- and Tmem218-/- were unfortunately no longer available (Attanasio et al., 

2007; Kim et al., 2008; Vogel et al., 2015). Within this work we generated mouse models with different 

mutations in Glis2 and Tmem218 aiming for a kidney phenotype which resembles the human NPH 

phenotype.  

7.6.1 Glis2emKO/emKO mice show a late cystic kidney phenotype.  

The Gli-similar family zinc finger 2 (GLIS2) was first described as neuronal Kruppel-like protein (NKL) 

promoting neuronal differentiation (Lamar et al., 2001). It was soon identified as part of the Kruppel-

link zinc finger protein family, with five Cys2-His2 zinc finger motifs and a nuclear localization it closely 

resembles members of the Gli and Zic subfamilies (Zhang et al., 2002). Later, GLIS2 was identified as a 

cause of NPH when a genome-wide search for linkage in consanguineous kindred’s revealed a family 

with a mutation in GLIS2, which was then annotated as NPHP7 (Attanasio et al., 2007). Moreover, this 

study showed GLIS2 localization not only in the nucleus but also in primary cilia. Within this study, a 

Glis2 mutant mouse lacking the exons coding for the first three zinc fingers (exon 3-5) developed renal 

cysts as well as fibrosis with increased rates of apoptosis. A second mouse model targeted exon 6, 

which encodes the last two zinc fingers (Kim et al., 2008). Like the first model, this Glis2 mutant mouse 

model developed an NPH-like phenotype with tubular atrophy and fibrosis. Furthermore, an increased 

level of apoptosis and infiltration of immune cells could be observed. 

These studies suggested GLIS2 as a suitable candidate to study underlying mechanisms of NPH in vivo, 

especially concerning fibrosis and infiltrating immune cells, and to investigate its role in DNA damage. 

Using CRISPR/Cas9-mediated genome engineering, we generated a mouse model with a 14 bp deletion 

resulting in a frameshift and a premature stop codon after 41 amino acids (Figure 30). Unfortunately, 

due to the lack of Glis2 antibodies we were not able to confirm the knockout on protein level. 

Surprisingly, the Glis2emKO1/emKO1 mice did not show a phenotype at four months of age, whereas both 

published Glis2-/- models report lesions and tubulointerstitial cell infiltration with interstitial fibrosis 

before the age of three months (Attanasio et al., 2007; Kim et al., 2008). However, Kim et al. also noted 

that within the same age range, the progression and severity of the observed phenotype was variable 

(Kim et al., 2008). We discovered that our mice develop a cystic and fibrotic kidney phenotype at two 

years of age. Trying to explain the delayed disease onset in our model, we realized that Glis2 does have 

an additional methionine at position 41, which could result in a truncated protein rather than a null-

mutant. For NPH it is also published that mutations within one gene can result in a variable disease 

onset, progression, as well as extra renal manifestations (Tory et al., 2009). NPHP3 mutations had first 

been linked to the adolescent form of NPH leading to ESRD at a median age of 19 years (Omran et al., 
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2000). Later NPHP3 mutations were also found in patients with juvenile NPH and finally found in 

patients with infantile NPH (Hoefele et al., 2007; Otto et al., 2008). Since both published Glis2-/- mouse 

models as well as published patients had mutations in the area downstream, we decided to generate 

a second mouse model. In the Glis2emKO2/emKO2 model, we now targeted the third coding exon where 

the zinc finger motifs start (Figure 30). Our second model also presented with a severe phenotype at 

1.5 years of age, even though the exact time course of disease onset and progression needs further 

investigation (Figure 32). Another explanation for the difference in disease onset and severity could be 

in the background and housing of the mice. It has been shown that for several diseases, including 

kidney diseases, that the exact genetic background of the used mouse strain has a crucial impact on 

the phenotype (Arroyo et al., 2021; Ma and Fogo, 2003; Montagutelli, 2000; Rivera and Tessarollo, 

2008). It can not only shift the disease onset significantly, but also eliminate the phenotype. Even the 

more subtle differences as for the C57BL/6J and C57BL/6N can results in different characteristics of 

the mouse strains(Kang et al., 2018). The Glis2-/- model published by Attanasio et al. was generated 

and backcrossed to C57BL/6J (Attanasio et al., 2007). Kim et al. used 129Sv genomic DNA as a template, 

an embryonic stem cell live derived from 129HsdOla mice, blastocysts from C57BL/6 mice and pseudo 

pregnant CD1 females for their Glis2-/- model. Crossing was then done with C57BL/6 mice without 

specifying the origin. Our mice were generated in and backcrossed to a C57BL/6N background. The 

differences in genetic background, targeting strategy, and housing facilities could account for the 

observed variability in disease onset.  

The Glis2-/- mouse model first published by Kim et al. was later on crossed into a mouse model with a 

conditional deletion of Kif3a in kidney tubule cells, a non-orthologous PKD model characterized by loss 

of primary cilia and severe cyst growth with enlarged kidneys (Lu et al., 2016). In the presence of DNA 

damage, the Kif3a mutant loses the cell cycle arrest due to uncontrolled proliferation and 

destabilization of p53. This study connects loss-of-function of Glis2 with activation of DNA damage 

response by showing increased levels of phosphorylated histone H2AX. They conclude that loss of Glis2 

results in induction of senescence in cells (Jin et al., 2020; Lu et al., 2016) and is therefore partially able 

to rescue the Kif3a mutant phenotype. We now want to utilize our model to study the role of DNA 

damage and cell death before and during disease onset to get a clearer idea of how these contribute 

to renal degeneration and fibrosis and how they could be targeted in novel therapeutic strategies.  

7.6.2 Tmem218emKO/emKO mice present with cysts arising from distal tubules.  

Mice lacking the transmembrane protein Tmem218 show impaired development and function of the 

kidney and eye (Vogel et al., 2015). Diffuse renal cyst development, tubulointerstitial nephropathy, 

and disruption of the tubular basement membrane have been observed in the kidneys of the mutant 

mice. Importantly, this model does not show enlargement of the cystic kidneys. The eye phenotype is 
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characterized by slow-onset loss of photoreceptors similar to the phenotype in retinitis pigmentosa in 

humans. Both phenotypes observed in the Tmem218-/- mice are hallmarks of the Senior-Løken 

syndrome, which is characterized by autosomal recessive NPH and retinitis pigmentosa. A mouse 

model of the classical Senior-Løken gene, Iqcb1 (Nphp5), does show the characteristic eye phenotype. 

However, the Nphp5 mutant mice do not present with a kidney phenotype, thus, representing only a 

partial match to the human phenotype (Ronquillo et al., 2016). A later study performed in C. elegans 

linked TMEM218 to the Meckel Gruber Syndrome module and the ciliary transition zone strengthening 

the connection between TMEM218 and ciliopathies. Similar to NPHP5, TMEM218 only correctly 

localizes to the TZ in the presence of CEP290 (Li et al., 2016; Sang et al., 2011; Schäfer et al., 2008). 

Altogether, this made TMEM218 a promising candidate for us to study the molecular mechanism in 

NPH and generate a much-needed NPH mouse model that closely resembles human phenotype. 

Strikingly, several patients with mutations in TMEM218 have been identified with the ciliopathy 

phenotypes Joubert and Meckel syndrome very recently (Van De Weghe et al., 2021). 

Recently, there have been more and more studies successfully implementing patient mutations in 

mouse models to recreate human phenotypes facilitated by the development of CRISPR/Cas9-

mediated genome editing (Butt et al., 2020; Lampreht Tratar et al., 2018; Shengru et al., 2019). For the 

Tmem128 mutant mouse model we decided to implement the Tmem218 c.111G>T (p.Arg37Ser) 

patient mutation (Figure 33), of which we learned in the framework of a collaboration with Carsten 

Bergmann in Freiburg. We used an asymmetric ssODN strategy, which previously had shown high 

success in cell culture to introduce point mutations (Richardson et al., 2016). Moreover, we also 

decided to switch from pronuclear injections to electroporation. In a collaboration with the CECAD in 

vivo research facility (transgenic core unit) we have previously contributed to a study showing this to 

be efficient and easier to handle (Tröder et al., 2018). The successful integration of the patient 

mutation could be confirmed on the DNA level. Unfortunately, we cannot make any statements on the 

protein levels as the available antibodies did not work on mouse tissue so far and due to the nature of 

the protein, consisting mainly of transmembrane domains, using a targeted MS approach has not 

shown any success. We also failed to generate specific monoclonal antibodies ourselves (data not 

shown). However, the Tmem218.R37S model did not show any kidney phenotype at 6 months (Figure 

34). Whether this model might present with an eye phenotype, similarly to the phenotype of the Iqcb1 

(Nphp5) mouse model, is currently under investigation.  

Besides the Tmem218.R37S model, we generated a mouse model lacking 10 bp at the intron-exon 

junction at the start of exon3 (Figure 33), which is expected to be a null allele. In contrast to the model 

with the patient mutation, this model presents with dilated tubule and beginning cysts at three months 

of age (Figure 34). At four months the models presents with a clear renal phenotype with 

corticomedullary cysts arising from distal tubules. Whether other organs are affected in this mouse 
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model is still under investigation. Since the Tmem218emKO/emKO presents with clear renal cysts and some 

fibrosis at later stage, this will be a great tool to study cystogenesis in vivo. Moreover, the time course 

of the disease onset and progression will allow us to test different therapeutic strategies in vivo to 

evaluate the effect on cyst growth. This could provide valuable insights into the mechanisms 

underlying cystogenesis and could ultimately lead to novel therapeutic approaches to stop and/or slow 

down cyst growth in different PKDs. 

7.6.3 Perspectives of mouse models to study NPH in vivo  

Our approaches to find suitable models to study NPH in vivo as well as various published studies show 

how difficult this task is. Very recently, a NPHP1 mouse model has been published with a NPH 

phenotype (Li et al., 2021) while other published NPHP1 models as well one that was generated in our 

lab (unpublished data) do not show any renal phenotype. The genetic background of the used mouse 

stains, the targeted region, as well as the exact mutation are important considerations when 

developing and using in vivo disease models. 

Moreover, NPH is also a very heterogeneous disease itself. It presents with different onsets, severities, 

and extra renal functions in patients based on the affected gene and even if the same gene is affected. 

Moreover, in many cases, the underlying mutations are not yet discovered and there are frequently 

more disease causing genes proposed and identified (Hildebrandt et al., 2009; Srivastava et al., 2018). 

Additionally, it has been proposed that in a subset of patients not only one mutation but a combination 

of mutations in multiple genes might cause the disease (Benzing and Schermer, 2012). For example, 

NPHP2 and NPHP3 mutations are known to occur in the same patients (Tory et al., 2009). 

Based on the diversity of the disease, one mouse model will not be enough to study all aspects of this 

heterogeneous disease. The strength of NPH in vivo research will lie in combining different models to 

study different aspects of NPH and combining the results to get a better understanding of the 

underlying mechanism of NPH as well as PKD in general. Glis2emKO2/emKO2 mice presenting with a late 

onset could provide valuable insight in studying the disease onset and the role of DNA damage and cell 

death. Tmem218emKO/emKO mice present with a disease onset after 2-3 months and a rather cyst focused 

phenotype. This presents many opportunities to study cyst development as well as to test preventive 

and curative therapeutic strategies. Combining these models with, for example, the AatftKO model 

which lacks Aatf in tubular epithelial cells in the distal nephron and presents with a rather fibrotic renal 

phenotype, or PKD models like the Pkd1RC/RC model would already cover a large proportion of PKDs 

(Hopp et al., 2012; Jain et al., 2019).  
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8 Conclusion 

JADE1 and partially also JADE2 and JADE3 have been shown to play a role in several different cellular 

functions, including Wnt signaling, cell cycle progression, and histone acetylation. Moreover, JADE1 

has been implicated in relation to several hereditary renal diseases and kidney cancer. Here, we 

identified a novel mechanism of how the JADE protein family is able to influence such a broad range 

of cellular processes in health and diseases. We performed an unbiased analysis of functions of the 

Jade protein family within renal epithelial cells. This global approach allowed us to identify a novel, 

common function of the Jade protein family member in regulating proteasomal abundance and 

activity. Our data suggests that Jade expression levels are tightly linked to proteasomal function. The 

proteasome is a crucial regulator of multiple essential cellular processes including protein synthesis, 

cell cycle regulation, cell survival, and inflammation. In recent years, the proteasome has been a 

popular target in developing novel therapeutic strategies. Global downregulation of the proteasome 

by inhibiting the core unit with proteasome inhibitors has been successfully implemented in patient 

care. Upregulation of the proteasome has proven difficult. Here, the JADE protein family now becomes 

a prime candidate to study the underlying processes. We developed a broad range of tools to discover 

the exact mechanism of Jade expression dependent proteasomal dysregulation as well as to translate 

these findings into in vivo models. In the future, this could not only lead to a better understanding of 

PKD but also to identify druggable targets to develop novel therapeutic strategies for PKD and a wide 

range of diseases in which the same cellular functions are disrupted.  

In addition, we generated novel mouse models carrying null alleles within two genes (Glis2 and 

Tmem218) pathogenic mutations of which can cause NPH-related ciliopathies. NPH-related 

ciliopathies are hereditary diseases leading to progressive cystic degenerative kidney disease and renal 

failure in children and adolescents. Research on NPH was limited by the availability of mouse models 

assembling the disease. Utilizing CRISPR/Cas9-mediated genome editing, we now could generate new 

mutant mouse models for Glis2 and Tmem218, which cover important aspects of the human NPH 

phenotype. The new mouse models can now be used to gain novel insights into the underlying disease 

mechanisms, especially with respect to signaling between cells types and tissues, as well as to test 

novel therapeutic approaches in vivo.
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