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1. Summary 

Nephronophthisis (NPH) is an autosomal-recessive inherited ciliopathy and the most 

common genetically determined cause of end-stage renal disease in early childhood 99. 

Kidney failure is due to the development of excessive fibrosis and cysts at the 

corticomedullary border in the kidneys of these patients, which replace the functional 

kidney tissue 99. Today mutations in ≥20 different genes have been identified to cause 

NPH 99. The pathogenesis of NPH seems to be complex and to differ among the NPH 

subtypes, as well as the exact mechanisms remain largely unknown so far 134.  

One unifying concept is the presence of almost all NPH proteins at the base of or in 

primary cilia 99. In 2012 the first link between two NPH proteins (ZNF423 and CEP164) 

and the DDR pathway was identified, providing a new perspective on the pathogenesis 

of NPH 19. This finding led to the hypothesis that the DDR in cells lacking one of those 

NPH proteins is impaired, making the cell more susceptible to genotoxic influences like 

extracellular genotoxic substances or replication stress leading to the accumulation of 

DNA damage 19. This accumulation of DNA damage leads to the induction of cellular 

programs such as apoptosis and cellular senescence 16. Furthermore, DNA damage is 

also a trigger for the innate immune response, which might cause immune cell 

infiltration in the kidney tissue, providing a profibrotic environment for the tubule 

epithelial cells in the context of NPH, thus promoting EMT 105,113. Seven NPH proteins 

have been linked to roles in the DDR so far 3,19,24,98,102,133. 

We focused on GLIS2, which has been identified as NPHP7 7. Because of its primary 

localization in the nucleus, its known functions in the regulation of transcription, and the 

finding of activated DDR in GLIS2 knock-out cells, it was reasonable to assume that 

GLIS2 also plays a crucial role in the DDR 98,145. We generated the first GLIS2 

interactome derived from mass spectrometry-based analysis of immunoprecipitates 

from stable cell lines expressing low levels of wild-type GLIS2 and two truncations. 

Interestingly, this revealed key components of DDR pathways like PARP1, DNA-PKcs, 

and RAD50 16,105. These data support a potential role of GLIS2 in the DDR and thus in 

the maintenance of genome integrity. Furthermore, many ciliary proteins were also 

found in this interactome, providing evidence for a ciliary localization of GLIS2. 
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1.1. Zusammenfassung 

Nephronophthise (NPH) ist eine autosomal-rezessiv vererbte Erkrankung aus der 

Gruppe der Ziliopathien und die häufigste genetisch-bedingte Ursache einer 

Niereninsuffizienz im Kindesalter 99. Die Entstehung der Niereninsuffizienz bei diesen 

Patienten ist durch eine massive Fibrose des Nierengewebes und die Ausbildung von 

Zysten am kortikomedullären Übergang bedingt 99. Bis jetzt wurden Mutationen in ≥20 

verschiedenen Genen als ursächlich identifiziert 99. Die Pathogenese der NPH ist 

komplex, scheint zwischen den unterschiedlichen Subtypen zu divergieren und ist 

weitestgehend unverstanden 134. Eine Gemeinsamkeit ist das Vorhandensein von fast 

allen NPH-Proteinen an der Basis des Primärziliums oder im ziliären Kompartiment 99. 

Im Jahre 2012 erschien die erste Publikation, welche zwei NPH-Proteine (ZNF423 und 

CEP164) mit Funktionen im Rahmen des DDR in Verbindung brachte und dadurch 

eine neue Perspektive auf die Pathogenese der NPH eröffnete 19. Auf Basis dessen 

wurde die Hypothese formuliert, dass Zellen, in denen eines der NPH-Proteine fehlt 

und damit der DDR beeinträchtigt ist, anfälliger für gentoxische Einflüsse sind, was 

schließlich zur Akkumulation von DNA-Läsionen führt 19. Die Akkumulation von DNA-

Läsionen führt zur Initiation zellulärer Programme wie Apoptose oder zellulärer 

Seneszenz 16. Darüber hinaus stellen DNA-Läsionen einen Stimulus für die Aktivierung 

des angeborenen Immunsystems dar, was zu einer Immunzellinfiltration des 

Nierengewebes führen könnte und dadurch eine profibrotische Umgebung für tubuläre 

Epithelzellen und deren epithelial-mesenchymale Transition bedingen könnte 16,105,113. 

Bisher sind sieben NPH-Proteine mit Funktionen im Rahmen des DDR in Verbindung 

gebracht worden 3,19,24,98,102,133. Im Mittelpunkt dieser Arbeit steht GLIS2, welches - im 

Falle einer Mutation - zu NPH Typ 7 führt 7.  Aufgrund seiner nukleären Lokalisation 

und dessen bereits bekannten Funktionen im Rahmen der Regulierung der 

Transkription von verschiedenen Genen und eines aktivierten DDR in GLIS2 knock-out 

Zellen, liegt es nahe zu vermuten, dass GLIS2 wichtige Funktionen im DDR besitzt 145. 

Dazu wurde das erste GLIS2-Interactom, basierend auf der massenspektrometrischen 

Analyse von Immunpräzipitaten von stabilen polyklonalen Zelllinien, welche Wild-Typ 

GLIS2 in niedrigen nahezu physiologischen Leveln beziehungsweise zwei weitere 

GLIS2-Varianten exprimieren, generiert. Interessanterweise konnten, entsprechend der 

zugrundeliegenden Hypothese, Hauptkomponenten der DDR-Signalwege wie PARP1, 

DNA-PKcs und RAD50 unter den Interaktoren nachgewiesen werden 16,105. Die Daten 

legen somit eine potentielle Rolle von GLIS2 im Rahmen des DDR und der damit 

verbundenen Aufrechterhaltung genomischer Integrität nahe. Darüber hinaus wurden 

zahlreiche Proteine des ziliären Kompartiments identifiziert, was auf eine Lokalisation 

von GLIS2 im Bereich des Primärziliums hinweist.           
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2. Introduction 

2.1. The kidney and its basic function  

The kidney is a pairwise arranged organ which is located in the retroperitoneum of the 

human body 85. The two kidneys receive 20% of the cardiac output, which is 10 to 50 

times higher as compared to other organs in relation to their weight 89. The main tasks 

of the kidneys are the secretion of toxic components, which are solved in the blood 

through the urine, and the regulation of the intravasal volume 62. The kidneys of a 

healthy adult produce 180 l of primary urine per day 128. Besides the elimination of toxic 

substances, the kidney has many other regulatory functions. The kidney is the main 

effector organ in regulating the volume, electrolyte and acid-base homeostasis, and 

arterial blood pressure 62. Furthermore, it has endocrinological functions like the 

production of erythropoietin, and it converts a biologically inactive precursor of vitamin 

D in its active form, thereby regulating Ca²⁺  homeostasis, which has a crucial influence 

on bone mass 62. Therefore, it becomes clear that the kidney performs pleiotropic 

functions for physiological homeostasis.  

The functional subunit for urine production in the kidney is the nephron 62. It starts with 

the glomerulus, which consists of convoluted arterial capillaries 120. These capillaries 

have a fenestrated endothelium and are surrounded by a basement membrane 120. On 

top of this basement membrane is a cell layer (visceral part of the Bowman’s capsule) 

of a specialized cell type called podocytes which are interdigitating with each other by 

small food processes, thereby covering the whole capillary surface 120. Together these 

three layers make up the glomerular filter which determines what kind of dissolved 

substances can get from the blood into the primary urine in the Bowmann´s space 120. 

The Bowman’s space is the beginning of the tubule system of the nephron. Here the 

ultrafiltrate of the blood (also called primary urine) enters the tubule system 62. In the 

following segments of the tubule system, the primary urine is modified through 

reabsorption processes and secretion processes into the lumen of the tubule 62. The 

tubular epithelial cells of the different segments have a specialized composition of 

transmembrane transport proteins and ion transporters to facilitate the reabsorption 

processes for the different substances in the primary urine, which need to be 

reabsorbed or secreted into the lumen of the tubule 62. The different segments, starting 

from the Bowmann’s space, are the proximal tubule, the thin descending limb, the thin 

ascending limb, the thick ascending limb of the loop of Henle, the distal tubule, and the 

collecting duct 62. The collecting ducts of the single nephrons of one pyramid drain into 

one of the minor calyxes that unite to the major calyx merging into the ureter 

consecutively 85. Tubular epithelial cells of all parts of the nephron share one common 
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feature of great importance for the maintenance of the tissue architecture and function: 

They carry primary cilia on their apical surface 104. Cilia are sensory organelles that 

project into the lumen of the tubules 104. These cilia play essential roles during 

development and are essential for tissue homeostasis in the kidney.    

2.2. Architecture of the primary cilium 

Cilia are specialized sensory cell organelles 104. Structurally, they are small antennae-

like pullouts of the plasma membrane, which are stabilized by a microtubule scaffold 

104. Each cilium is anchored with the basal body, which is a modified mother centriole 

104. The basal body itself is anchored to the plasma membrane by transition fibers. 

There are two major types of cilia: Motile cilia are often organized in bundles of multiple 

cilia (e.g., on respiratory epithelial cells where motile cilia cover the apical surface of 

the cell, which is orientated to the lumen and exhibit a metachronous movement for 

efficient propulsion of mucus), but there are also cell types which have only one motile 

cilium like, e.g., sperm cells 117. In both cases, motile cilia mainly carry out mechanic 

functions like cell motility or propulsion of extracellular fluids 110. Non-motile cilia are 

present singularly on eukaryotic cells and are typically referred to as primary or sensory 

cilia 117. The primary cilium is formed once a cell has exited the cell cycle (G0/G1 

phase), at a time when the centrosomes are not needed as a pole for the mitotic 

spindle during mitosis 50,109,130. The major architectonical difference between motile and 

non-motile cilia lies within the composition of their axoneme 109. The axoneme of motile 

cilia consists of nine radially arranged microtubule doublets and one central 

microtubule doublet (9+2 structure), whereas primary cilia lack the central microtubule 

pair (9+0 structure) 109. Primary cilia are also lacking the inner and outer dynein arm. 

Notably, the protein composition of the ciliary compartment and the ciliary membrane is 

different from other subcellular compartments and is established by a permeability 

barrier called the ciliary gate at the ciliary base, which strictly regulates the entry and 

exit of proteins 9,44. The ciliary gate consists of the transition fibers at the transition zone 

whose major structural key components are so-called Y-links which project from the 

ciliary axoneme close to the ciliary base towards the plasma membrane 44. From the 

mother centriole to the ciliary gate, a third microtubule (so-called C-tubule) abuts on 

each of the nine microtubule doublets 104. The transport of membrane proteins is 

facilitated by lateral transport through the ciliary gate and is thought to be regulated by 

members of the septin protein family 67,109.  
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Fig. 1: The primary cilium (A) A simplified schematic presentation of the ultrastructure of the primary 

cilium (components are not true to scale). (B) A transmission electron micrograph of photoreceptor 

connecting cilium. Note the 9+0 structure consisting of nine microtubule doublets. Arrowheads pointing on 

Y-linkers which are part of the transition zone. Figure from Malicki, J.J. and C.A. Johnson, (2017) 
104

.  

 

The transport inside of the primary cilium is mediated by IFT (intraflagellar transport) 

protein complexes which are coupled to kinesin or dynein motor proteins which 

facilitate the movement of the IFT complexes along the microtubules of the ciliary 

axoneme 71,109. IFT-B complexes are coupled to kinesin motor proteins for anterograde 

transport towards the ciliary tip, whereas IFT-A complexes are coupled to dynein motor 

proteins for retrograde transport back to the ciliary base 71,109.    

2.3. Function of the primary cilium 

The main task of primary cilia is to sense extracellular signals and transmit those 

towards the cell body 104. In this manner, the primary cilium is to be understood as a 

signaling hub for the extracellular environment and its stimuli 146. The unique 

composition of the ciliary membrane facilitates these diverse sensory tasks as it 

inherits a broad spectrum of different receptors and the downstream components of the 

related signaling pathways 45. Important pathways related to cilia are, for example, Wnt 

signaling, Notch signaling, Hedgehog signaling, Hippo signaling, and mammalian 

target-of-rapamycin (mTOR) signaling 117.  

Hedgehog (HH) signaling plays an essential role in embryonic development and stem 

cell maintenance and requires the primary cilium as a signaling compartment 68,92,117. 

When Hh binds its receptor patched (PTCH), this complex moves out of the cilium and 
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allows smoothened (SMO) (a transmembrane protein) and kinesin family member 7 

(KIF7) together with the Gli transcription factors (Gli1-3) to enter the ciliary 

compartment 27,117,129. SMO and KIF7 inhibit suppressor of fused (SUFU), which 

terminates the inhibition of Gli by SUFU, thereby promoting its activation (GliA) and its 

transport out of the ciliary compartment towards the nucleus where it can perform its 

functions as a transcription factor 43,117,127,142.  

Wnt signaling regulates cell migration, planar cell polarity, and organogenesis 117. Wnt, 

a glycoprotein, binds to its transmembrane receptor frizzled thereby inducing the 

recruitment of the degradation complex of β-catenin consisting of Axin, adenomatous 

polyposis coli (APC), casein kinase 1 (CK1), and glycogen synthase kinase 3β (GSK-

3β) 15,33,43,47,117. This leads to β-catenin escaping this complex and its consecutive 

translocation to the nucleus to perform its transcriptional functions 117. This signaling 

cascade is modified by the primary cilium, e.g., through mechanical stimuli sensed by 

the primary cilium via mechanosensitive ion channels 117. 

mTOR signaling regulates cell growth, survival, proliferation, and cell cycle progression 

117. An important regulation of mTOR signaling consists in the flow-induced bending of 

the primary cilium (e.g., in the kidney), which activates liver kinase B1 (LKB1) and 

induces its transport from the ciliary compartment towards the basal body where it 

phosphorylates and activates AMP-activated protein kinase (AMPK) 17,117. AMPK, in 

turn, phosphorylates tuberin (TSC-2), which together with hamartin (TSC-1) inhibits ras 

homolog enriched in the brain (RHEB) 117. This blocks the activation of mTOR through 

RHEB 117. This mechanism is thought to be crucial for cell size control of renal epithelial 

cells and their homeostasis, which is important for preventing cyst growth in the 

kidneys 13,17,117.  

Different hypotheses have been formulated concerning the way primary cilia are 

integrated into renal physiology. One of those hypotheses states that receptors of the 

Golf receptor family which are found within the membrane of primary cilia might sense 

extracellular levels of different extracellular substances surrounding tubule epithelial 

cells 118. Another interesting hypothesis concerning the function of primary cilia in 

kidney physiology states that primary cilia might be involved in an auto-regulative 

control loop that adjusts the sodium resorption of distinct nephron segments (mainly of 

the collecting duct) to the flow rate of the respective nephron and,therefore its 

glomerular filtration rate (GFR) 34-36,118. 

2.4. Impaired function of ciliary proteins results in ciliopathies 

Ciliopathies are defined as a group of genetic diseases caused by impaired structure or 

function of primary cilia with consecutive characteristic phenotypical abnormalities 60. 

https://en.wikipedia.org/wiki/GNAL
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The following introduction on ciliopathies will focus on the subgroup of ciliopathies 

associated with a dysfunction of primary cilia 60. As the function or structure of a widely 

expressed cell organelle is impaired in ciliopathies, the function and architecture of 

many different tissues can be affected 60. Ciliopathies exhibit a broad phenotypic 

spectrum which includes retinitis pigmentosa, cystic kidney disease, situs inversus, 

intellectual disability, hypoplasia of the corpus callosum, Dandy-Walker malformation, 

hepatic disease, obesity, polydactyly, craniofacial malformations, skeletal 

malformations, deafness, and anosmia 60. A large subgroup of ciliopathies, however, 

shares the phenotypic feature of cystic kidney disease 60. According to this feature, 

ciliopathies can be classified as renal ciliopathies and non-renal ciliopathies 6. Among 

renal ciliopathies are autosomal dominant polycystic kidney disease (ADPKD; OMIM 

173900 (PKD1), OMIM 613095 (PKD2)), autosomal recessive polycystic kidney 

disease (ARPKD; OMIM 263200), nephronophthisis (NPHP), Senior-Løken Syndrome 

(SLSN; OMIM 266900), Joubert Syndrome (JBTS; OMIM 213300), Bardet Biedl 

Syndrome (BBS; OMIM 615593), Meckel Gruber Syndrome (MKS; OMIM 249000), 

Oro-facial-digital Syndrome (OFD; OMIM 311200), Cranioectodermal Dysplasia (CED; 

OMIM 218330), Short Rib Polydactyly (SRP; OMIM 631091) and Jeune Asphyxiating 

Thoracic Dystrophy (JATD; OMIM 208500) 6. There is genetic and phenotypic overlap 

between these syndromes, and the genotype-phenotype-correlation and the underlying 

genetics are complex as different mutations of the same type (e.g., missense mutation) 

in the same gene can cause different syndromes 126. For many ciliopathies, the 

complex connection between the genotype and the resulting phenotype remains 

unknown 126. 

 Renal ciliopathies: ADPKD and ARPKD 2.4.1.

The most common type of renal ciliopathies is ADPKD, with a prevalence of 1 in 1000 

to 1500 28,91,148. In 85% of the cases, mutations in the PKD1 gene encoding for 

polycystin-1 (PC-1) and in 15% of the cases mutations in the PKD2 gene encoding for 

polycystin-2 (PC-2) are causative for ADPKD 29. The pathophysiology of this disease is 

not yet completely understood 28. PC-1 and PC-2 are transmembrane proteins 

localized in the ciliary membrane 69,111. One current hypothesis is that loss PC-1 or PC-

2 leads to low intracellular calcium levels leading to a decreased inhibition of adenylate 

cyclase 6 (AD6) which in turn leads to increased cAMP levels, protein kinase A (PKA) 

activation, and consecutive activation of Wnt signaling and mTOR signaling which 

mediate uncontrolled proliferation, loss of planar cell polarity and fluid secretion 

(through the cystic fibrosis transmembrane conductance regulator (CFTR) chloride 

channel) 28. These alterations lead to massive cyst growth in the kidney and 
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consecutive ESRD around the sixth decade 28. Extra-renal manifestations of ADPKD 

include arterial hypertension, intracranial aneurysms, liver, and pancreatic cysts, 

abdominal hernias, and lesions of cardiac valves 11,20,21,28,63. In contrast, ARPKD has a 

prevalence of 1 in 20000 and is caused by mutations in the PKHD1 gene, which 

encodes for fibrocystin 53,147. Patients with ARPKD often get diagnosed in utero 52. The 

kidney dysfunction leads to the development of a Potter sequence with lung hypoplasia 

77. Almost all ARPKD patients exhibit liver fibrosis with portal hypertension 14. 

 Nephronophthisis 2.4.2.

Nephronophthisis (NPH) is the most common genetically determined cause of end-

stage renal disease in early childhood 99. Kidney failure is due to the development of 

excessive fibrosis and cysts at the corticomedullary border in the kidneys of these 

patients, which replaces the functional kidney tissue 99. As there is currently no causal 

therapy available, these patients typically are dialyzed until they receive a donor kidney 

for transplantation 99. Today mutations in ≥20 different genes have been associated 

with the development of the clinical phenotype of NPH 99. A feature that all the renal 

ciliopathy-associated genes (ADPKD, ARPKD, and NPH) are thought to have in 

common is that their respective gene products all localize to the primary cilium 99. That 

is the reason why NPH is classified as a ciliopathy 99. NPH is inherited in an autosomal-

recessive way 99.  Juvenile NPH has a median onset of end-stage renal disease 

(ESRD) at the age of about 13 (1 year for the infantile NPH and 19 years for the 

adolescent NPH) 99. The renal phenotype of NPH is morphologically characterized by 

cysts at the corticomedullary border, renal fibrosis, and mild size reduction of the 

kidneys 99. The clinical presentation consists of a concentration defect with polydipsia 

and polyuria, impaired sodium reabsorption from the primary urine resulting in 

hypovolemia and hyponatremia, chronic kidney disease, and proteinuria 99. The NPH 

phenotype is also associated with extra-renal manifestations affecting organs like eye, 

liver, the central nervous system (CNS), heart, and bone 99. The juvenile NPH 

phenotype is mainly associated with retinal degeneration, cerebellar vermis aplasia, 

gaze palsy, liver fibrosis, and skeletal defects 99. There are genetically and 

phenotypically overlapping NPHP-related ciliopathies like SLS, JS, and BBS 99. Among 

all cases of NPH, about 30% are caused by mutations in known NPHP genes, while in 

70%, the pathogenetic mutation is still unknown 137. In the at hand thesis, we focused 

on NPHP7, which encodes for GLIS2 7. This is a relatively rare subtype of NPH and is 

described in only very few families 7. In addition, a phenotypically clear knock-out 

mouse model was published in 2007 by Attanasio et al., which showed a lack of GLIS2 

to be causative for an NPH-phenotype 7. However, the pathogenetic mechanisms 
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responsible for the development of NPH in the case of GLIS2 deficiency are largely 

unknown. In particular, the nuclear functions of GLIS2, which might contribute to the 

development of NPH, are not yet understood, although its nuclear localization is proven 

145. 

 NPHP7 encodes for GLIS2  2.4.3.

Mutations in GLIS2 in humans result in the clinical phenotype of juvenile NPH 99. GLIS2 

was first identified to be causative for an NPH phenotype in a distinct patient cohort by 

Attanasio et al. in 2007 7. Three patient mutations are described so far 4,7. The first one 

is a missense point mutation (c.523T>C→C175R) discovered in a family from Turkey, 

and the second one is a point mutation destroying a splice donor site (c.775+1G>T) 

right at the beginning of intron five of the GLIS2 gene discovered in a Canadian Oji-

Cree kindred with high grade of consanguinity 7,56. The third mutation was described in 

a case report from 2021 in a consanguineous Omani family 4. The mutation is an in-

frame deletion of five amino acids (c.562_576delCATGTCAACGATTAC; 

p.His188_Tyr192del), thereby destroying the first zinc finger motif 4. In the frame of the 

publication by Attanasio et al. of 2007, the phenotype of a Glis2 knock-out mouse line 

was also characterized 7. This knock-out mouse line exhibits a classical NPH 

phenotype with excessive fibrosis of the kidney and cysts at the corticomedullary 

border and on the molecular level upregulation of genes involved in apoptosis and 

fibrosis 7. 

Gli-similar family zinc finger 2 (GLIS2) is a DNA-binding Krüppel-like transcription factor 

that mainly localizes to the nucleus 145. Additional subcellular localizations of GLIS2 like 

the primary cilium are not yet clearly proven (further discussed in section 5.4.) 7. 

The GLIS2 gene is located on chromosome 16 and encodes for a protein that consists 

of 524 amino acids that form five zinc finger domains facilitating DNA-binding and thus 

its transcriptional activator and repressor functions 152. The first three zinc finger 

domains are essential for the nuclear import of GLIS2 145. GLIS2 gets cleaved between 

the fourth and the fifth zinc finger domain 66. This cleavage is induced by the interaction 

with catenin delta 1 (CTNND1) 66. GLIS2 binds to the so-called Glis-binding sequence 

(GlisBS) ((G/C)TGGGGGGT(A/C)) and the Gli-binding site (GBS) (TGGGTGGTC) with 

the GlisBS, e.g., found in the murine insulin 2 promotor, thereby negatively regulating 

insulin 2 expression 145.  

The development of fibrosis in the context of loss of GLIS2 seems to be dependent on 

epithelial to mesenchymal transition (EMT) as the knock-out mouse model revealed an 

upregulation of a cluster of genes involved in EMT like Slug (SNAI1), Snail (SNAI2), 

and TGFβ 7. A more recent publication from 2016 by Lu et al. also uncovered that 
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GLIS2 deficient cells exhibit elevated levels of phosphorylated histone H2AX (γH2AX), 

which is a marker for activated DNA damage response 98. This was the first time that 

loss of GLIS2 was linked to an activation of DNA damage response (DDR) signaling. 

This connection was further confirmed by laser ablation experiments of Slaats et al. 

(unpublished data), which have shown overexpressed GFP.GLIS2 to be recruited to 

nuclear areas of laser-induced DNA double-strand breaks 49. GLIS2 also acts as a 

repressor of Hedgehog signaling 94. Nevertheless, much about GLIS2 physiology and 

the pathogenetic mechanisms occurring in NPH type 7 is still unknown. 

2.5. Cilia and DNA damage response 

Since 2012, DNA damage (DD) and DD response (DDR) signaling have been 

implicated with genes encoding for ciliopathy proteins (Chaki et al. Cell, 2012) 19. In the 

field of primary cilia and ciliopathy research, the connection between primary cilia and 

DDR signaling and the role of impaired DDR signaling as a potential main-contributor 

to the pathogenesis of ciliopathies – especially of NPH – gets more in the focus of 

interest as genetic studies identified NPH-causing genes with function in DD repair and 

DDR signaling 19. This section will give a brief overview of DDR signaling and DNA 

repair mechanisms. The eukaryotic cell disposes over a set of signaling pathways that 

coordinate the recognition of DNA damage with cellular processes like DNA repair, 

apoptosis, cell cycle progression, or cellular senescence 25. These pathways are 

collectively grouped under the term DNA damage response 25. Different genotoxic 

influences can cause different types of DNA lesions like DNA single-strand breaks 

(SSBs), DNA double-strand breaks (DSBs), and lesions of single bases, which in turn 

lead to the initiation of specific signaling cascades 16,25. Dependent on the severity and 

the amount of DNA damage, different strategies are applied, which encompass the 

direct repair, the pause of cell cycle progression, and cellular programs like 

senescence or apoptosis 25. SSBs are initially recognized mainly by poly (ADP-ribose) 

polymerase 1 (PARP1) but also by PARP2 125. SSBs can also be recognized by 

replication protein A (RPA), especially in the context of replication stress with stalled 

replication forks which can lead to SSBs or DSBs 16. DSBs can also be recognized by 

PARP1 like SSBs 25. PARylated PARP1, in turn, serves as a platform for the 

heterotrimeric MRN complex consisting of meiotic recombination 11 (MRE11), DNA 

repair protein RAD50, and Nijmegen breakage syndrome 1 (NBS1) 25. This complex 

leads to recruitment and activation of ataxia telangiectasia mutated (ATM) kinase which 

is the central kinase of this pathway 16,39. ATM also activates p53, a central 

downstream factor, which leads to cell cycle arrest, DNA repair, and potentially to 

senescence or apoptosis 16,150.  
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Seven NPH-proteins have been already linked to DDR signaling, and a 

pathophysiologic contribution of impaired DDR signaling to NPH has been 

hypothesized 3,19,24,98,102,133. These proteins are centrosomal protein of 290 kDa 

(CEP290; NPHP6), Gli-similar family zinc finger 2 (GLIS2; NPHP7), NEK8 (NPHP9), 

serologically defined colon cancer antigen 8 (SDCCAG8; NPHP10), zinc finger protein 

423 (ZNF423; NPHP14), centrosomal protein of 164 kDa (CEP164; NPHP15) and 

mitogen-activated protein kinase binding protein 1 (MAPKBP1; NPHP20). The first 

NPH proteins which were linked to functions in DDR signaling in the publication of 

Chaki et al. in 2012 were ZNF423 (NPHP14) and CEP164 (NPHP15) 19. The authors 

postulated that tissues that are mainly affected in these NPH subtypes and NPHP-

related ciliopathies (NPHP-RC) like kidney, liver, and retina are affected because they 

have to cope with significant genotoxic factors 19. The kidneys and the liver are 

confronted with a wide spectrum of substances that should be eliminated and excreted 

by the human body, and the retina is confronted with UV light 19. Further evidence for 

this hypothesis can be seen in the phenotypic overlap of NPH and NPHP-RC and 

diseases caused by mutations in genes for DDR components like Seckel syndrome 

caused by mutations in the ATR gene, amongst others, which presents phenotypic 

features like microcephaly with mental retardation, facial dysmorphism and growth 

defects 25,78. Another example is progressive cerebellar degeneration which can be 

caused by mutations in the MRE11 gene 19. MRE11 is part of the MRN complex, which 

is a central component of the ATM pathway in response to DSBs 16. These patients 

show cerebellar vermis aplasia, which is also a common phenotypic feature of NPHP-

RC 19.  

The reciprocal influence between ciliary and nuclear processes becomes clear while 

looking at the process of ciliogenesis and ciliary disassembly in coordination with the 

cell cycle progression, which was already described in section 2.2. In response to cell 

cycle progression (entering of S-phase), this information is transmitted to the primary 

cilium, and ciliary disassembly is initiated as the centriole is needed for spindle pole 

formation during mitosis 109,146. Vice versa, signaling cascades starting in the ciliary 

compartment in response to external stimuli can result in transcriptional changes in the 

nucleus, like in the case of mTOR signaling, which is decisively influenced by the 

primary cilium and regulates, e.g., cell proliferation through cell cycle regulation 117. The 

complex interplay between the two compartments is not fully understood yet. An 

important structure for the understanding of this complex interplay is the centriole which 

links both compartments to each other 75. Interestingly, a group of proteins involved in 

DDR and cell cycle regulation are also found at the centriole at the ciliary base besides 

their main localization in the nucleus. Among these proteins are ATM, ATR, ATRIP, 
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CHK1, CHK2, cyclin-dependent kinase 1 (CDK1), CDK4 and cyclin A 37,42,90,116,141,144,153. 

This leads to the hypothesis that the centriole functions as a signaling hub between 

these two compartments 5. However, the underlying pathways are poorly understood. It 

is also not known if one of these proteins shuttles between its two pools at the centriole 

and in the nucleus and to which extent this occurs. 

2.6. Hypothesis and aims 

NPH is an autosomal-recessive inherited renal disorder that is characterized by 

excessive fibrosis, cysts at the corticomedullary border, and size reduction of the 

kidneys, all resulting in ESRD in early childhood 7. NPH is classified as a ciliopathy as 

all gene products of the disease-causing genes (≥20) are localizing to the primary 

cilium and are associated with impaired ciliary function in case of mutation. Little is 

known about the pathogenesis of NPH so far but recently 7of the NPH proteins have 

been implicated in the DNA damage response, which led to the hypothesis that these 

proteins play an important role in genome maintenance and for a proper DNA damage 

response required to preserve tissue homeostasis in the kidney. GLIS2 is a DNA-

binding Krüppel-like transcription factor that mainly localizes to the nucleus and was 

first identified to be causative for an NPH phenotype (NPHP7) in a distinct patient 

cohort by Attanasio et al. in 2007 7,145.  

The primary aim of the at-hand thesis was to gain a better understanding of the 

pathophysiologic mechanisms underlying the development of nephronophthisis caused 

by GLIS2 mutations and to uncover GLIS2 functions by characterizing GLIS2 

interacting proteins. One of the objectives was to create a GLIS2 interactome. 

Therefore, we will pursue antibody-based approaches, including the validation of an 

existing commercial anti-hGLIS2-antibody and the generation of a homemade 

monoclonal anti-mGLIS2-antibody by hybridoma culture. In parallel, we will pursue cell 

line-based approaches, which will encompass the generation of an IMCD3 FLAG-GFP-

knock-in GLIS2 cell line using the CRISPR/Cas9 genome editing system and a 

HEK293T GFP.P2A.3xFLAG GLIS2 cell line using the TALEN genome editing system. 

These biochemical tools will be used to precipitate GLIS2 together with protein 

interactors which will be measured by MS/MS. Additionally, with those antibodies and 

cell lines, we aim to visualize the subcellular localization of GLIS2. Taken together, we 

hope to learn more about the subcellular localization of GLIS2 and to obtain the first 

interactome of GLIS2 to characterize GLIS2 functions further. Our findings will 

contribute to the understanding of how GLIS2 plays an important role in genome 

maintenance and thereby preserving tissue homeostasis in the kidney.  
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3. Material and Methods 

3.1. Cell culture 

The whole work with eukaryotic cells was done under sterile conditions under a hood 

with a continuous airflow to prevent particles from entering the space inside the hood 8. 

As mammalian cell lines HEK 293T, human U2OS, mouse IMCD3, and HeLa Kyoto 

were cultured. The cells were cultured in 10 ml DMEM (only mouse IMCD3 cells were 

cultured in DMEM F-12 + GlutaMAX) with 10% fetal bovine serum in plastic dishes with 

a diameter of 10 cm in an incubator at 37°C and 5% CO2. For passaging of the cells, 

the medium was aspirated with a vacuum device. Then the cells were washed with 1x 

PBS (10 ml). This step is to eliminate excess BSA, which would inhibit the enzymatic 

activity of trypsin (1 ml) which is used to detach the cells from the bottom of the dish 58. 

After incubation at 37°C for 3-10 min (depending on the strength of attachment) 

medium was added to the dish to stop the enzymatic activity of trypsin and to 

resuspend the cells and divide them onto new dishes with a final culturing volume of 

again 10 ml.  

 Materials for cell culture 3.1.1.

Material Manufacturer 

Dulbecco's Modified Eagle's Medium (DMEM) 

with 4.5 g/l D-Glucose, Pyruvate, GlutaMAX 

+ 10% fetal bovine serum  

Life technologies 

(31966-021) 

Life technologies 

Dulbecco's Modified Eagle's Medium Nutrient Mixture F-12 

with 15 mM HEPES, NaHCO₃ 

+ 10% fetal bovine serum 

+ GlutaMAX (100x) 

Sigma (D6421-

500ML)  

 

Life technologies 

Life technologies 

PBS Buffer:  

136 mM NaCl, 2.7 mM KCl  

6.25 mM Na₂HPO3, 1.5 nM KH₂PO3, pH 7.4 

Nephrolab 

Roth 

Merck 

Trypsin-EDTA (0.25%) Thermo Fisher 

HEK 293T (human embryonic kidney) ATCC 

Human U2OS (human bone osteosarcoma) ATCC 

HeLa Kyoto (human cervix adenocarcinoma) ATCC 

Mouse IMCD3 (mouse inner medullary collecting duct) ATCC 

Cell culture dishes (10 cm plates, 6-well, 12-well, 24-well, 96- Corning 
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well) 

Stripetts (5 ml, 10 ml, 30 ml) Corning 

Sterile pipet tips (10 μl, 200 μl, 1000 μl) Starlab 

3.2. Transfection 

 Calcium-Chloride Transfection  3.2.1.

Transfection describes the process of importing DNA into cells 22. This process is used 

in a biotechnical context to import plasmids that contain a certain cDNA in mammalian 

cells to make them produce the proteins which are encoded by the cDNA 82. For 

transfection with CaCl₂, the plasmid (10 μg) which is supposed to be transfected was 

pipetted together with 500 μl CaCl₂ in one tube. This tube was put on the vortexer with 

the lid open. Then 500 μl 2x HEPS buffer was added dropwise while vortexing. The 

HEPS buffer induces CaCl₂ to form crystals to which the plasmid is attached 22. After 

adding this mix to the cells (circa 50% confluency for CaCl₂ transfection), they start 

ingesting the crystals in the intercellular space via endocytosis and thus incorporate the 

plasmid in their cell body 23. This reaction was then stopped after 6 to 8 hours by 

aspiration of the old medium and the addition of a new medium.   

 Materials for transfection with CaCl₂ 3.2.2.

Material Manufacturer 

CaCl₂ Roth 

2x HEPS buffer: 

50 mM HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 

280 mM NaCl, 10mM KCl, 12 mM dextrose  

1.5 mM Na2HPO3, pH 7,09, sterile-filtered 

Nephrolab 

 

Roth 

Roth 

Sigma 

Tubes (1.5 ml) Eppendorf 

 

 Transfection with Lipofectamine 3.2.3.

This transfection method is based on the formation of lipid vesicles that incorporate the 

plasmid and can fuse with the cell membrane 40. Lipofectamine facilitates this vesicle 

formation 40. For a 6-well, two mixes were made. Both contained 200 μl Optimem, and 

one contained 7 μl lipofectamine 2000, and the other one contained the desired 

amount of plasmid. Then the two mixes were incubated for 20 min at room temperature 

together. The initial mixing should be done without pipetting and only by flicking the 

tube gently. In this incubation step, lipid vesicle formation takes place 40. After this 
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incubation step, the whole mixture was added to the cells. The cells should have a 

confluency of above 60% because lipofectamine has toxic effects on the cells. This 

reaction has not to be stopped, and the cells were processed the next day.     

 Materials for transfection with Lipofectamine 3.2.4.

Material Manufacturer 

Lipofectamine 2000 Invitrogen 

Optimem Invitrogen 

3.3. siRNA knock-down 

RNA interference is a principle used by eukaryotic cells to regulate protein expression 

on the mRNA level by so-called small interfering RNAs which can target a specific 

mRNA species 32. In the physiologic context, a short hairpin RNA is produced, which 

gets cleaved into small interfering RNAs by ribonucleases like Dicer or Drosha 32. The 

resulting double-stranded siRNAs are separated into single strands, and the formation 

of an RNA-induced silencing complex (RISC) is induced 32. This RISC complex 

facilitates the hybridization between its single-stranded siRNA molecule and the 

complementary mRNA, which is subsequently degraded 32. Thus, the mRNA cannot be 

translated into the respective protein, which results in a knock-down of this protein 32. In 

the biotechnical context, mammalian cells are transfected with siRNA using 

lipofectamine RNAimax 82.      

 siRNAs used in this work 3.3.1.

Gene Name Target sequence Manufacturer 

GLIS2 siGlis2 5’CCACUGCGCUAUUUGGAUG 

3’; 

5’CCAAGCAGCUGGUGUGUCG 

3‘; 

5‘ACAAGUGCCUCUCGCCAGA 

3‘; 

5‘CCGAGAAGGAUGCGGGGUA 

3‘ 

Dharmacon 

Control siCtrl 5’UGGUUUACAUGUC 

GACUAA 3’; 

5’UGGUUUACAUGUU 

GUGUGA 3’; 

5’UGGUUUACAUGUU 

Dharmacon 
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UUCUGA 3’; 

5’UGGUUUACAUGUU 

UUCCUA 3’, 

3.4. Harvesting and lysis of cells 

Cells were harvested by aspiration of the medium and addition of 1x PBS (4°C) per one 

10 cm dish. Then they were scraped off the bottom by a cell scraper. The cell 

suspension was collected with a stripette and collected in a tube or a falcon and then 

centrifuged at 1000 rpm at 4°C for 5 min. The supernatant was aspirated, and the 

remaining cell pellet could be lysed by adding a lysis buffer like modified RIPA buffer or 

could be snap-frozen by putting the tube/falcon in liquid nitrogen and stored at -80°C to 

process these cells for an experiment at a later time point.  

 Materials for harvesting and lysis of cells   3.4.1.

Material Manufacturer 

PBS  

2x Laemmli buffer: 

100 mM Tris, 20% glycerol,  

4% SDS, 0,2% bromphenol blue, 100 mM dithiothreitol, pH 6,8  

Nephrolab 

Roth 

Sigma 

Modified RIPA buffer: 

1% Tergitol-type NP-40 (nonyl phenoxypolyethoxylethanol),  

0.25% sodium deoxycholate,  

50 mM Tris-HCl,  

150 mM NaCl, 1 mM EDTA, 1 mM NaF 

Nephrolab 

 

Sigma 

Roth 

Sigma 

PIM Roche 

PMSF (57 mM) Sigma 

Na₃VO4 (100 mM) Sigma 

Falcons (15 ml, 50 ml) Greiner bio-one 

Centrifuge  Eppendorf 

Cell scraper Corning 

3.5. Immunoprecipitation 

Immunoprecipitation (IP) is a method to enrich a specific protein from a whole cell 

lysate by its interaction with an antibody, which targets a specific epitope of this protein 

12. The antibody is coupled to particles that are called beads which have a high density 

12. This allows the separation of the bead-antibody-protein complex from the rest of the 

cell lysate 12.  
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First, 500 μl modified RIPA buffer (+ 400μl/10ml protease inhibitor mix (with EDTA) and 

200 μl/10 ml Na3VO4 (2 mM final concentration)) was added to the cell pellet (of a 

confluent 10 cm dish). The cell pellet was dissolved in the buffer by pipetting up and 

down to ensure sufficient lysis of all cells. The suspension was incubated for 15 min on 

ice. Then the lysate was sonicated with 20 pulses (10% power and 0.1 s on and 0.9 s 

off) to disrupt also the nuclear membrane, shear the DNA, and bring the nuclear 

proteins in solution 101. This step is essential for two reasons. First, we were mainly 

working with GLIS2, which mainly localizes to the nucleus, and second, the modified 

RIPA buffer is one of the harsher lysis buffers but is not sufficient to disrupt all nuclear 

membranes without additional sonication 145. Next, the lysate was centrifuged at 14000 

rpm at 4°C for 15 min. Thereafter the supernatant was saved, which contains the 

proteins of the cell. A small amount (50 μl) of the lysate was separated and boiled with 

2xLaemmli buffer (50 μl) at 95°C to load this together with the immunoprecipitation 

sample to judge the efficiency of the immunoprecipitation. To the rest of the lysate 50 μl 

of antibody-coated sepharose beads (in this case with an anti-FLAG-(M2)-antibody) 

was added and incubated on an overhead shaker overnight at 4°C (in a cold room). 

The next day the beads were washed three times with 700 μl modified RIPA buffer. 

One washing step consists of centrifugation at 4000 rpm at 4°C for 3 min, aspiration of 

the supernatant, adding of fresh modified RIPA buffer, and 5 min incubation on the 

overhead shaker at 4°C. After the last washing step, the beads were either boiled at 

95°C with 50 μl 2xLaemmli buffer to analyze the sample by western blot or incubated 

with 50 μl of an elution buffer containing 2 mg/ml 3xFLAG-peptide in 1xPBS for one 

hour on ice. The elution variant was used to keep the native protein structure of the 

immunoprecipitated protein and to detach it from the beads without denaturation like it 

is required for mass spectrometry measurements to detect, e.g., protein interactors of 

the immunoprecipitated protein 139. In this case, the eluate was saved and incubated 

with dithiothreitol (DTT) (5 mM final concentration) for 30min at 55°C to reduce disulfide 

bonds and with chloroacetamide (CAA) (40 mM final concentration) for 30min at room 

temperature in the dark for alkylation to prevent further post-translational modifications 

55. Finally, the samples were stored at -20°C and processed by the CECAD proteomics 

facility to analyze the sample by mass spectrometry.    

 Materials for immunoprecipitation  3.5.1.

Material Manufacturer 

FLAG(M2)-beads bimake.com (B23102) 

Protein G-beads GE Healthcare (17-

0618-01) 
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3xFLAG-peptide Sigma (F4799-4MG) 

Dithiothreitol Roth 

Chloroacetamide Sigma 

Sonicator Branson 

Overhead shaker  

 

 Nano-liquid-chromatography-(nLC)-MS/MS proteomic analysis of 3.5.2.

immunoprecipitation samples 

After incubation with DTT and CAA, as described previously, each sample was 

incubated at RT overnight with trypsin and LysC for digestion of the proteins. Digestion 

was stopped by addition of 0.5% formic acid and further cleaned and desalted using 

stop-and-go extraction tips (Stagetips) 131. Before MS/MS analysis, peptides were 

resuspended in 0.1% formic acid, and peptides were fractionated by nLC with a 1-hour 

gradient and a binary buffer system. Samples were finally measured using a 

quardrupole-orbitrap based QExacutive mass spectrometer (Thermo Scientific) 107.  

 Bioinformatic analysis of raw mass spectrometry data 3.5.3.

After the mass spectrometry measurement, the raw mass spectrometry data was 

quantified and normalized with MaxQuant software 31. The protein group files (output of 

MaxQuant) were further analyzed with Perseus version 1.5.5.3 30,143. Reverse hits, 

contaminants as well as proteins identified by site only were removed from the search 

results. LFQ expression values were logarithmized (log₂). Replacement of missing 

values from normal distribution was performed with a downshift of 1.8 and a width of 

0.3. Finally, significant interactors of the immunoprecipitated fusion protein of one of 

the cell lines were visualized in a half volcano plot by plotting the negative 

logarithmized p-value (-log₁₀ (p-value)) of a single protein group against its 

logarithmized (log₂) LFQ-value in the tagged cell line versus the control line (in this 

case HEK293T GFP.P2A.3xFLAG.GLIS2 TALEN lines versus the HEK293T 

GFP.P2A.3xFLAG TALEN control line). The bioinformatic analysis of raw mass 

spectrometry data was mainly done by Dr. rer. nat. Christian Frese, the head of the 

CECAD proteomics facility.  

3.6. SDS-PAGE and Western blot 

Western blot (WB) is one of the standard techniques in biological research to detect a 

protein, which was separated by its size from others before, by its specific interaction 

with an antibody 12. First, one has to pour the SDS-PAGE to separate the proteins of a 

cell lysate by size. Therefore, the mix for the separating gel, which contains a variable 
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percentage of acrylamide, was poured first in a special plastic cassette. The acrylamide 

polymerizes after the addition of TEMED and APS to Polyacrylamide 103. The mix for 

the collecting gel was then poured on top of the separating gel and polymerized after 5 

to 10 minutes with a comp in it to form slots for the loading of the probes afterward. The 

percentage of acrylamide that is added to the mix for the separating gel determines the 

density of the gel and thus how easily denatured, and negatively charged proteins 

diffuse through the polyacrylamide gel by electrophoresis 12. Boiling of proteins at 95°C 

with 2xLaemmli buffer, which contains SDS, denatures and charges proteins 

negatively, which makes the electrophoresis mainly dependent on its protein weight. 

The cassette was put in an electrophoresis chamber, which was filled with running 

buffer. This contained glycine, which is mainly zwitterionic at a pH of 6.8 and is 

stabilized by Tris in this buffer 12. The probe sinks in the slot because of the glycerol in 

the Laemmli buffer 103. If a voltage is applied glycine in the running buffer on top of the 

probe runs behind the probe, and small chloride anions run in front of the probe 12. 

Thus, the probe gets compressed, and all proteins of the probe enter the separation gel 

at the same time (70 V for 30 min for the collection gel) 12. In the separation gel, the pH 

switches to 8.8, which makes glycine mainly charged negatively 12. Thus, it gets 

stronger attracted by the anode and runs now in front of the proteins (at 25 mA for 90 

min) 12. This pH switch and the Tris-glycine-chloride-buffer system facilitate the precise 

electrophoretic separation of the proteins by their molecular weight 12. After 

electrophoresis, the proteins were immobilized on a PVDF-membrane for the following 

detection of specific proteins with antibodies 54. The proteins migrate out of the gel on 

the PVDF-membrane again by electrophoresis between two plates where a potential is 

applied (12 V for 53 min) 54. The PVDF-membrane was activated for protein binding 

with methanol before the transfer, and a sheet of filter paper (transfer buffer-soaked) 

inhibits direct contact between the plates and gel and PVDF-membrane 54. After the 

transfer, areas of the membrane that had not bound protein were prevented from 

binding antibodies in the future nonspecifically by blocking the membrane in 5% bovine 

serum albumin (BSA) (in protein wash buffer) for 60 min 103. Then the membrane was 

washed three times 5 min in protein wash buffer to get rid of abundant BSA. The 

membrane was then incubated with the first antibody, which targets specifically the 

protein which should be detected in the end (in a 1:200-10.000 dilution (depends on the 

concentration of the antibody and its affinity to the antigen) in protein wash buffer for 1 

hour at room temperature or 4°C overnight). After renewed washing (3x 5 min in 

protein wash buffer), the membrane was incubated with the secondary antibody, which 

specifically targets the Fc-region of the first antibody (in a 1:30.000 dilution in protein 

wash buffer) 12. The Fc-region is identical for a specific antibody subclass from a 
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specific species 74. So one has to consider from which species the first antibody 

derives. The Fc-region of the secondary antibody is connected to an enzyme called 

horseradish peroxidase which facilitates the decomposition of luminol in the presence 

of hydrogen peroxide under emission of low-intensity light (425 nm) 12,79. This signal 

was detected in a dark chamber with the Fusion Solo Chemoluminometer. The 

resulting digital picture of the detection pattern on the membrane was further 

processed using Fusion software. 

 Materials for SDS-PAGE and Western blot 3.6.1.

Material Manufacturer 

Collecting-gel: 

5% acrylamide  

125 mM Tris (pH 6,8)  

0,1% SDS 

0,05% APS  

0,1% TEMED  

 

Roth 

Sigma 

Sigma 

Bio-Rad 

Sigma 

Separating-gel: 

10% acrylamide 

375 mM Tris, 0,1% SDS, 0,05% APS, 0,05% TEMED, pH 8,8 

 

 

 

Running buffer: 

25 mM Tris (pH 8,3), 0,1% SDS, 

192 mM glycine  

 

 

Roth 

Transfer buffer: 

25 mM Tris (pH 8,3), 0,1% SDS, 192 mM glycine, 

20% methanol  

 

 

Roth 

Wash buffer: 

10 mM Tris (pH 7.5), 

100 mM NaCl,  

0.1% Tween-20  

 

 

Roth 

Merck 

ECL (Enhanced Chemiluminescence): 

100 mM Tris (pH 8,5), 

2,5 mM luminol,  

0,4 mM coumaric acid,  

1.5% hydrogen peroxide (H₂O₂)  

 

 

Fluka 

Sigma 

Merck 

Isopropanol Roth 

Gel cassettes Invitrogen 
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BSA (Bovine serum albumine) (5%) PAA Laboratories 

PVDF Transfer Membranes Millipore 

Blotting paper VWR 

Molecular weight standard protein ladder Thermo Fisher 

 

 Primary antibodies for Western blot  3.6.2.

Antibody Species Dilution Manufacturer Order no. 

Anti-GFP (B2) Mouse 

monoclonal 

1:5000 Santa Cruz sc-9996 

Anti-GFP Rabbit 

polyclonal 

1:1000 Santa Cruz sc-8334 

Anti-FLAG Mouse 

monoclonal 

1:10000 Sigma F3165 

Anti-FLAG Rabbit 

polyclonal 

1:5000 Sigma F7425 

Anti-hGlis2 Rabbit 

polyclonal 

1:200 Atlas Antibodies HPA056976 

Anti-Actin Mouse 

monoclonal 

1:500 DSHB JLA20-s 

Anti-β-Tubulin Mouse 

monoclonal 

1:500 DSHB E7 

 

 

 Secondary antibodies for Western blot 3.6.3.

Antibody Species Coupled 

with 

Dilution Manufacturer Order 

No. 

Anti-mouse 

IgG (H+L) 

Goat 

polyclonal 

HRP 1:30000 Jackson 

ImmunoLab 

115-035-

003 

Anti-rabbit 

IgG (H+L) 

Goat 

polyclonal 

HRP 1:30000 Jackson 

ImmunoLab 

111-035-

144 

3.7. Immunofluorescence staining 

The immunofluorescence (IF) staining is based on the recognition of specific epitopes 

of native protein in or on fixed cells by an antibody 38. The cells were grown to a 

confluency of 60-80% on a coverslip in a 6- or 12-well, which depends on the size of 

the coverslip. After aspirating the medium, the cells were fixed (cross-linking of all 

proteins of the cells) by addition of 4% paraformaldehyde (PFA) for 15 min 38. The cells 
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were washed 3 times with PBS and then blocked with 5% normal donkey serum (at RT 

for one hour) to reduce nonspecific antibody binding to cell proteins 38. The blocking 

solution also contains 0.1% Triton-X, which makes the cell membrane permeable for 

large proteins 38. Thus, the proteins of the NDS and the antibodies which are used for 

the staining can enter the cell 38. Next, the cells were incubated (at 4°C overnight) with 

the first antibody in blocking solution (normal dilution of 1:1000, depending and the 

concentration of the antibody and its affinity to its antigen), which targets a specific 

protein whose localization in the cell should be visualized. After an additional washing 

step (3x 5 min), the cells were incubated with the secondary antibody, which targets 

specifically the Fc-region of the first antibody and is coupled to a fluorophore (Cy3, 

Cy5, Alexa 488, etc.) 106. Finally, the cells were rewashed three times for 5 min and 

mounted upside down on a slide with Prolong Diamont, which contains DAPI, which 

stains the nucleus (binds DNA) (emission maximum around 460 nm upon binding of 

double-stranded DNA) 115. Imaging was done with a LSM710 Zeiss confocal 

microscope equipped with a 63x objective and by using Zen software.       

 Materials for immunofluorescence staining 3.7.1.

Material Manufacturer 

PBS Biochrom AG 

PFA (Paraformaldehyde) Sigma 

Triton-X 100 Appli Chem 

Normal donkey serum Jackson 

Mounting solution Prolong Diamont with DAPI Invitrogen 

LSM 710 confocal microscope  Zeiss 

 

 Primary antibodies used for immunofluorescence staining  3.7.2.

Antibody Species Dilution Manufacturer Order no. 

Anti-Acetylated 

Tubulin 

Mouse 

monoclonal 

1:1000 Sigma T6793 

Anti-hGlis2 Rabbit 

polyclonal 

1:100 Atlas Antibodies HPA056976 

Anti-FLAG Mouse 

monoclonal 

1:1000 Sigma F3165 

Anti-FLAG Rabbit 

polyclonal 

1:1000 Sigma F7425 
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 Secondary antibodies used for immunofluorescence staining 3.7.3.

Antibody Species Coupled 

with 

Dilution Manufacturer Order 

no. 

Anti-mouse 

IgG (H+L) 

Donkey 

polyclonal 

Cy3 1:500 Jackson 

ImmunoResearch 

715-165-

150 

Anti-rabbit 

IgG (H+L) 

Donkey 

polyclonal 

Cy3 1:500 Jackson 

ImmunoResearch 

711-165-

152 

Anti-mouse 

IgG (H+L) 

Donkey 

polyclonal 

Alexa 488 1:500 Jackson 

ImmunoResearch 

715-545-

150 

3.8. Cloning of plasmids 

 Primers (ordered from IDT) 3.8.1.

Target Name Sequence 

Glis2 mGlis2 mlu fp 5’ CCC GCG ACG CGT ATG CAC 

TCC TTG GAC GAG CC 3’ 

Glis2 mGlis2 rev 1-360bp 5’ CCC GCG GCG GCC GCA AGT 

GGC TGG AAA TCC ACA 3’ 

GLIS2 hGLIS2 1 mlu fp 5’ CGC GGG ACGCGT ATG CAC 

TCC CTG GAC GAG CCG CTC GAC 

CTG 3’ 

GLIS2 hGlis2 *Bgl-2 rp 5' CGC GGG AGA TCT TCA GTT 

CAC CAC AGC CGG T 3' 

GLIS2 hGlis2 intron5 *Bgl-2 rv 5' CGC GGG AGA TCT TCA GAA 

GAT ACC CAC GGG AAC 3' 

GLIS2 hGlis2 122 *Bgl-2 rv 5' CGC GGG AGA TCT TTA GCG 

CAG TGG CTG GAA GTC 3' 

 AAV CAGGS GFP-P2A-

3xFLAG Gibson fp 

5' GAG CTG TAC AAG GGA ACG 

CGG GGA TCT GGG GCC ACA AAT 

TTT TCA CT 3' 

 AAV CAGGS GFP-P2A-

FLAG-GFP-hGlis2 Gibson 

rp 

5' TTG GCA GAG GGA AAA AGA 

TCA GAT CTT CAG TTC ACC ACA 

GCC GGT TTG AGC AGC A 3’ 

Glis2 Glis2_3HA_BamH1_fp 5‘ CCC GCG GGA TCC ATG CAC 

TCC TTA GAT GAG CCC CTC GAC 

CTA AAG 3‘ 

Glis2 Glis2_3HA_EcoRI_rp 5‘ CCC GCG GAA TTC CTG TGT 
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GTG TTC ATT GGG GA 3‘ 

Glis2 Glis2_5HA_HindIII_fp 5‘ CCC GCG AAG CTT GGT GAT 

AGT CCC CTG CCC TG 3‘ 

Glis2 Glis2_5HA_HindIII_rp 5‘ CCC GCG AAG CTT GGT GGG 

AGG GCG TGT CAA AG 3‘ 

Glis2 h&mGlis2 457bp FW 5‘ CCC AAG GAC AAG TGC CTC 

TC 3‘ 

GFP GFP 646/664 fsp 5‘ CGC GAT CAC ATG GTC CTG 3‘ 

Glis2 mGlis2 Surveyor NRP2 5‘ TTG CAC TAG GGT GTC TGC AC 

3‘ 

AAV locus AAVS1 integration pcr HA-

R 2f 

5‘ TAT CCG CTC ACA ATT CCA CA 

3‘ 

AAV locus AAVS1 integration pcr HA-

R 2r 

5‘ GTG AGT TTG CCA AGC AGT CA 

3‘ 

AAV locus AAVS 1 locus 5‘ CGG AAC TCT GCC CTC TAA 

CG 3‘ 

GFP eGFP-rsp 5‘ CGC CGT CCA GCT CGA CCA 

GG 3‘ 

GFP GFP FP 1 seq 5‘ ATG GTG AGC AAG GGC GAG G  

3‘ 

GFP GFP FP 2 seq 5‘ GAC GGC AAC ATC CTG GGG 3‘ 

GFP EGFP_C fw 5‘ CAT GGT CCT GCT GGA GTT 

CGT G 3‘ 

 

 PCR 3.8.2.

The polymerase chain reaction (PCR) was developed by Mullis et al. (1986) and is a 

biotechnical method to multiply a specific double-stranded DNA fragment in vitro 112. It 

is based on the multiple repetitions of a cycle consisting of denaturation of the DNA 

fragment, annealing of the primers, which serve as the starting point for the polymerase 

in the next step, elongation of DNA fragments with a thermostable polymerase and 

again denaturation, etc. 46. The following reagents are necessary for this reaction. The 

PCR was done in a thermocycler (Biorad).  

Reagent End concentration Volume 

NEB Q5 Buffer 1x 5 μl 

NEB Q5 Enhancer 1x 5 μl 
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NEB Q5 Hot Start 0,02 U/µl 0,25 μl 

dNTP 0.2 mM 0,2 μl 

Forward Primer 0.2 µM 0,5 μl 

Reverse Primer 0.2 µM 0,5 μl 

DNA template depends on concentration depends on concentration 

H2O - ad 25 μl 

 

Step Temperature Duration 

(1) Denaturation 98°C 30 s 

(2) Denaturation 98°C 30 s  

(3) Annealing Depends on primer (3°C 

above the lower Tm 

(melting temperature) of 

both primers) 

20 s 

(4) Elongation 72°C 10 s per kb for simple and 

40 s per kb for complex 

templates 

Repetition of steps 2-4 34 times 

(5) Final extension 72°C 2 min 

(6) Cooling 12°C Forever 

 

After the PCR, the amplified DNA fragments were digested with two different restriction 

enzymes, which prepared the ends of the DNA fragment for the ligation in the vector, 

which was cut with the same restriction enzymes. Thus, the DNA fragment matches 

specifically in only one possible orientation into the vector. Before the ligation, the DNA 

fragment was analyzed by gel electrophoresis and purified from the gel with a gel 

extraction kit (Thermo Fisher). Constructs cloned for this work were planned using 

Benchling software. 

3.8.2.1. Overlap extension PCR 

Overlap extension PCR is a combination of two consecutive PCRs with a unique primer 

design to, e.g., splice two DNA fragments 70. In the first step, two DNA fragments are 

generated separately, whereby the reverse primer for the first fragment has an 

additional sequence at its 3’-end, which is complementary to the sequence of the 5’-

end of the second fragment 70. The forward primer of the second fragment has an 
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additional sequence at its 5’ end, which is complementary to the sequence of the 3’ 

end of the first fragment 70. In the second PCR, both amplified DNA fragments are 

pooled in one reaction together with the first fragment’s forward primer and the second 

fragment’s reverse primer. Thus, both strands of one DNA fragment have an 

overlapping sequence to the complementary strand of the other fragment and can 

hybridize after denaturation, and the fragment gets completed during elongation. The 

desired splice-fragment was validated by gel electrophoresis.  

 Ligation 3.8.3.

The ligation of two DNA fragments is based on the T4-ligase enzyme, which can 

connect two adjacent nucleotides of one DNA strand through a phosphodiester bound 

(according to the manufacturer’s product information). The requirement is that both 

DNA fragments were cut with the same two restriction enzymes and the restriction sites 

are in the same orientation on both DNA fragments (e.g., Mlu-1 at the 5’ end and Not-1 

at the 3’ end). The ligation mix is incubated at RT for 1 hour followed by transformation 

(section 3.8.4.).  

Reagent Volume ligation Volume control 

T4-buffer 2,1 μl 2,1 μl 

T4-ligase 0,4 μl 0,4 μl 

Vector 1,5 μl 1,5 μl 

Insert 6 μl  - 

ddH₂O 11 μl 17 μl 

 

 Transformation and amplification of plasmid in bacteria 3.8.4.

To amplify the desired plasmid, genetically modified bacteria (e.g., DH10, which is a 

non-pathogenic E.coli strain, or NEB-10β bacteria (bacteria strain which able to amplify 

large plasmids)) were used as small bioreactors which replicate a previously 

transformed plasmid multiple times 65. The bacteria were stored at -80°C and thawed 

up slowly on ice. The bacteria suspension (50 μl) was split up into two parts. To one 

part, the plasmid was added (10 ng), and to the other half, 2 μl of RNAse free water 

was added as a control. After 15 min incubation on ice, both tubes were heat-shocked 

for 30 seconds in a 42°C warm water bath. Next, both probes were incubated on a 

Thermo shaker for one hour at 37°C after adding 700 μl SOC-medium, which is a 

growth medium for bacteria. Then 50 μl were taken from both probes and plated on an 

agar plate (without mixing both probes), which contained an antibiotic that matches the 

resistance gene in the plasmid, which should be amplified. Thus, only successfully 
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transformed bacteria that incorporated the plasmid and transcribed the resistance gene 

in it can survive on this agar plate and can form colonies 26. The plate was incubated 

overnight (12-24 h) at 37°C. The control side of the plate should be empty the next day, 

and the other half where the bacteria incorporated the plasmid should show small 

bacteria colonies, which were picked with a pipette tip and resuspended in 4 ml LB-

medium (20 g/l and antibiotic 1:1000). This culture was also grown overnight at 37°C. 

The next day, the DNA of 1.5 ml of the bacteria suspension was extracted with the 

plasmid preparation kit of Thermo Fisher for mini cultures. The extracted DNA was 

analyzed by restriction digest and gel electrophoresis. If this showed the expected 

result, 250 μl of the mini culture were added to a midi culture, which has a volume of 

250 ml. The DNA of this bacteria culture was extracted with the plasmid preparation kit 

of Qiagen for midi cultures or with the endotoxin-free plasmid preparation kit of Qiagen 

for midi cultures if the plasmid should be used for mouse zygote injections to reduce 

toxicity due to bacterial endotoxins for the mouse zygotes. The DNA was again 

analyzed by restriction digest and subsequent gel electrophoresis and sequencing.      

 Digest 3.8.5.

The digest of a DNA fragment is based on the recognition of a specific sequence by its 

restriction enzyme 97. Often the specific sequence is added to the primer sequence as 

an overhang so that the ends can be digested with the respective restriction enzyme 

and can be ligated with a vector that was linearized with the same restriction enzymes. 

The mix for a digest was incubated at 37°C (optimal working temperature of the 

enzymes according to the product information) for one hour. 

Reagent Volume 

DNA 25 μl PCR-product or 2μg for analytic 

digest 

10x Buffer NEB  3 μl 

Restriction enzyme 1 0,5 μl 

Restriction enzyme 2 0,5 μl 

ddH₂O ad 30 μl 

 

 Gel electrophoresis 3.8.6.

DNA fragments can be separated by their length via gel electrophoresis 93. The gel 

contains agarose, which polymerizes and forms pores when the gel cures 93. The size 

of the pores is determined by the agarose concentration (1% for >500 bp and 1kb-

marker; 2% for <500 bp and 50 bp-marker) in the gel 93. The buffer which is used for 
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the electrophoresis contains ethidium bromide, which intercalates with the DNA and 

fluoresces under UV light, thereby facilitating the visualization of DNA fragments in the 

gel after electrophoresis 93.  

 Sequencing 3.8.7.

The sequencing of DNA fragments was done with the Sanger method 57. This method 

is based on PCR with the difference that besides the normal nucleotides also di-

deoxyribonucleoside triphosphates with a missing hydroxyl group are used, which are 

coupled to a fluorophore (in total 4 colors, for each nucleotide a different color) 57. This 

missing hydroxyl group leads to termination during the elongation of a polynucleotide 

chain 57. Due to the exponential increase of DNA fragments with the increasing number 

of cycles, there is at least one DNA fragment for each possible length 57. These 

fragments are separated by capillary electrophoresis, and the fluorophore is stimulated 

by a laser beam 57. Thus, this method uncovers at which position which nucleotide is 

present in the DNA sequence 57. The analysis of the DNA fragments after the PCR was 

done by the Cologne Center of Genomics (CCG).      

Reagent Volume 

Big Dye terminator v1.1/v3.1    0,25 μl 

5x Big Dye Sequenzierungspuffer 2,25 µl 

Sequenzierungsprimer (1pmol/μl) 0,25 µl 

Plasmid 250 ng 

+ ddH2O ad 10 μl 

 

Step Temperature Duration 

(1) Denaturation 96°C 1 min 

(2) Denaturation 96°C 10 s 

(3) Annealing 55°C 5 s 

(4) Elongation 60°C 4 min 

Repetition of steps 2-4 39 times 

(5) Cooling 12°C Forever 

 

3.8.7.1. Enzymatic purification of PCR-products before sequencing 

One reaction is pipetted as follows: 

Reagent Volume 

SAP1 0.3 µl 
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EXO1 0.075 µl 

ddH₂O 1.625 µl 

PCR-product 8 µl 

 

The mix is incubated at 37°C for 20 min for activation of the enzymes (EXO1/SAP1) 

and then at 72°C for 15 min for inactivation of the enzymes (according to the 

manufacturer’s product information). 2 µl of this reaction are used for the Sanger 

sequencing reaction (2.8.7).  

 Materials for Cloning 3.8.8.

Materials Manufacturer 

T4-Ligase + Buffer Fermentas 

Restriction enzymes NEB 

PCR Purification Kit Thermo Fisher 

Gel Extraction Kit    Thermo Fisher 

SOC-medium Invitrogen 

DH-10 bacteria Invitrogen 

NEB-10β bacteria NEB 

LB-Medium Roth 

Ampicillin Roth 

Kanamycin Roth 

Ethidium bromide Roth 

Agarose Sigma 

TAE buffer: (25x stock solution) 

121 g Trizma base, 

28.5 ml acetic acid (100%), 

18.6 g Na2EDTA 2H₂O 

 add ddH₂O to 1 l  

For 1x TAE buffer: 

80 ml 25x TAE-buffer,  

200 µl ethidium bromide (10 mg/ml),  

 add ddH₂O to 3.6 l  

Nephrolab 

Roth 

Merck 

Sigma 

 

 

 

Applichem 

1 kb DNA Marker Thermofisher 

50 bp DNA Marker Thermofisher 
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 Constructs cloned for this work 3.8.9.

Name  Tag Insert Vector Origin 

AAV CAGGS 

eGFP-P2A-

3XFLAG.hGlis

2 

eGFP-P2A-

3xFLAG 

hGLIS2 (FL) AAV CAGGS 

eGFP-P2A-

3xFLAG 

Nephrolab 

Cologne 

AAV CAGGS 

eGFP-P2A-

3xFLAG.hGlis2 

(IVS5+1G>T) 

eGFP-P2A-

3xFLAG 

hGLIS2 

(IVS5+1G>T) 

AAV CAGGS 

eGFP-P2A-

3xFLAG 

Nephrolab 

Cologne 

AAV CAGGS 

eGFP-P2A-

3xFLAG.hGlis2 

1-121 

eGFP-P2A-

3xFLAG 

hGLIS2 1-121 AAV CAGGS 

eGFP-P2A-

3xFLAG 

Nephrolab 

Cologne 

AAV CAGGS 

GFP-P2A-

3xFLAG 

GFP P2A-3xFLAG AAV CAGGS 

GFP 

Nephrolab 

Cologne 

His.mGlis2 (1-

360) pET30b 

His mGlis2 (1-360) pET30b Nephrolab 

Cologne 

GST.mGlis2 (1-

360) pGEX-

4T3 

GST mGlis2 (1-360) pGEX-4T3 Nephrolab 

Cologne 

GFP.mGlis2 FL 

WT pcDNA6 

GFP mGlis2 FL WT pcDNA6  Nephrolab 

Cologne 

CRISPR: N-

term tag 

mGlis2 

Blasti.P2A.3xF

LAG.spacer.e

mGFP.spacer 

pUC19 

3xFLAG.space

r.emGFP.spac

er 

 pUC19 Nephrolab 

Cologne 

 

3.8.9.1. Used Constructs 

Name  Tag Insert Vector Origin 

mGLIS2 Crispr No3 

pSpCas9(BB)-2A-

GFP   Nephrolab 

Cologne 
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GFP 

hAAVS1 1L TALEN    Nephrolab 

Cologne 

hAAVS1 1R TALEN    Nephrolab 

Cologne 

AAV CAGGS EGFP GFP   Nephrolab 

Cologne 

F9.GFP pcDNA6 F9 GFP pcDNA6 Nephrolab 

Cologne 

V5.GFP pcDNA6 V5 GFP pcDNA6 Nephrolab 

Cologne 

GFP.NPHP9 WT 

pcDNA6 

GFP NPHP9 pcDNA6 Nephrolab 

Cologne 

GFP.hNPHP7/GLIS2 

WT FL pcDNA6 

GFP hNPHP7 WT 

FL 

pcDNA6 Nephrolab 

Cologne 

3.9. Protein expression and purification 

For the production of fusion protein, BL21 (RIPL+) bacteria were used, which are 

genetically modified in the way that they have a similar codon usage as mammalian 

cells like mouse cells 138. This is crucial for the production of the correct peptide 138. In 

this work, the produced peptide was later on used for injections in mice (Balb/C) to 

stimulate their immune system to produce antibodies against this peptide. First BL21 

bacteria were transformed with the vector, which encodes for the fusion protein. One of 

the grown colonies was first cultured in a volume of 50 ml (LB-medium 20 g/l and 

kanamycin 1:1000 (pET30b vector encodes for a kanamycin-resistance)) overnight. 25 

ml of this culture were added to a culture volume of 1 l. At an optical density of 0.6 

(measured at 600 nm with a photometer), IPTG was added to a final concentration of 1 

mM to further stimulate the peptide production in the BL21 bacteria 138. The promotor 

which regulates the expression of the fusion protein can bind IPTG, which enhances 

the transcription of the gene encoding for the desired fusion protein 138. The culture was 

then further incubated for 6 h at 30°C. Next, the culture was transferred to a Beckmann 

tube and spun down for 15 min with 11500 rpm at 4°C. The supernatant was then 

decanted, and the bacteria pellet was resuspended in 35 ml His-buffer. The 

resuspended bacteria could be stored like this at -20°C or further processed like 

described below.  

The next step before the fusion protein can be specifically isolated by 

immunoprecipitation is the lysis of the bacteria. First, 350 μl of 100x DNAse-
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/Lysozyme-mix (final concentrations 1 µg/ml DNAse and 200 µg/ml Lysozyme) were 

added to the bacteria resuspension and incubated for 15 min on ice. Right before 

sonication of the bacteria with a Branson sonicator, PMSF (phenylmethylsulfonyl 

fluoride) (100 mM) was added to a final concentration of 1 mM. PMSF is a protease 

inhibitor that prevents protein degradation by intracellular proteases (according to the 

product information). The resuspension was sonicated four times for 30 s with 35% 

power and a pulse length of 0.3 s (0.7 s pause). Next, the sonicated resuspension was 

transferred to a centrifugation tube and spun down for 45 min with approximately 

50000 g at 4°C. After that, the supernatant was filtered with a 0.45 μm filter and stored 

at 4°C. 1 ml of this protein solution was taken, and the fusion protein was detected by 

immunoprecipitation with nickel-beads (30 μl) (for His-tagged fusion protein) and gel 

electrophoresis with subsequent Coomassie staining of the gel. This is a test to prove if 

the peptide production worked and if it is worthy to isolate fusion protein from the whole 

bacteria lysate. If the fusion protein with the expected size is detectable, the fusion 

protein is isolated from the whole bacteria lysate. First, the supernatant was spun down 

for 5 min with 4000 rpm at 4°C. If a small pellet appeared again, the supernatant above 

was isolated again. Next, the supernatant was incubated with 100 μl nickel-beads (for 

His-tagged fusion protein) overnight at 4°C. The next day the beads were spun down 

for 5 min with 4000 rpm at 4°C. The supernatant, which should not contain fusion 

protein anymore, was saved and later on loaded together with a small part of the 

eluate, which should contain fusion protein to show that the nickel beads precipitated 

all available fusion protein of the bacteria lysate. The beads pellet was then 

resuspended in 10 ml His-buffer and gradually applied on a protein purification column 

(1 ml) which consists of a filter that prevents the beads from running through the 

column. The column was washed three times with 10 ml His-buffer. Finally, the fusion 

protein was eluted from the column by an elution buffer which consists of His-buffer 

plus 300 mM imidazole, which replaces the fusion protein as a binding partner of the 

nickel-beads 18,154. The volume of 800 μl elution buffer was applied in 100 μl steps (8x 

100 μl) to exclude certain eluates that do not contain fusion protein which was proven 

later on by gel electrophoresis and Coomassie staining. Finally, the column purified 

fusion protein was further purified by dialysis in a dialysis chamber surrounded by 1x 

PBS (4°C). This step was performed to exclude contaminants and to minimize toxic 

side effects on mice through the injection of the fusion protein in the frame of 

generation of a monoclonal anti-GLIS2 antibody.             
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 Material for protein expression and purification 3.9.1.

Material Manufacturer 

Ni-NTA Agarose beads  Invitrogen (#R901-01) 

Anti-GST-beads Amersham 

Biosciences (17-5132-

01) 

IPTG AppliChem 

DNase/Lysozyme mix Appli Chem 

Protein purification column (1ml) Quiagen 

Dialysis chamber Thermo Fisher 

BL21 (+RIPL) Thermo Fisher 

Photometer  

 

 Coomassie staining  3.9.2.

The Coomassie staining is a method to stain denatured protein in a polyacrylamide gel 

after gel electrophoresis 136. First, the gel cassette was removed, and the collecting gel 

(upper part of the gel) was severed. After that, the polyacrylamide gel was incubated 

for 30 min in fixation solution on a shaker. After three washing steps with desalted 

water, the gel was stained overnight with Coomassie staining solution on a shaker. The 

next day the gel was freed of abundant staining solution by incubation in desalted 

water for 6 hours (the water was changed every 2 hours). Then the staining pattern of 

the gel could be judged and was digitalized by a scanner.     

3.9.2.1. Materials for Coomassie staining 

Material Manufacturer 

Fixation solution: 

250 ml Isopropanol, 

100 ml acetic acid, 

 add ddH₂O to 1 l 

Nephrolab 

Sigma 

Roth 

Colloidal Coomassie staining solution: 

100 g ammonium sulfate, 

1 g Coomassie brilliant blue G-250, 

30 ml ortho-phosphoric acid 

 add ddH₂O to 1 l 

Nephrolab 

Roth 

Bio-Rad 

 

Gel scanner (Odyssey CLx) LI-COR 
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3.10. Generation of hybridoma cells 

Köhler and Milstein first published a method for the production of monoclonal 

antibodies 87. The technique is based on the fusion of multiple myeloma cells (a tumor 

of plasma cells) with murine B-cells of mice which were immunized with a specific 

antigen (80 μg per injection) two times with an interval of one week 64. Those cells are 

called hybridoma cells 64. The cells are fused using polyethylene glycol (PEG), which 

enables the fusion of cell membranes 64. The myeloma cells are selected beforehand 

regarding their deficiency of antibody production and the enzyme hypoxanthine-

guanine phosphoribosyltransferase (HGPRT) 95. The absence of this enzyme makes 

the myeloma cells sensitive for medium containing hypoxanthine-aminopterin-

thymidine (HAT) 95. The consequence is that unfused murine B-cells die after a few 

days in culture because they are not immortalized, and unfused myeloma cells die 

because of their sensitivity to HAT medium 95. Thus, only hybridoma cells can survive 

under this condition 95. The hybridoma cells are singularized by single-cell dilution and 

analyzed regarding the specificity of their produced monoclonal antibody by ELISA, 

WB, and IP. As part of this work, the immunization of two different mice was done by 

Gisela Slaats, Ph.D., and the generation of hybridoma cells and the culturing of those 

was done by Prof. Dr. Bernhard Schermer.   

3.11. ELISA 

ELISA is a method to detect an antibody with specificity for a particular antigen 10. The 

principle is very similar to western blot, which was described before. Special 96-wells 

(Nunc Maxisorb stripes in frame) were used for this ELISA test. The bottom of these 

96-wells can bind protein 10. First, the ELISA plate was coated with a defined antigen 

(60 ng protein in 100 μl PBS per well). Therefore, the plate was incubated at 4°C 

overnight. The next day the plate was washed once with PBST and blocked for one 

hour with PBS + 1% BSA (100 μl per well) at room temperature. After that, the plate 

was washed three times with PBST to eliminate excess blocking solution. Next, the 

plate was incubated for one hour at 37°C with different probes, which should be tested 

respectively their content of antibodies which are targeting the antigen the ELISA plate 

was coated with. As part of this work, culture media of different hybridoma clones, 

which contained antibodies secreted by the hybridoma cells, were tested. The ELISA 

plate was washed three times again with PBST. Thereafter, the plate was incubated for 

one hour at room temperature with an anti-IgG antibody coupled to horseradish 

peroxidase (1:5000 in PBST; 100 μl per well). Afterward, the plate was washed three 

times again with PBST. Finally, a developer solution was added to the wells of the plate 

to visualize in which well the secondary antibody was still present because of sufficient 
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binding between antigen and the first antibody. If the first antibody is still bound to its 

antigen, the secondary antibody has bound to the Fc domain of the first antibody, and 

the horseradish peroxidase coupled to the secondary antibody oxidizes TMB, which is 

contained in the developer solution 10. Through this oxidation, TMB turns blue 10. The 

reaction was stopped by addition of 2 M HCl when the positive control showed a solid 

blue color. HCl turns the color into yellow. In the end, the intensity of the color reaction 

was quantified by absorption measurement at 450 nm using a multimode plate reader.     

 Materials for ELISA 3.11.1.

Material Manufacturer 

BSA  

PBST (PBS + 0,05% Tween)  

Anti-mouse IgG (H+L) (see above) (1:5000 in PBST) Jackson 

ImmunoResearch 

Developer solution: 

50 mM  sodium acetate (pH 5), TMB (0,01 mg/ml), 

0,013% H₂O₂ 

 in ddH2O 

 

Sigma 

Roth 

HCl 2 M Merck 

Maxisorb stripes in frame Nunc 

Multimode plate reader EnSpire Perkin Elmer 

3.12. Generation of a monoclonal stable cell line using CRISPR/Cas9 

CRISPR/Cas9 is a genome editing system that is based on mechanisms of the 

adaptive immune response of bacteria to prevent the integration of virus DNA 61. The 

system consists of the Cas9 enzyme, which can bind RNA and cut double-stranded 

DNA, and a guide RNA which is derived from the transcription of integrated virus DNA 

or a synthetized guide RNA in a biotechnical context 124. Cas9 binds the guide RNA, 

which hybridizes due to its sequence with a specific genomic region, thus recruiting the 

Cas9 enzyme to this region and bringing it in close proximity to the DNA double-strand, 

which then can be cut by Cas9 124. As a result, this system makes it possible to target 

nearly every genomic region specifically by only designing and synthesizing the 

respective guide RNA 124. As part of this work, this system was used to create a 

monoclonal stable knock-in line where the sequence for a protein tag was knocked in 

right before the ATG of the gene of interest resulting in an endogenous fusion protein.  

Therefore, mouse IMCD3 cells were transfected with two plasmids using lipofectamine 

2000 (0.25 µg of both plasmids for one 24-well together with 50 µl Optimem and 1.5 µl 
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lipofectamine). One plasmid encoded for the guide RNA and Cas9 coupled to GFP via 

a 2A-peptide. The 2A-peptide is disrupted during translation resulting in two separate 

proteins (Cas9 and GFP). The other plasmid encoded for the tag sequence, which 

should be integrated right before (5’) the ATG and is flanked by a 5’ and a 3’ homology 

arm, which mediate the recruitment of the repair template to this specific genomic 

region. One week after transfection, the cells were FAC sorted like described below.         

 Fluorescence-activated cell sorting 3.12.1.

Eukaryotic cells which express a fluorescent protein (mostly genetically modified cells) 

can be separated from non-fluorescent cells by fluorescence-activated cell sorting 

(FACS) 1. The technology is based on flow cytometry and a set of lasers with different 

wavelength spectra, which can stimulate fluorescent proteins to emit light of a certain 

wavelength spectrum 1. As part of this work, this technique was used to create a 

transgenic monoclonal cell line using CRISPR/Cas9. The plasmid that encoded for 

Cas9 contained a GFP-reporter which served as a distinctive feature between 

sufficiently transfected and non-transfected cells. Two days after transfection, the cells 

were detached with trypsin and resuspended in medium. Next, they were spun down 

with 500 g for 3 min at room temperature. The supernatant was aspirated, and the 

pellet was resuspended in FACS-buffer (PBS with 2% FBS). The cells were 

transported like this to the BD FACSAria IIIu Svea (100 µm nozzle), which is in this 

case located in the MPI for Aging (Cologne). Finally, the fluorescent cells were 

separated from the non-fluorescent cells and sorted into 96-wells (one fluorescent cell 

per well; cultured with penicillin and streptomycin to prevent contamination by bacteria 

or fungi) to create monoclonal cell clones, which were further analyzed by integration 

PCR, WB, IP, and IF. 

 Lysis of monoclonal CRISPR cells for subsequent integration-PCR 3.12.2.

The cells were grown in 96-well plates. After splitting once 1:1 in 24-well plates, the 

cells were lysed for subsequent integration-PCR by removing the medium and adding 

30 µl lysis buffer. The cells were incubated for 5 min on a shaker at room temperature, 

and the extracts of every well were transferred to PCR tubes. Finally, the extracts were 

incubated for one hour at 56°C and 10 min at 95°C. 

3.12.2.1. Materials for lysis of monoclonal CRISPR cells 

Material Manufacurer 

Lysis buffer: 

10 mM Tris-HCl pH 8.3, 0.45% Tween, 0.45% Triton-X,  

Nephrolab 
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100 μg/ml proteinase K,  

50 mM KCl, 

2.5 mM MgCl₂ 

Fluka 

Roth 

Merck 

3.13. Generation of polyclonal stable cell lines using TALEN 

The Transcription Activator-like effector nucleases (TALEN) are fusion proteins that 

consist of a TAL-effector domain that mediates DNA binding and a nuclease domain 

that facilitates cutting of DNA 76. Depending on their TAL-effector domain, the TALENs 

function as sequence-specific restriction enzymes 76. Thus, eukaryotic cells can be 

transfected with the plasmids encoding for both TALEN enzymes (both enzymes cut in 

the same genetic locus (e.g., AAV locus (reported to be a save harbor locus in the 

genome of human cells)) in close proximity to each other; 0.5 μg of each plasmid was 

transfected) and a repair template (1 μg of the repair template was transfected) which 

is integrated into the endogenous DNA via the homology-directed repair pathway 76. 

The plasmid with the DNA sequence, which should be integrated into the cell genome, 

is flanked by two homology arms (at the 5’ and 3’ of the sequence) which mediate the 

integration of this sequence 76. In most cases, the DNA sequence which is integrated 

encodes for a fusion protein that consists of a tag peptide and a protein of interest. The 

result is a pool of untagged endogenous protein and a pool of tagged protein that is 

transcribed from the integrated DNA sequence, which consists of the coding sequence 

for the protein of interest and the tag sequence. Thus, the protein of interest can be 

investigated in a more stable and physiological status as under overexpression 

conditions. Furthermore, a puromycin resistance gene was integrated together with the 

sequence of the fusion protein. Thus, the cells could be selected for positive integration 

of the repair template through the addition of puromycin (final concentration 4 μg/ml) to 

the medium. The selection was started 24 h after transfection. The cell lines were 

further validated by integration-PCR, IF and used for mass spectrometry analysis.  

For lysis of TALEN cells for subsequent integration PCR, one tenth of a 6-well was 

resuspended in 20 μl quantilyse buffer after washing the cell pellet once with PBS. The 

resuspended pellet was then incubated for 30 min at 50°C and then further incubated 

for 10 min at 90°C. Finally, the sample was further diluted (1:1000). 1 μl of this dilution 

was added to the PCR as a template. 
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 Materials for generation of polyclonal stable cell lines using 3.13.1.

TALEN 

Material Manufacturer 

Quantilyse buffer: 

10 mM Tris, 5 μM SDS, 10 μg/μl proteinase K 

Nephrolab 
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4. Results 

4.1. Generation and analysis of homemade hybridoma clones 

regarding their anti-GLIS2 antibody production 

Before starting the generation of a homemade anti-GLIS2 antibody by hybridoma 

culture, we tested an existing commercial polyclonal anti-GLIS2 antibody (Atlas 

Antibodies (HPA056976)) regarding its suitability for applications like WB, IP, and IF 

staining. It turned out that the tested antibody was only able to detect overexpressed 

but not endogenous GLIS2 in western blot sufficiently. It was not suitable IP and IF 

staining. 

As the commercial anti-hGLIS2 antibody turned out to be not suitable for the desired 

downstream applications, we tried to generate a homemade monoclonal anti-GLIS2 

antibody. Therefore, we cloned the first 120 base pairs (N-terminus) of the coding 

sequence of the mouse Glis2 gene into a pET30b vector. This plasmid results in an N-

terminally His-tagged fusion protein after transformation and consecutive protein 

production in BL21 (+RIPL) bacteria. The first 360 base pairs of the coding sequence 

of Glis2 were chosen because this part excludes the zinc finger domains of GLIS2, 

which are common conserved domains among DNA-binding proteins. If the sequence 

for the zinc finger domains were included in the cloned fragment, the risk of generation 

of cross-reactive antibodies targeting zinc finger domains would be high. The His-tag 

was chosen because of its low immunogenicity to avoid the generation of antibodies 

targeting the protein tag 154. Figure 2 A shows the results of purification of the 

His.mGLIS2 (aa. 1-120) protein after immunoprecipitation and column purification of 

BL21 (+RIPL) bacteria lysates with consecutive SDS-page gel electrophoresis and 

coomassie staining. The fusion protein has a size of approximately 19 kDa. The fusion 

protein (prepared with an adjuvans) was injected into the hind limb of two different mice 

(Balb/C). After several injections, the serum of both mice was tested for polyclonal 

antibodies against GLIS2 via western blot. Figure 2 B shows that the polyclonal 

antibodies in the serum of both mice can specifically detect GFP.mGLIS2 expressed in 

HEK293T cells. GFP.hGLIS2 is not detected, GFP.NPHP9 served as a negative 

control. As described in the methods, the B-lymphocytes of the popliteal lymph node of 

the hind limb, where the fusion protein was injected, are fused to myeloma cells using 

PEG. After single-cell dilution and selection of hybridoma cells in cell culture, the 

clones each deriving from a single hybridoma cell were analyzed. In total, 473 clones 

were tested in ELISA, 193 clones were tested in western blot, and 27 clones were 

tested for immunoprecipitation. The ELISA test (Table 1) was used as the first 

screening method to examine the ability of the monoclonal antibody to bind native 
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GLIS2 protein. The wells were coated with GST.mGLIS2 (aa. 1-120) to avoid false-

positive results that might be caused by anti-His-tag antibodies. The three most 

promising clones (highest absorption value) were clones D1, D40, and E27 on this 

plate. Next, the ability to bind denatured GFP.mGLIS2 was tested via western blot 

using a special multi-blot device (for incubation of distinct areas of the membrane with 

supernatants of different hybridoma clones). Clones D1, D40, and E27 show either no 

detection of any protein (D1) or very unspecific detection of many different proteins 

(D40 or E27) and all of them were not able to detect specifically GFP.mGLIS2 (Figure 2 

C). Immunoprecipitation examines the capability of an antibody to bind a specific native 

protein. This ability is also essential for downstream applications like ChIP-seq or 

interactome analysis using mass spectrometry, as these techniques require a sufficient 

immunoprecipitation of a specific protein. Hence, the monoclonal antibodies contained 

in the supernatants of the respective hybridoma clones were coupled to protein G-

coated beads to test their ability to precipitate native GFP.mGLIS2. In Figure 2 D, there 

is an unspecific band around 100 kDa visible, which is slightly higher than the band 

which is specific for GFP.mGLIS2. This one is visible in the lysate and the 

immunoprecipitation of GFP.mGLIS2 with an anti-GFP antibody, where GFP.mGLIS2 

is strongly enriched compared to the lysate. All tested monoclonal antibodies of the 

different clones only show this unspecific band, which is more intense for clone D1. In 

conclusion, none of the 473 clones matched the detection requirements of native or 

denatured mGLIS2 in WB or IP.     
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Fig. 2:  Generic workflow for analysis of hybridoma clone supernatants 

A Eluates of N-terminally His-tagged truncated mGLIS2 (aa 1-120) after immunoprecipitation and column 

purification analyzed by SDS-page gel electrophoresis and subsequent Coomassie staining. B Western 

blot of lysates of HEK293T cells overexpressing GFP.mGLIS2, GFP.hGLIS2, GFP.NPHP9 and V5.GFP. 

Staining with serum of mice #529 and #532 and re-staining of the membrane was performed with an anti-

GFP antibody. C Western blot of lysate of HEK293T cells overexpressing GFP.mGLIS2 stained with 

supernatants of hybridoma clones, 3 minutes exposure time D IP of GFP.mGLIS2 from lysates of 

HEK293T cells overexpressing GFP.mGLIS2 by supernatants from clones tested in the western blot. In 

the negative control, an anti-V5 antibody and in the positive control, an anti-GFP antibody was used for the 

pull-down.  
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C24 

0,163 

C32 

0,102 

C40 

0,247 

D8 

0,119 

D16 

0,147 

D24 

0,124 

D32 

0,117 

D40 

1,769 

E8 

0,461 

E16 

0,134 

E24 

0,416 

neg. ctrl. 

PBST 

0,124 

C23 

0,145 

C31 

0,122 

C39 

0,591 

D7 

0,156 

 

D15 

0,209 

D23 

0,188 

D31 

0,119 

D39 

0,173 

E7 

0,190 

E15 

0,134 

E23 

0,129 

Serum of 

#529 

(1:1000) 

1,842 

C22 

0,162 

C30 

0,123 

C38 

0,132 

D6 

0,116 

D14 

0,263 

D22 

0,118 

D30 

0,120 

D38 

0,118 

E6 

0,122 

E14 

0,373 

E22 

0,118 

E30 

0,130 

C21 

0,133 

C29 

0,125 

C37 

0,329 

D5 

0,326 

D13 

0,195 

D21 

0,131 

D29 

0,201 

D37 

0,116 

E5 

0,258 

E13 

0,133 

E21 

0,124 

E29 

0,133 

C20 

0,140 

C28 

0,134 

C36 

0,130 

D4 

0,124 

D12 

0,116 

D20 

0,119 

D28 

0,138 

D36 

0,165 

E4 

0,128 

E12 

0,168 

E20 

0,124 

E28 

0,141 

C19 

0,121 

C27 

0,119 

C35 

0,129 

D3 

0,829 

D11 

0,138 

D19 

0,249 

D27 

0,117 

D35 

0,123 

E3 

0,589 

E11 

0,112 

E19 

0,119 

E27 

1,647 

C18 

0,122 

C26 

0,157 

C34 

0,130 

D2 

0,123 

D10 

0,121 

D18 

0,112 

D26 

0,121 

D34 

0,146 

E2 

0,151 

E10 

0,294 

E18 

0,138 

E26 

0,165 

C17 

0,117 

C25 

0,134 

C33 

0,165 

D1 

1,397 

D9 

0,134 

D17 

0,145 

D25 

0,153 

D33 

0,150 

E1 

0,133 

E9 

0,138 

E17 

0,163 

E25 

0,314 

 

Table 1: Evaluation of hybridoma supernatants by ELISA 

Readout of an absorption measurement at 450nm. The GST.mGLIS2 (aa 1-120) coated plate was 

incubated with the supernatants of the different hybridoma clones, each in a separate well. Clones with an 

absorption value above 1 are depicted in red. 94 clones were tested on this plate together with the serum 

of mouse #529 as positive control and PBST as a negative control. 
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4.2. 3xFLAG.emGFP.GLIS2 fusion protein is expressed at very low 

levels 

In parallel to the attempt to generate a homemade anti-mGLIS2 antibody, the 

generation of an IMCD3 GFP-FLAG-knock-in GLIS2 cell line using CRISPR/Cas9 was 

an alternative strategy to circumvent the problem of GLIS2 isolation from cell lines or 

kidney tissue for further biochemical analysis. For precise genome editing, we used the 

repair template (HA-Blasti.P2A.3xFLAG.spacer.emGFP.spacer-HA pUC19) (Figure 3 

A). Mouse inner medullary collecting duct cells were chosen for the generation of this 

cell line as they are ciliated and represent a renal cell type which is thought to play a 

crucial role in the pathophysiologic mechanisms occurring during the development of 

the renal phenotype of NPH 59. The blasticidin resistance gene was included in the 

insert to have the opportunity of antibiotic-based selection for cells that are positive for 

integration of the insert (Figure 3 A). The 3xFLAG-tag is encoded 5’ to the sequence of 

emGFP resulting in a 3xFLAG-tag at the N-terminus of the 3xFLAG.emGFP.GLIS2 

fusion protein to maintain the accessibility of the 3xFLAG-tag for anti-FLAG antibodies. 

The cells were FAC-sorted based on GFP expression encoded by the transfected 

plasmid for Cas9 and the sgRNA targeting the ATG of the Glis2 gene (mGLIS2 Crispr 

No3 pSpCas9(BB)-2A-GFP). 192 growing cell clones were obtained and screened for 

positive integration by integration PCR after extraction of genomic DNA of each cell 

clone (Figure 3 B). 14 of those showed a band of the expected size in the integration 

PCR and were further analyzed by Sanger sequencing of the region between the 3’ 

end of the insert and the ATG of the first coding exon (counted as exon 1, two exons 

are 5’ of this one but do not contribute to the coding sequence of the Glis2 gene). Only 

one clone (#46) of the sequenced ones turned out to have an error-free transition 

between the integrated sequence and the endogenous Glis2 coding sequence (not 

shown). Clone #46 was then further tested for expression of 3xFLAG.emGFP.GLIS2. 

Fluorescence microscopy (Zeiss LSM710) of cells from clone #46 did not show 

detectable GFP-mediated fluorescence, and those were also negative for anti-FLAG 

immunofluorescence staining (not shown). The detection of an anti-FLAG 

immunoprecipitation of 3xFLAG.emGFP.GLIS2 via western blot was also unsuccessful 

(not shown). Finally, targeted mass spectrometry, which is one of the most sensitive 

methods for detection of a specific protein from a cell lysate, was used to detect the 

fusion protein from an anti-FLAG immunoprecipitation of 3xFLAG.emGFP.GLIS2. 

Twenty 10 cm dishes per cell line were used (Figure 3 C). Peptides specific for the 

fusion protein (peptides from the region between the insert and endogenous Glis2 

sequence containing amino acids of the spacer and the first amino acids from the 

GLIS2 protein) were detected. However, the result also reflects the fact that the amount 
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of expressed 3xFLAG.emGFP.GLIS2 is very low. One reason for this is the 

heterozygosity which was proven by the amplification of a wild-type band and a 

transgenic band (forward primer binds 5’ of the insert and reverse primer binds 3’ of the 

insert) via PCR. However, GLIS2 might, in general, be a very low abundant protein. 

The extremely small amount of tagged GLIS2 makes this cell line unsuitable for desired 

downstream applications like mass spectrometry-based interactome analysis, ChIP-

seq, or nuclear laser ablation experiments using multiphoton microscopy as all of those 

methods require higher expression levels.  
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Fig. 3: Validation of IMCD3 3xFLAG-emGFP-KI GLIS2 CRISPR line 

A The design of the targeting vector. The ‘insert’ was embedded in a pUC19 vector surrounded by a 5’ and 

a 3’ homology arm. B Cell clones were tested by PCR to validate integration. A forward primer binding to 

the sequence of emGFP (GFP646/664fsp) and a reverse primer binding to the sequence of Glis2 (mGlis2 

Surveyor NRP2) (binds in intron 1, which is not part of the 3’ homology arm of the repair template) was 

used to generate a fragment of 1222bp size. C Mass spectrometry analysis was performed to detect the 

fusion protein after FLAG-immunoprecipitation of clone #46. Trypsin (blue) and Asp-N (orange) were used 

to digest the proteins in the sample, and fusion protein-specific peptides were searched. Peptide 

intensities under 10⁵ are not significant and are interpreted as background noise level. 
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4.3. Single copy integration of GFP.P2A.3xFLAG.GLIS2 and GLIS2 

mutant variants  

As the generated monoclonal IMCD3 3xFLAG.emGFP-knock-in GLIS2 CRISPR cell 

line turned out to be not suitable for any of the desired downstream applications we 

used a TALEN-based genome editing system to create a polyclonal HEK293T-based 

cell line expressing GFP.P2A.3xFLAG.GLIS2 by single copy integration in the AAVS1 

locus. The P2A-peptide between GFP and 3xFLAG facilitates cleavage during 

translation of the fusion protein via ribosome skipping 96. Thus, a 3xFLAG-tagged 

GLIS2 protein and GFP are expressed in equimolar amounts. GFP mainly serves as a 

reporter protein during the validation of the cell lines. In addition, we generated one cell 

line mimicking a published point mutation (IVS5+1G>T) and a second one missing all 

zinc finger motifs (only the first 121 N-terminal amino acids) 7. Both variants result in a 

truncated GLIS2 protein. Those cell lines were called HEK293T 

GFP.P2A.3xFLAG.GLIS2 (IVS5+1G>T) and HEK293T GFP.P2A.3xFLAG.GLIS2 1-121 

(Figure 4 A). The patient mutation IVS5+1G>T is a point mutation at the beginning of 

the sequence of intron five of the GLIS2 gene, which destroys the donor splice site. 

This can result in many possible GLIS2 variants depending on the way the resulting 

mutated pre-mRNA is further processed. We postulated a processing variant where the 

translation of the GLIS2 mRNA is terminated by a stop codon occurring in the middle of 

intron 5. This scenario was modeled by the cell line, expressing 3xFLAG.GLIS2 

(IVS5+1G>T). Therefore, the sequence of intron 5 until the first stop codon (251 bp) 

was amplified from human DNA and was fused to the coding sequence of the first five 

exons by overlap extension PCR and cloned into the AAV CAGGS GFP-P2A-3xFLAG 

vector. After transfection of the repair template and both TALEN arm plasmids, the 

resulting cell lines were first tested for integration events in the AAVS1 locus by 

integration PCR (not shown). Next, the cell lines were evaluated for GFP-mediated 

green fluorescence and the presence of FLAG-tagged fusion protein by fluorescence 

microscopy (Figure 4 B). A HEK293T GFP.P2A.3xFLAG cell line served as a control. 

The anti-FLAG immunofluorescence staining shows the subcellular localization of the 

different GLIS2 variants. In summary, the full-length variant shows a nuclear staining 

pattern, whereas the GLIS2 1-121 truncation shows a cytosolic accentuated staining 

pattern that omits the nucleus. This is consistent with the current understanding of 

GLIS2 structural biology that the third zinc finger domain is required for translocation to 

the nuclear compartment 145. The staining pattern of the GLIS2 IVS5+1G>T truncation 

is not specific for a subcellular compartment and is more distributed all over the cell, 

but in some cases, it also shows a nuclear-accentuated staining pattern.  
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Fig. 4: Validation of polyclonal HEK293T GLIS2 TALEN cell lines via immunofluorescence staining 

A Visualization of domains that are abrogated in the different truncations. The shortest truncation (1-121) 

lacks all zinc-finger domains. The IVS5+1G>T truncation still has three of the five zinc finger domains. The 

scheme of the part of GLIS2 which is expressed in the respective TALEN cell line is in the same row as 

the IF pictures of the respective cell line (scheme from Ramachandran, H., et al., The C175R mutation 

alters nuclear localization and transcriptional activity of the nephronophthisis NPHP7 gene product. Eur J 

Hum Genet, 2016. 24(5): p. 774-8. 
123

). B The TALEN cell lines were stained with an anti-FLAG antibody 

and a secondary antibody coupled to a Cy3-fluorophore. The slides were imaged with Zeiss LSM710 

confocal microscope. Scale bar = 5 µm 
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4.4. Interactome analysis of GLIS2 

As the goal of this work was to further characterize functions of GLIS2, mass 

spectrometry-based analysis of FLAG-immunoprecipitations of all four generated cell 

lines was performed. The truncated TALEN cell lines were generated to find out which 

protein interactions are lost if only the first five exons are correctly translated (HEK293T 

GFP.P2A.3xFLAG.GLIS2 (IVS5+1G>T)) or when all five zinc finger domains are 

absent (HEK293T GFP.P2A.3xFLAG.GLIS2 1-121) compared to the protein 

interactions of the full-length GLIS2 protein. The FLAG-immunoprecipitations of four 

replicates were derived from four different passages (p. +2, +4, +6, +8). It is important 

to note that mass spectrometry-based analysis of protein interactors not only reveals 

proteins that are in direct physical interaction with GLIS2 but also proteins that are part 

of the same protein complex as GLIS2. After FLAG-immunoprecipitation, digestion of 

the proteins, and mass spectrometry measurement, the raw mass spectrometry data 

was quantified and normalized with MaxQuant software and was further analyzed with 

Perseus version 1.5.5.3 30,31,143. Fast Pearson correlation between the samples was 

performed as quality control. The clustering of the samples based on similarity 

regarding the peptide composition of the sample was visualized in a heat map (Figure 

5 A). In each case, samples of the GLIS2 FL cell line, the GLIS2 IVS5+1G>T line, and 

the control line are clustering nicely together, which shows the similarity of the samples 

of one cell line as expected. Only samples of the GLIS2 1-121 cell line are not 

clustering in a separate group and are distributed over the three other groups. This 

observation reflects the fact that the set of proteins which is detected in samples of the 

GLIS2 1-121 line shares a partial similarity with the other two GLIS2 TALEN lines. The 

small number of significant interactors of the GLIS2 1-121 line also explains the partial 

similarity to the control line. The interactome analysis revealed 477 significant 

interactors for the cell line, expressing 3xFLAG.GLIS2 FL, 15 significant interactors for 

the cell line, expressing 3xFLAG.GLIS2 1-121, and 450 significant interactors for the 

cell line, expressing 3xFLAG.GLIS2 (IVS5+1G>T). The overlap regarding significant 

protein interactors of 3xFLAG.GLIS2 FL and 3xFLAG.GLIS2 (IVS5+1G>T) adds up to 

412. These two lines show to have a common subset of protein interactors which are 

localizing in the nuclear compartment like Poly (ADP-ribose) polymerase 1 (PARP1), 

DNA repair protein RAD50 (RAD50), DNA-dependent protein kinase catalytic subunit 

(PRKDC), and DNA polymerase delta (POLD1) (interacts with the catalytic subunit of 

POLD1), X-ray repair protein 5 (XRCC5, Ku80), XRCC6 (Ku70) and DNA-ligase 3 

(LIG3) 25,114. Table 3 lists central DDR proteins found in the interactome of 

3xFLAG.GLIS2 FL. This finding is also consistent with our immunofluorescence 

staining where 3xFLAG.GLIS2 FL and 3xFLAG.GLIS2 (IVS5+1G>T) showed a nuclear-
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accentuated staining pattern and suggested that this interaction occurs in the nuclear 

compartment. Comparison with a published nuclear proteome shows that about one 

quarter of the significant interactors of 3x.FLAG.GLIS2 FL is localizing to the nuclear 

compartment (Figure 6 B) 41. However, proteins that are reported to be part of the 

ciliary proteome generated by proximity labeling (APEX) are also found in this 

interactome (Venn diagram in Figure 6 A and details in section 5.4.) 88,108. Among the 

GLIS2 interactors, there are 64 proteins (of 301 proteins in total) which were also found 

to be part of the ciliary proteome in the study of Kohli et al. (2017), and 62 proteins (of 

370 proteins in total) which were part of the ciliary proteome published by Mick et al. 

(2015) 88,108. Those two groups of proteins share an overlap of 18 proteins which are 

found in both ciliary proteomes and the GLIS2 interactome. These findings provide 

some evidence for the ciliary role of GLIS2. Hence, GLIS2 seems to play a dual role in 

nuclear and ciliary processes. The top 30 interactors (depicted in red in the half 

volcano plots), which were defined by the 30 highest values for the multiplication of the 

log₂LFQ-value and the respective log10 of the negative p-value are listed (for 

3xFLAG.GLIS2 FL and 3xFLAG.GLIS2 (IVS5+1G>T)) in table 2 (A-C). Gene ontology 

term enrichment analysis regarding biological processes was also performed and 

revealed roles of GLIS2 in the regulation of G-protein signaling and actin dynamics 

(section 7.3.) particularly. Of course, GO-term enrichment analysis has limited validity 

in the context of interactome analysis and should be therefore judged with caution. 
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Fig. 5: FLAG-immunoprecipitation of polyclonal HEK293T GLIS2 TALEN cell lines with subsequent 

mass spectrometry-based interactome analysis 

A Heat map visualizes the extent of similarity regarding the set of detected proteins of one sample 

compared to the other samples (high similarity=red, low similarity=green) based on fast Pearson 

correlation. Hierarchical clustering of the samples is based on Euclidean distance. B C D The volcano 

plots show logarithmized (log₂) fold change of LFQ values measured in three HEK293T GLIS2 TALEN 

lines (GFP.P2A.3xFLAG.GLIS2 FL (B), GFP.P2A.3xFLAG.GLIS2 1-121 (C) and GFP.P2A.3xFLAG.GLIS2 

IVS5+1G>T (D)) versus the control line (GFP.P2A.3xFLAG). Ratios were plotted against the negative 

logarithmic P-value of the Student’s t-test. Every detected protein is represented by a dot. Dots on the right 

side of the curved line are determined to be significant interactors (FDR 0.05, s0: 0,1). To B and D: Top 30 

protein interactors (depicted in red) were chosen by multiplication of negative logarithmic P-value with log₂ 

fold change of LFQ value of one protein. The 30 proteins with the strongest interaction were marked in red 

(list of top interactors of GFP.P2A.3xFLAG.GLIS2 FL and GFP.P2A.3xFLAG.GLIS2 IVS5+1G>T in Table 2 

A and C). To C: All significant interactors of GFP.P2A.3xFLAG.GLIS2 1-121 are depicted in red (table 2 B)  

 

A 

-log10 p-

value 

hGlis2-

FL_Flag-

Talen-

IP_ctrl 

log2 

Difference 

hGlis2-

FL_Flag-

Talen-IP_ctrl 

Protein IDs Protein names Gene 

names 

5,76243 4,18913 Q9UBI6 Guanine nucleotide-binding 

protein G(I)/G(S)/G(O) 

subunit gamma-12 

GNG12 

4,61137 3,82582 Q7Z2K8 G protein-regulated inducer 

of neurite outgrowth 1 

GPRIN1 

5,69428 3,08265 P08133 Annexin A6 ANXA6 

6,70295 2,64513 P63096 Guanine nucleotide-binding 

protein G(i) subunit alpha-1 

GNAI1 

5,36267 3,08465 Q96BJ3 Axin interactor, 

dorsalization-associated 

protein 

AIDA 

5,45814 2,74595 Q9Y3L5 Ras-related protein Rap-2c RAP2C 

5,52982 2,70249 Q9NZR1 Tropomodulin-2 TMOD2 

5,37231 2,7421 P13987 CD59 glycoprotein CD59 

4,77037 3,00529 Q15185 Prostaglandin E synthase 3 PTGES3 

5,9628 2,27591 Q86X29 Lipolysis-stimulated 

lipoprotein receptor 

LSR 

5,1126 2,59373 Q9HAC8 Ubiquitin domain-containing 

protein 1 

UBTD1 

4,68196 2,75224 P49795 Regulator of G-protein 

signaling 19 

RGS19 

4,87865 2,60914 Q9Y2J2;Q9H4G0 Band 4.1-like protein 3;Band EPB41L
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4.1-like protein 3, N-

terminally processed 

3 

4,18699 3,034 P60953;P84095;P17081;Q9H

4E5 

Cell division control protein 

42 homolog 

CDC42 

4,30492 2,76281 P07737;CON__P02584 Profilin-1 PFN1 

5,16776 2,21384 P06396;REV__Q6TDU7 Gelsolin GSN 

4,2069 2,71697 Q14156 Protein EFR3 homolog A EFR3A 

3,37995 3,3537 Q9BR76;A9Z1Z3 Coronin-1B CORO1

B 

4,10132 2,63791 P13591 Neural cell adhesion 

molecule 1 

NCAM1 

5,5974 1,91059 Q5TC63 Growth hormone-regulated 

TBC protein 1 

GRTP1 

4,64006 2,27557 Q9UKS6 Protein kinase C and casein 

kinase substrate in neurons 

protein 3 

PACSIN

3 

4,70237 2,24237 O75369;Q14315 Filamin-B FLNB 

4,04302 2,60303 P19022;P55283 Cadherin-2 CDH2 

5,81 1,81117 Q14152 Eukaryotic translation 

initiation factor 3 subunit A 

EIF3A 

4,09373 2,50408 Q12860 Contactin-1 CNTN1 

5,17662 1,97426 Q9ULJ8 Neurabin-1 PPP1R9

A 

4,97748 2,05081 P04899 Guanine nucleotide-binding 

protein G(i) subunit alpha-2 

GNAI2 

5,54392 1,82769 Q09666;P48552 Neuroblast differentiation-

associated protein AHNAK 

AHNAK 

3,77346 2,65904 Q0ZGT2 Nexilin NEXN 

4,63874 2,15844 P29966 Myristoylated alanine-rich C-

kinase substrate 

MARCK

S 

 

B 

-log10 p-

value 

hGlis2-1-

121_Flag-

Talen-

IP_ctrl 

log2 

Difference 

hGlis2-1-

121_Flag-

Talen-IP_ctrl 

Protein IDs Protein names Gene 

names 

2,02623865 3,4113369 O14974 Protein phosphatase 1 

regulatory subunit 12A 

PPP1R12 

A 

2,48987428 2,31237984 Q9Y5S2 Serine/threonine-protein 

kinase MRCK beta 

CDC42BP

B 

2,17409814 2,21441317 P23470 Receptor-type tyrosine-protein PTPRG 
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phosphatase gamma 

2,16176653 2,22058249 P54826 Growth arrest-specific protein 

1 

GAS1 

2,76640358 1,70435905 P49795 Regulator of G-protein 

signaling 19 

RGS19 

2,29867838 1,95638847 P13987 CD59 glycoprotein CD59 

2,29553561 1,89747715 P25787 Proteasome subunit alpha 

type-2 

PSMA2 

2,25924379 1,89570856 P09493 Tropomyosin alpha-1 chain TPM1 

2,9847833 1,39995193 Q96GA3 Protein LTV1 homolog LTV1 

2,31302462 1,76951408 Q9P0K7;Q9C0D0 Ankycorbin RAI14 

2,46491658 1,62725639 Q4VCS5;Q8IY63 Angiomotin AMOT 

2,40443223 1,6631732 P62191 26S protease regulatory 

subunit 4 

PSMC1 

2,26484368 1,51733303 P78368 Casein kinase I isoform 

gamma-2 

CSNK1G2 

3,56243759 0,66585922 P34932 Heat shock 70 kDa protein 4 HSPA4 

 

C 

-log10 p-value 

hGlis2- 

(IVS5+1G>T)_Fl

ag-Talen-IP_ctrl 

log2 Difference 

hGlis2- 

(IVS5+1G>T)_Fl

ag-Talen-IP_ctrl 

Protein IDs Protein names Gene 

names 

4,41642204 4,84759331 Q9UBI6 Guanine nucleotide-

binding protein 

G(I)/G(S)/G(O) subunit 

gamma-12 

GNG12 

5,9517704 3,01072741 Q9HAC8 Ubiquitin domain-

containing protein 1 

UBTD1 

5,32801248 3,25308657 Q96BJ3 Axin interactor, 

dorsalization-associated 

protein 

AIDA 

6,68241355 2,56146288 P42356;A4QPH2;Q8N8

J0 

Phosphatidylinositol 4-

kinase alpha 

PI4KA 

4,48484873 3,77360535 Q7Z2K8 G protein-regulated 

inducer of neurite 

outgrowth 1 

GPRIN1 

5,08223707 3,15878677 P19086 Guanine nucleotide-

binding protein G(z) 

subunit alpha 

GANZ 

5,14129378 3,1163969 P19022;P55283 Cadherin-2 CDH2 

5,8159554 2,73722887 Q86X29 Lipolysis-stimulated 

lipoprotein receptor 

LSR 
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5,27131094 2,98893547 P13987 CD59 glycoprotein CD59 

6,51243974 2,35833549 P63096 Guanine nucleotide-

binding protein G(i) 

subunit alpha-1 

GNAI1 

6,2091256 2,44550705 P29992;O95837 Guanine nucleotide-

binding protein subunit 

alpha-11 

GNA11 

5,74903412 2,59295034 Q9Y3L5 Ras-related protein Rap-

2c 

RAP2C 

5,17688421 2,86677837 P63000;P60763;P1515

3 

Ras-related C3 botulinum 

toxin substrate 1;Ras-

related C3 botulinum toxin 

substrate 3;Ras-related C3 

botulinum toxin substrate 2 

RAC1; 

RAC3; 

RAC2 

5,78074396 2,56538773 P61225 Ras-related protein Rap-

2b 

RAP2B 

4,46393525 3,23396826 Q14156 Protein EFR3 homolog A EFR3A 

6,71765403 2,13004541 Q14152 Eukaryotic translation 

initiation factor 3 subunit A 

EIF3A 

4,9701772 2,86534786 Q9Y2J2;Q9H4G0 Band 4.1-like protein 

3;Band 4.1-like protein 3, 

N-terminally processed 

EPB41L3 

5,7261928 2,45419693 Q09666;P48552 Neuroblast differentiation-

associated protein AHNAK 

AHNAK 

5,83075507 2,39995861 O75369;Q14315 Filamin-B FLNB 

4,28509871 3,25619984 P01112 GTPase HRas;GTPase 

HRas, N-terminally 

processed 

HRAS 

5,31433452 2,61180544 P06396;REV__Q6TDU

7 

Gelsolin GSN 

5,06842042 2,68973684 Q9NZR1 Tropomodulin-2 TMOD2 

4,73983976 2,82629108 P08133 Annexin A6 ANXA6 

4,56724917 2,90123701 Q86UN3 Reticulon-4 receptor-like 2 RTN4RL

2 

4,91954238 2,68500853 Q12860 Contactin-1 CNTN1 

5,64999068 2,33410358 P04899 Guanine nucleotide-

binding protein G(i) 

subunit alpha-2 

GNAI2 

4,98168267 2,64010715 O00161 Synaptosomal-associated 

protein 23 

SNAP23 

4,38588779 2,96822882 Q7L7X3 Serine/threonine-protein 

kinase TAO1 

TAOK1 

5,58921363 2,3150835 Q12904 Aminoacyl tRNA synthase 

complex-interacting 

AIMP1 
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multifunctional protein 

1;Endothelial monocyte-

activating polypeptide 2 

4,92447068 2,60756683 Q9Y6M4;Q9HCP0 Casein kinase I isoform 

gamma-3;Casein kinase I 

isoform gamma-1 

CSNK1G

3; 

CSNK1G

1 

 

Table 2: Top GLIS2  interactors of each TALEN cell line  

A-C Tables of top interactors of each TALEN cell line. Top 30 interactors listed for 3xFLAG.GLIS2 FL (A) 

and 3xFLAG.GLIS2 IVS5+1G>T (C). 3xFLAG.GLIS2 1-121 (B) had only 14 significant interactors. 
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Fig. 6: Overlap of significant interactors (for GLIS2 FL) with ciliary and nuclear proteomes 

A Venn diagram shows the overlap between significant interactors of 3xFLAG.GLIS2 FL and published 

ciliary proteomes. A list of ciliary proteins which are among the significant interactors of 3xFLAG.GLIS2 FL 

can be found in the supplements (section 7.4.) B Venn diagram showing the overlap between significant 

interactors of 3x.FLAG.GLIS2 FL and a nuclear proteome published by Fink et al. in 2008 
41

. 

 

-log10 p-

value 

hGlis2-

FL_Flag-

Talen-

IP_ctrl 

log2 

Difference 

hGlis2-

FL_Flag-

Talen-IP_ctrl 

Protein 

IDs 

Protein names Gene 

names 

2,26658838 0,38308716 P78527 DNA-dependent protein kinase catalytic subunit PRKDC 

1,35425931 0,32524395 Q92878 DNA repair protein RAD50 RAD50 

2,58362698 0,44077206 P49916 DNA ligase 3 LIG3 

2,37411254 0,46092415 P09874 Poly [ADP-ribose] polymerase 1 PARP1 

1,34678916 1,25885582 P28340 DNA polymerase delta catalytic subunit POLD1 

3,44963628 0,66652918 P12956 X-ray repair cross-complementing protein 6 

(Ku70) 

XRCC6 

3,02976583 0,75647402 P13010 X-ray repair cross-complementing protein 5 

(Ku80) 

XRCC5 

4,90488816 1,91962051 P23921 Ribonucleoside-diphosphate reductase large 

subunit 

RRM1 

 
Table 3: Central DDR proteins among the significant interactors of 3x.FLAG.GLIS2 FL 
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5. Discussion 

We aimed to study the physiological functions of GLIS2, and therefore several attempts 

were made to isolate GLIS2 for further analysis. The validation of a commercial anti-

GLIS2 antibody revealed that this polyclonal antibody was not suitable for 

immunoprecipitation of endogenous or overexpressed GLIS2. The consecutive attempt 

to produce a homemade antibody by hybridoma culture was also not successful 

(section 4.1.). The approach to generate an IMCD3 3xFLAG-emGFP-KI GLIS2 

CRISPR line worked methodically but was not suitable for any of the desired 

downstream applications due to the low expression of 3xFLAG.GLIS2 (section 4.2.).  

The methodical difficulties of developing tools to investigate GLIS2’s physiological 

functions are also discussed in this chapter (sections 5.1. and 5.2.), and alternative 

approaches for future experiments are pointed out. 

The interactome of GLIS2 generated by mass spectrometry-based analysis of FLAG-

immunoprecipitates of FLAG-tagged GLIS2 TALEN lines as described in this work 

provides the basis for future experiments elucidating the pathogenic mechanisms of 

NPH (type 7) and gives indications which role GLIS2 might play in the nucleus and 

potentially at the primary cilium (sections 5.3., 5.4. and 5.5.).     

5.1. Challenges of anti-GLIS2 antibody generation by hybridoma 

culture and related techniques  

The generation of monoclonal antibodies by hybridoma cell culture is a well-established 

method in the Nephrolab Cologne. The workflow for screening of hybridoma clones 

consisting of ELISA, western blot using a multi-blot-devise, immunofluorescence 

staining, and immunoprecipitation is also well-established. A crucial aspect regarding 

this screening workflow is that positive results in the ELISA (meaning high absorption 

values, section 3.11.) have only limited predictive worth. Thus, clones which had a 

strongly positive result in the ELISA were not suitable for immunofluorescence staining 

or immunoprecipitation, although, in all three techniques, the recognition of native 

protein is required. This observation might be due to different requirements regarding 

the affinity of a specific monoclonal antibody to its antigen between the different 

techniques, as the biochemical context in which the binding of the antibody to its 

antigen occurs is slightly different (see method section). Another aspect that limits the 

number of screened clones is that the ELISA, which is the first step in the screening 

workflow, selects for monoclonal antibodies with specificity for continuous or 

discontinuous epitopes, which need to be at the surface of the protein 51. In contrast, in 

SDS-PAGE and immune blotting, a protein exists in its denatured state, thus lacking 

most of the discontinuous epitopes theoretically but presenting continuous epitopes, 
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which are hardly accessible in the native state of the protein. This implies that 

monoclonal antibodies, which are not able to detect native protein (negative result in 

ELISA), still can have the potential to detect denatured protein by recognition of 

continuous epitopes, which are only accessible in the denatured state. This limitation of 

the workflow was accepted as the desired monoclonal anti-GLIS2 antibody should 

combine both requirements (recognition of native and denatured GLIS2) to be suitable 

for downstream applications, which require an immunoprecipitation step (ChIP-Seq, 

interactome analysis), and for western blot. 

Another aspect to be considered is that the tertiary structure of the injected His-tagged 

GLIS2 (1-120 aa) peptide used for immunization might differ from this part of GLIS2 in 

the context of the wild-type protein due to steric interactions with other parts of GLIS2, 

which were not present in the injected peptide.  

Another complication could be the generation of an anti-mouse-GLIS2 antibody by 

immunization of mice with His.GLIS2 (1-120 aa) of mouse origin. Potentially, the 

immunogenicity is reduced since the injected peptide is derived from the mouse 

homolog of GLIS2. This reduction might be due to the process of self-peptide 

presentation, which occurs continuously in eukaryotic cells, where proteins are 

degraded by the proteasome and the resulting peptide fragments are loaded on the 

major histocompatibility complex 1 (MHC1) (presents peptides with a length of 9-10 

amino acids) and are presented on the cell surface to different cells of the immune 

system 140. Several mechanisms prevent the activation of immune cells through these 

peptides 100. The failure of these mechanisms can lead to auto-immune responses 100. 

In summary, the immune response in the mouse evoked by a mouse peptide should be 

lower than the one evoked by a peptide derived from the homolog of another species. 

This might explain at least partially why the generation of an anti-GLIS2 antibody failed. 

There is also an alternative way of processing hybridoma cells after fusion, which 

introduces an additional selection step based on the affinity of membrane-bound 

antibodies to the peptide the mouse was immunized with 119. Special myeloma cells are 

used (so-called SP2ab cells) as fusion partners of the murine B-cells 119. After fusion 

with PEG, the resulting hybridoma cells are able to secrete an antibody of certain 

specificity like conventional hybridoma cells but also to express a membrane-bound 

variant of the same antibody 119. Thus, it is possible to incubate all the hybridoma cells 

resulting from the fusion with a fluorophore-coupled variant of the peptide, which was 

used for the immunization of the mouse 119. Next, the cells are FAC-sorted 119. In this 

way, only hybridoma cells that can bind the fluorophore-coupled peptide through their 

membrane-bound antibody have a positive fluorescence signal and are FAC-sorted 

accordingly 119. This strategy would add a selection step to the workflow and would 
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already select for hybridoma cells with specificity for native immunization peptides 

(e.g., His.mGLIS2 (1-120 aa)).           

5.2. CRISPR/Cas9-based genome editing for generation of a 

monoclonal cell line 

The generation of the monoclonal IMCD3 3xFLAG-emGFP-KI GLIS2 CRISPR line 

bypassed the problem of a missing anti-GLIS2 antibody. The CRISPR/Cas9 genome-

editing system provides a new possibility to generate transgenic cell lines or organisms 

in an exact and flexible way 124. As the endogenous copies of Glis2 are tagged, the 

resulting cell line has very similar physiology compared to the wild-type cells 124. In the 

case of overexpression or genome editing approaches, where a third copy of the gene 

encoding for a specific protein is introduced (e.g., TALEN), the amount of respective 

protein is typically higher as compared to the wild-type cell line 76. Furthermore, the 

additional protein is transcribed from the coding sequence of the gene, which is under 

the control of a different promotor (in most cases, a promotor with high activity) 76. As 

already described in the result section, the generated IMCD3 3xFLAG-emGFP-KI 

GLIS2 CRISPR line expressed a very low amount of 3xFLAG.emGFP.GLIS2, which 

made this cell line unsuitable for any of the desired downstream applications. This was 

due to the heterozygosity and most likely the extremely low physiologic expression 

level of GLIS2. However, the extremely low expression levels of GLIS2 could also have 

additional reasons. For example, GLIS2 might need a specific stimulus that 

upregulates its expression or induces its stabilization by post-translational 

modifications, which protects GLIS2 from degradation. Based on the hypothesis that 

GLIS2 plays a role in the DDR, a possible stimulus for GLIS2 expression or GLIS2 

stabilization could be treatment with UV light or substances like aphidicolin which 

induces DNA damage and thus an increase in DDR signaling 135. The problem of low 

expression levels could perhaps be solved by using a homozygous knock-in line, which 

might express higher levels of tagged GLIS2 per cell. At this point, the size (1287 bp) of 

the insert, which should be integrated into the genome, and the consecutive need to 

deliver the insert embedded in a plasmid, is critical and might have prevented 

homozygous integration. The strategy we used could be modified regarding the size of 

the insert. The sequence of the blasticidin resistance gene and the sequence of the 

adjacent P2A-peptide were actually not needed as the selection of transfected cells 

was based on FAC-sorting of GFP-positive cells (section 4.2.). The blasticidin 

resistance gene was introduced to the cells as a backup strategy for the selection of 

successfully transfected cells. Another way to shorten the insert would be to reduce the 

size of a tag sequence (e.g., 3xFLAG-tag only). Smaller inserts (up to 150 bp) offer the 
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opportunity to be delivered in the form of cheap single-stranded oligodeoxynucleotides 

(ssODNs), which increases the probability of integration events 2. More integration 

events would also lead to a higher number of transgenic cells from one transfection 

and also to a consecutive higher probability of homozygous transgenic cells, which 

might solve the problem of low levels of tagged GLIS2. However, even homozygous 

integration might not solve detection problems of endogenously-tagged proteins in the 

case of an extremely low abundant protein. In our case, however, we used TALEN-

mediated integration of the transgene in a safe-harbor locus to continue with the 

GLIS2-interactome project.  

5.3. Novel protein interactors of GLIS2 identified by MS-analysis and 

their possible relevance in the physiological context 

The newly-generated dataset of significant protein interactors of GLIS2 derived from 

FLAG-immunoprecipitations of lysates from polyclonal stable cell lines, expressing 

wild-type GLIS2 and two GLIS2 truncations, is the first unbiased interactome for GLIS2 

on the protein level. Other studies identified GLIS2 protein interactors by yeast two-

hybrid (Y2H) screenings or co-immunoprecipitation experiments with overexpressed 

GLIS2 and prospective interactors in overexpression 72,122. The risk of studying GLIS2 

by using transient transfections is that this results in much higher expression levels 

when compared to endogenous levels and concomitant possible unspecific interactions 

with other proteins leading to false-positive results. We avoided this by using TALEN-

mediated single copy integration. Limitations of the approach chosen in this work are 

that a stable cell line instead of kidney tissue was used and that the tagged GLIS2 

protein is expressed under a different promotor as compared to endogenous GLIS2. 

The mass spectrometry-based analysis of an immunoprecipitation has the theoretical 

potential to detect all proteins involved in a particular protein complex. This potential 

implicates the ability to additionally reveal proteins that are not directly interacting with 

GLIS2 but are also part of the same protein complex. Furthermore, it is vital to consider 

that volatile interactions between two proteins might not be detected since their 

interaction is only present shortly, at low affinity or because it only occurs in a particular 

cellular context (e.g., in the presence of a specific extracellular stimulus). Proteins 

expressed at low levels might not be detected and therefore missed in our analysis.  

Among the 477 potential interactors, there are a few candidates who point into a whole 

new direction regarding the physiological functions of GLIS2. Remarkably, proteins like 

PARP1, DNA-PK (catalytic subunit), and RAD50 are critical players in the DNA 

damage response and are also part of the proteins complex that was determined as 

significant interactors of GLIS2 25. Especially, PARP1, DNA-PKcs, Ku70 (XRCC6), and 
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Ku80 (XRCC5) are involved in the recognition of DNA breaks and consecutive 

recruitment of downstream proteins of the DNA damage response signaling cascades 

105. RAD50 is also involved in DSB repair as it is part of the DSB-sensing MRN 

complex 16. As described in the introduction (section 2.5.), seven NPH proteins 

(CEP164, GLIS2, ZNF423, NEK8, CEP290, SDCCAG8, MAPKBP1) have already been 

linked to DDR signaling, thereby creating a possible connection of altered or impaired 

DDR in the disease status and the resulting NPH phenotype 3,19,24,98,102,133. Lu et al. 

(2016) showed that renal epithelial GLIS2 knock-out cells exhibit elevated levels of the 

DNA damage marker γH2AX (phosphorylated histone H2AX at Ser139), indicating that 

DNA damage-induced signaling is activated when GLIS2 function is impaired 98. As the 

phosphorylation of H2AX is a reaction to a detected DNA lesion, this could implicate 

the accumulation of DNA damage in those cells in case the repair is insufficient. The 

interactome analysis presented in this work gives first hints for the possible mechanism 

underlying elevated levels of the DNA damage marker γH2AX. Therefore, it would be 

possible that GLIS2 represents an enhancer for critical components of the DDR like 

PARP1, DNA-PK, RAD50, Ku70, and Ku80, resulting in the prevention of the 

accumulation of DNA damage, thus preventing the cell from entering cellular processes 

like apoptosis or senescence 16. The mechanistic connection between the 

accumulation of DNA damage and development of fibrosis with the epithelial-

mesenchymal transition (EMT) as a central process on the one hand and inflammatory 

infiltration of the interstitium, on the other hand, remains to be uncovered for the 

context of NPH 7,98. It is known that detecting DNA damage by components of the DDR 

like PARP1 or DNA-PK can stimulate interferon production with consecutive activation 

of the immune system 113. For DNA-PK, this is only described in the context of 

cytoplasmic DNA, but for PARP1, NF-κB mediated transcription of TNF-α, IL-6, and 

iNOS upon DNA strand breaks of genomic DNA via activation of PIASy, NEMO, and 

ATM is described 105,113. This mechanism represents a direct connection between DNA 

damage, as a result of genotoxic stress, replication stress, or inflammation. 

Furthermore, it is known that chronic inflammation promotes a profibrotic environment 

in the kidney, thereby promoting processes like EMT and profibrotic signaling, which 

further amplifies the genotoxic stress for the resident tissue cells 113. This results in an 

accumulation of DNA damage and consecutively in an aggravation of the inflammatory 

response like a vicious circle, providing a pathophysiologic mechanism connecting 

impaired GLIS2 function and the resulting NPH phenotype 113. 

The interactome of the cell line, expressing 3xFLAG GLIS2 (IVS5+1G>T), revealed 450 

significant protein interactors, of which 412 protein interactor overlap with the full-length 

interactome (section 4.4.). This number is surprisingly high as this cell line was 
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supposed to represent the mutant GLIS2 protein being present in patients with the 

IVS5+1G>T mutation. This result suggests that the postulated GLIS2 variant present in 

the TALEN line might be a different one than being present in the patients with NPH 

type 7. This assumption is further supported when looking into the mutant interactome 

as it contains, amongst others, the central DDR proteins like PARP1, DNA-PKcs, and 

RAD50. These are highly interesting protein interactors that also appear in the full-

length interactome. The potential GLIS2 functions associated with these protein 

interactions could have an important pathogenic role in the pathophysiology of NPH 

type 7. In the end, it is difficult to judge how realistic the mutant variant of GLIS2 might 

be as the protein interactions which are crucial for GLIS2 function in the physiological 

context are not known yet.  

The second mutant GLIS2 interactome derived from the cell line, expressing 

3xFLAG.GLIS2 1-121, revealed 14 significant protein interactors (Figure 5 C; Table 2 

B). This result reflects the fact that this GLIS2 truncation misses all five zinc finger 

domains, which are crucial for GLIS2 function and which are also required for the 

import of GLIS2 in the nucleus (especially the first three zinc finger domains). The 

mutant GLIS2 variant only localizes to the cytosol and is not transported into the 

nucleus, which was examined by immunofluorescence microscopy (section 4.3.). The 

mutant GLIS2 protein might be rapidly degraded in the cell because of its poor or 

missing functionality. The importance of the zinc finger domains for GLIS2 function is 

further underpinned by a recently reported patient mutation – an in-frame deletion of 

five amino acids – resulting in an altered structure of the first zinc finger domain, which 

was found to be causative for the typical NPH phenotype 4. 

5.4. The question of subcellular localization of GLIS2 and respective 

functions 

The GLIS2 interactome analysis potentially provides new insights regarding the 

subcellular localization of GLIS2 and the possible physiological functions of GLIS2 

arising from the respective subcellular localization. NPH is classified as a ciliopathy as 

the gene products of the NPH-associated genes are all shown or at least thought to 

localize to the primary cilium. In the case of mutated GLIS2, which is responsible for 

NPH type 7, it is not yet clearly proven that GLIS2 localizes to the primary cilium. 

Attanasio et al. (2007) showed GLIS2 to localize to the primary cilium with distribution 

over the whole ciliary compartment 7. In our lab, it was not possible to reproduce these 

results with the same antibody which was used for this publication and even with 

different overexpression constructs. A contradictory aspect for its localization in the 

ciliary compartment distal of the ciliary transition zone might be that GLIS2 lacks the 
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ciliary localization signal (CLS), which is required for Transportin 1 (TNPO1) mediated 

import into the ciliary compartment 73. Its paralogs GLIS3, GLI1, GLI2, and GLI3 use 

this mechanism to enter the ciliary compartment 73. So if GLIS2 would localize to the 

primary cilium, one would expect it to localize rather at the ciliary base proximal of the 

transition zone. Nevertheless, TNPO1 is one of the significant interactors of GLIS2 

revealed by the interactome analysis of GLIS2. This interaction could occur if GLIS2 

localizes closely to the base of the primary cilium. Further evidence for this could be 

given by other significant interactors like Septin 2, 6, 7, and 11, which are localizing to 

the ciliary base 48,67,81,109. As already described in the result section, the interactome 

analysis revealed some significant interactors of GLIS2 whose localization to the 

primary cilium was uncovered by analysis of the ciliary proteome in studies of Kohli et 

al. (2017) and Mick et al. (2015)  88,108. Especially the group of 18 proteins (Fig. 6 A) 

detected in both ciliary proteomes, and the GLIS2 interactome is surprisingly large, 

providing further evidence for a ciliary localization of GLIS2. However, it is important to 

note that localization of most of these proteins is not completely specific for the ciliary 

compartment and they are also found in other cellular compartments. Nevertheless, 

this particular subset of GLIS2 interactors can provide the basis for future studies 

targeting the question of the physiological functions of GLIS2 at the primary cilium. 

The dataset of significant interactors of GLIS2 also contains many actin-associated 

proteins and actin components like Alpha-actinin 1 and 4 (ACTN1 and ACTN4), cell 

division control protein 42 homolog (CDC42), Myosin 9 (MYO9), Myosin 10 (MYO10), 

Myosin 14 (MYO14), Src substrate cortactin (CTTN), Gelsolin (GSN), Dynactin subunit 

1 and 2 (DCTN1 and DCTN2), Tropomyosin alpha-1,-3 and -4 (TPM1, TPM3, and 

TRM4)). The GO-term enrichment analysis regarding biological processes also yielded 

terms like “positive regulation of actin filament bundle assembly”. Taken together, these 

results could raise the hypothesis that GLIS2 plays a role in the regulation of ciliary 

processes through actin regulation. Currently, the functional relation between primary 

cilia and actin regulation is assumed to work in an antagonistic way, meaning that actin 

polymerization results in ciliary disassembly, and depolymerization of actin results in 

the formation of the primary cilium 109. Furthermore, there is a functional coupling 

between cilia formation and cell cycle progression, which consists in the presence of 

cilia in the G0/G1 phase, when the centriole is not needed as a spindle pole during 

mitosis 109,132. Prior to mitosis, cilia are disassembled, and the centriole, which served 

as an anchor point for the microtubule-based scaffold of the primary cilium, can now 

perform its mitotic functions 109. This functional connection requires signaling cascades, 

which transduce information about the cell cycle phase and nuclear processes to the 

ciliary compartment to trigger ciliogenesis or disassembly of primary cilia. The centriole 
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is thought to play a crucial role as a signaling hub for orchestrating these signaling 

pathways 109. Vice versa, information from external stimuli is transduced from the 

primary cilium into the nucleus to adapt the cell cycle and nuclear processes to the 

environment of the cell 104. Thus, GLIS2 might be involved in the crosstalk between 

these two subcellular compartments as it might localize to the ciliary and nuclear 

compartment. This involvement could be facilitated through the regulation of the actin 

cytoskeleton. Especially the GLIS2 interactors, which are known to have a function in 

actin regulation and are also part of the ciliary proteome, might be attractive candidates 

for further studies regarding the function of GLIS2 on actin dynamics and thereby 

potentially regulating ciliary assembly or disassembly. Among this group of proteins, 

CDC42, GSN and CTTN are exciting candidates. CTTN is known to promote actin 

polymerization and thereby promotes ciliary disassembly in its phosphorylated status 

(phosphorylated by Src) and promotes cilia formation in its dephosphorylated status 109. 

GSN is known to regulate cilia assembly positively 109. CDC42 is known to regulate the 

cell cycle and regulate actin cytoskeleton and rearrangement 109.  

Another interesting protein interactor of GLIS2, which was uncovered by the 

interactome analysis of this work and which was also predicted in advance by an 

algorithm called Scansite 4.0, is 14-3-3 protein theta (YWHAQ). This interactor is 

associated with a specific regulation mechanism that leads to the sequestration of a 

protein in a cellular compartment, thus preventing this protein from entering another 

cellular compartment. This has been described in the case of Hippo signaling, where 

14-3-3 binds phosphorylated YAP/TAZ (transcription factor), thereby sequestering 

YAP/TAZ in the cytosol and inhibiting its translocation into the nucleus 86,149. This might 

also be a mechanism for the regulation of nuclear GLIS2 functions in response to 

signaling cascades starting from the ciliary compartment. 

5.5. Hypothesis and outlook 

As discussed above, the novel GLIS2 interactome provides a new basis for future 

studies targeting the function of GLIS2 to understand the underlying mechanisms 

leading to NPH type 7 in case of mutations of GLIS2. The identification of central 

proteins involved in DNA damage response as significant interactors (Table 3) supports 

the hypothesis that GLIS2 might function as a DNA damage response player, which is 

of particular importance for tissues with a high level of genotoxic stress like the kidney 

19. In case GLIS2 function is impaired, accumulation of DNA damage in those cells 

might evoke a response of the innate immune system through sensing the DSBs by 

PARP1, which leads to consecutive transcription and secretion of profibrotic factors 

(via NFκB activation). In this way, a status of chronic inflammation and a profibrotic 
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environment could be established, which promotes excessive fibrosis, which is the 

histopathologic key feature of NPH 132. To prove this hypothesis, a validation of the 

mentioned interactors by co-immunoprecipitation and detailed analysis of Glis2 knock-

out mice concerning this hypothesis would be a possible approach.  

Besides revealing the impact of nuclear functions of GLIS2 on the development of 

NPH, the ciliary localization of GLIS2 still needs to be confirmed, and respective 

functions at the primary cilium to be characterized (validation of promising ciliary 

interactors by co-immunoprecipitation). As many ciliary proteins appeared in the GLIS2 

interactome, this provides evidence for ciliary localization of GLIS2. The predominance 

of axonemal and centrosomal proteins among the GLIS2 interactors, together with the 

absence of the CLS sequence in the GLIS2 amino acid sequence, suggest that GLIS2 

might rather localize to the ciliary base. Actin regulatory proteins among the group of 

interactors that are also part of the ciliary proteome raise the hypothesis that GLIS2 

could be involved in the regulation of actin dynamics, thereby regulating ciliary 

assembly or disassembly 109. In this respect, it would be interesting to look at the 

architecture of the actin cytoskeleton (especially the part of the cortical actin 

cytoskeleton around the base of the primary cilium) in wild-type cells (e.g., IMCD3 

cells) or in a wild-type mouse kidney compared to GLIS2 deficient cells or mice and to 

validate the interaction between GLIS2 and the most important actin regulatory proteins 

of the GLIS2 interactome via co-immunoprecipitation. Taking these findings together, a 

model of a dual role of GLIS2 with nuclear and ciliary localization enabling the 

coordination of nuclear and ciliary processes would be the consequence. If GLIS2 

localizes to the primary cilium, it would also be interesting to investigate whether 

shuttling of GLIS2 between the nucleus and the primary cilium occurs. An exciting 

aspect about the research which has been done on GLIS2 so far is that all biochemical 

analysis of GLIS2 functions, its interactions with other proteins, and its subcellular 

localization was never done with endogenous GLIS2 7,66,80,83,84,98,121-123,145,151,152. An 

exception is the immunofluorescence staining of MDCK-II cells with a homemade anti-

GLIS2 antibody in the publication of Attanasio et al. (2007), which was not reproducible 

in our lab 7. In combination with our difficulties to develop tools for the biochemical 

analysis of endogenous GLIS2, like the generation of a homemade anti-GLIS2 

antibody by hybridoma culture, one could think of other possibilities than a protein that 

is transcribed from the GLIS2 locus. The NPH phenotype observed in patients having a 

mutation in the GLIS2 gene on both alleles or in Glis2 knock-out mice could also be 

caused by disruption of a regulative RNA transcribed from the Glis2 gene. There are 

candidates of possible circular RNA transcripts, which would also explain the NPH 

phenotype in the generated Glis2 knock-out mice and the patients with NPH type 7 7,83. 
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Of course, this is a speculative hypothesis but highly interesting and potentially worth 

following up. 
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7. Supplements 

7.1. Figures 

Fig. 1   The primary cilium (Figure from Malicki, J.J. and C.A. Johnson, (2017)104)

                             18 

Fig. 2   Generic workflow for analysis of hybridoma clone supernatants    54 

Fig. 3   Validation of IMCD3 3xFLAG-emGFP-KI GLIS2 CRISPR line     58 

Fig. 4 Validation of polyclonal HEK293T GLIS2 TALEN cell lines via immune 

fluorescence staining                  60 

Fig. 5 FLAG-immunoprecipitation of polyclonal HEK293T GLIS2 TALEN cell lines 

with subsequent mass spectrometry-based interactome analysis   63 

Fig. 6 Overlap of significant interactors (for GLIS2 FL) with ciliary and nuclear 

proteomes                      69 

7.2. Tables 

Table 1  Evaluation of hybridoma supernatants by ELISA         55 

Table 2  Top GLIS2  interactors of each TALEN cell line           64-68 

Table 3 Central DDR proteins among the significant interactors of 3x.FLAG.GLIS2 

FL                         69 

7.3. GO-term enrichment analysis (biological processes) 

Name Score 

actin filament bundle assembly 0,858251 

regulation of protein secretion 0,859478 

inhibition of adenylate cyclase activity by G-protein signaling 

pathway 

0,853565 

cellular response to glucagon stimulus 0,827096 

negative regulation of adenylate cyclase activity 0,820424 

negative regulation of cyclase activity 0,820424 

negative regulation of lyase activity 0,820424 

positive regulation of actin filament bundle assembly 0,820133 

positive regulation of stress fiber assembly 0,820133 

regulation of actin filament bundle assembly 0,820133 

regulation of stress fiber assembly 0,820133 

regulation of adenylate cyclase activity 0,810306 

regulation of cyclase activity 0,810306 

regulation of lyase activity 0,810306 
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actin polymerization or depolymerization 0,802404 

regulation of cAMP biosynthetic process 0,790687 

regulation of cyclic nucleotide biosynthetic process 0,790687 

regulation of nucleotide biosynthetic process 0,790687 

cAMP-mediated signaling 0,799651 

G-protein signaling, coupled to cAMP nucleotide second 

messenger 

0,799651 

positive regulation of neuron projection development 0,78631 

lymphocyte costimulation 0,777003 

T cell costimulation 0,777003 

positive regulation of stress-activated protein kinase signaling 

cascade 

0,797795 

ruffle organization 0,795764 

renal system process 0,776037 

 

7.4. Overlap of the GLIS2 interactome with published ciliary proteomes  

Protein 

name 

Kohli et al. Mick et al. 

MAP4 + + 

CDC42 + + 

CALR + + 

CTNNA1 + + 

CTTN + + 

ACTN1 + + 

ACTN4 + + 

TJP2 + + 

PDIA6 + + 

EZR + + 

EIF4B + + 

VCP + + 

RAC1 + + 

RHOA + + 

MACF1 + + 

SEPT2 + + 

SEPT7 + + 

SEPT11 + + 

MARCKS +  

DYNNLL2 +  

YES1 +  

HSP90B1 +  

CORO1C +  

CANX +  

RAI14 +  

PACSIN2 +  

CTNNB1 +  

CTNND1 +  

LSR +  

SNAP23 +  

TJP1 +  

P4HB +  

PDIA3 +  

PDIA4 +  

CXADR +  

GANAB +  
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PRKCSH +  

DLG1 +  

PPP1R12A +  

SCRIB +  

AKAP12 +  

RAP1A +  

PLEKHA7 +  

BASP1 +  

FLNA +  

PRDX2 +  

SLC1A5 +  

PPP1CA +  

NCKAP1 +  

GNB1 +  

RRAS2 +  

RHOC +  

DSC2 +  

CLTC +  

TOAK1 +  

ARF6 +  

SAMHD1 +  

EEF1D +  

TPM4 +  

SPECC1 +  

FARP1 +  

SQSTM1 +  

ALDOA +  

PAICS +  

MYCBP2  + 

CORO1B  + 

ANAX6  + 

CAPZB  + 

DSG2  + 

UBA1  + 

TARS  + 

EPB41L3  + 

RRM1  + 

IMPDH2  + 

ATP6V1A  + 

PTGES3  + 

TPM3  + 

NME1  + 

STIP1  + 

PRNP  + 

LDHB  + 

GPI  + 

GDI2  + 

MYO1C  + 

GPC1  + 

RAB1B  + 

COPG1  + 

PPP2R1A  + 

ADD3  + 

UBAP2L  + 

KHSRP  + 

AIMP2  + 

POLD1  + 

PDCD6IP  + 

GOT2  + 
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PPA1  + 

GNAS  + 

TPO1  + 

PPP1CC  + 

AP2A1  + 

EIF3A  + 

HSPA4  + 

ACYL  + 

CHORDC1  + 

ST13  + 

PSMC3  + 

MSN  + 

GSN  + 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 


