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1 Summary
1.1 English Summary

Nephronophthisis (NPH) is an autosomal recessive kidney disease with renal cysts and fibrotic
degeneration of the kidney as hallmarks. These changes lead to a progressive loss of kidney
function. NPH is the most common monogenetic cause of end-stage kidney failure before the
age of 30 with dialysis or kidney transplantation as the only therapeutic options. NPH belongs
to the family of renal ciliopathies, as it is caused by pathogenetic variants in the NPHP genes
(NPHP 1-20), which encode proteins localized to primary cilia. Cilia are antennae-like, sensory
organelles present on the apical surface of tubular epithelial cells, from where they project into
the tubular lumen.

In the present work, we studied the function of two NPH proteins, Serologically defined colon
cancer antigen 8 (SDCCAGS8; NPHP10) and Never in mitosis gene A (NIMA)-related kinase-8
(NEKS8; NPHP9) and aimed to understand how their loss might affect the signaling of tubular
cells. First, we aimed to overexpress the two proteins SDCCAG8 and NEK8 with a Flag or
GFP tag in mouse kidney cells using a single-copy integration system. Both confocal
microscopy and immunoblotting could not confirm localization and expression. In the second
approach, we used Crispr/Cas9-mediated genome editing to create knockout cell lines (KO)
of the SDCCAG8 and NEKS8 genes, respectively. Four cell lines with SDCCAG8-KO and one
cell line with NEK8-KO were successfully established. These KOs were validated by DNA
sequencing and quantitative polymerase chain reaction (QPCR). Moreover, we successfully
generated interactomes for NEK8 and SDCCAGS by transiently transfecting the KO cells with
the proteins of interest. Moreover, we performed a kinase activity screen, through which
numerous differences in kinase activities and signaling pathways could be identified between
wild-type and NEK8- or SDCCAGS- deficient cells.

Taken together, despite the fact that SDCCAG8 and NEKS8 are very low-abundant proteins,
their loss has significant effects on cellular signaling networks and pathways. Our findings
might contribute to the understanding of signaling pathways and kinase activities altered in
NPH. They could help to unravel not only the function of SDCCAG8 and NEKS proteins in
signaling networks but also the disease-causing pathophysiology underlying fibrosis, cyst
formation, and cell death. A more detailed understanding of these mechanisms will be

essential for establishing suitable future therapeutic strategies for kidney diseases.
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1.2 German Summary

Nephronophthise (NPH) ist eine autosomal-rezessive Nierenerkrankung, die durch
Zystennieren und fibrotische Degeneration der Niere gekennzeichnet ist. Die NPH ist die
haufigste genetische Ursache flr chronisches Nierenversagen vor dem 30. Lebensjahr.
Dialyse oder Nierentransplantation stellen derzeit die einzigen verfligbaren therapeutischen
Optionen dar. Die NPH gehort zur Familie der renalen Ziliopathien. Sie wird verursacht durch
pathogenetische Varianten in den NPHP-Genen (NPHP 1-20), die fur Proteine in primare Zilien
kodieren. Zilien sind sensorische Organellen an der apikalen Oberflache von
Tubulusepithelzellen, welche in der Chemo- und Mechanotransduktion der Zelle sowie im
Zellzyklus eine maRgebliche Rolle spielen.

In der vorliegenden Arbeit wurde die Funktion zweier NPH-Proteine, des Serologically defined
colon cancer antigen 8 (SDCCAGS8; NPHP10) und der NIMA Related Kinase 8 (NEK8; NPHP9)
studiert. Das Hauptaugenmerk lag darauf, zu untersuchen, wie sich der Verlust dieser Proteine
auf die Biologie und Signaltransduktion von Tubuluszellen auswirkt.

Zunachst wurden SDCCAGS8 und NEK8 mit einem Flag- oder GFP-Tag in Nierenzellen der
Maus mit Hilfe eines Single-Copy-Integrationssystems (berexprimiert. Sowohl konfokale
Mikroskopie als auch Western Blotting konnten jedoch die korrekte Lokalisierung und
Expression nicht bestatigen.

In einem zweiten Ansatz verwendeten wir die CRISPR/Cas9-Methode, um stabile Knockout-
Zelllinien (KO) der Gene SDCCAG8 und NEK8 zu generieren. Vier Zelllinien mit SDCCAGS-
KO und eine Zelllinie mit NEK8-KO wurden erfolgreich etabliert. Diese wurden durch DNA-
Sequenzierung und quantitative Polymerase-Kettenreaktionen (qPCR) validiert. Dartber
hinaus haben wir erfolgreich Interaktome flir NEK8 und SDCCAGS erstellt, indem wir KO-
Zellen mit den jeweiligen Genen transfiziert haben. Weiterhin fuhrten wir ein Kinase-Aktivitats-
Screening der KO-Zellen durch, bei dem zahireiche Unterschiede in den Kinase-Aktivitaten
und Signalwegen zwischen Wildtyp- und NEK8- oder SDCCAG8-defizienten Zellen identifiziert
wurden.

Trotz der niedrigen Proteinexpression von SDCCAG8 und NEK8 zeigen deren Verluste
signifikante Auswirkungen auf zelluldre Signalwege. Die in dieser Arbeit vorgelegten
Ergebnisse tragen dazu bei, die Funktion von SDCCAG8 und NEKS in Signalnetzwerken zu
entschlisseln und die krankheitsverursachende Pathophysiologie, die mit Fibrose,
Zystenbildung und Zelltod in Zusammenhang steht, besser zu verstehen. Ein detailliertes
Verstandnis dieser Mechanismen wird fur die Entwicklung geeigneter kunftiger

therapeutischer Strategien fur Nierenkrankheiten von entscheidender Bedeutung sein.
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2 Introduction

This thesis focusses on nephronophthisis (NPH), a genetic renal disease arising from
dysfunction of primary cilia. Primary cilia are microtubule-based organelles that protrude from
almost all cell types." They are involved in several cellular processes, such as
chemosensation, mechanotransduction, and cell cycle control. Cilia were largely neglected in
biomedical science for many decades.? As primary cilia are non-motile organelles, scientists
considered them less important than motile cilia. However, mutations of genes encoding
proteins localizing to the primary cilium cause a group of diseases called “ciliopathies”.
Scientists have not yet thoroughly understood how primary cilia function physiologically and
what happens if the protein-encoding genes mutate. Internalizing this is crucial to

understanding associated diseases, like NPH.

2.1 Ciliary structure and biology

Primary cilia emerge from almost all cell surfaces after exit from the mitotic cell cycle in G1
and GO phase.® They consist of a basal body, which derives from the mother centriole and
anchors a microtubule (MT) axoneme with a 9x2+0 structure of nine MT doublets without a
central pair of MT (Fig. 1).# This complex is surrounded by the ciliary membrane, which is
involved in cellular signaling pathways and is distinct from the normal cell membrane.>® The
transition zone, formed by transition fibers located between the basal body and the ciliary
membrane, regulates the protein composition of cilia.” Ciliary protein trafficking is a highly
regulated process facilitated by intraflagellar transport (IFT). This mechanism relies on specific
motor proteins, namely kinesin-2 as the motor protein for anterograde transport to the tip of
the axoneme and cytoplasmic dynein-2 for retrograde transport to the ciliary base (Fig. 1).2
Primary cilia are fundamental for cellular and organ development and cellular homeostasis.®°
Ciliary functions can be subdivided into two main actions.

Firstly, primary cilia function as sensory organelles capable of detecting both mechanical and
chemical stimuli originating from the extracellular environment and transducing these signals
into the cell."" Ciliary receptors bind ligands and initiate signal cascades. They contain
receptors and effectors for Hedgehog, platelet-derived growth factor (PDGF), wingless-related
integration site (Wnt) and many other signaling cascades.? The Sonic Hedgehog pathway
(Shh) plays a crucial role in the development of mammalian organs and tissues and exhibits
pathogenic dysregulation in ciliopathies and various cancer types.' Primary cilia are also
known to regulate planar cell polarity, which is important for tissue integrity in the kidney and
related to Wnt signaling.”> Some proteins associated with cilia or ciliopathies control cell

proliferation and are involved in DNA damage repair signaling.'1°
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Secondly, cilia are involved in cell cycle regulation, since the basal body needs to be released
before mitotic cell division. Thus, before reentering the cell cycle, cilia have to be
disassembled. This is mediated by Aurora-A kinase (AurA) which is activated upon Ca?*
signaling.”® The enzyme histone deacetylase 6 (HDAC6) becomes phosphorylated and
activated by AurA. HDACG6 then deacetylates axonemal a-tubulin which leads to destabilization
of MTs and promotes the disassembly of the primary cilium."” After disassembly, centrioles
are duplicated and form the spindle poles during cell division.'® Upon cell division, each mother

centriole of the daughter cells is again used to form a basal body and to promote ciliogenesis.
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Figure 1: A) Ciliary structure and connection to the cell. (B) Cilia assembly and disassembly
during cell cycle.

A) Cilia consist of a 9x2+0 microtubule axoneme, a ciliary membrane and are anchored to the cell by its
basal body, made up by a mother centriole. In this graphic, ciliary transport by kinesin-2 (antegrade)
and dynein-2 (retrograde) is illustrated. With this transport, cilia obtain proteins produced in the cell. B)

Cilia are disassembled during mitosis and reassembled during G1 phase. Figure from 1°.

Source: Reproduced with permission from Gopalakrishnan J, Feistel K, Friedrich BM, et al. Emerging

principles of primary cilia dynamics in controlling tissue organization and function. EMBO J. © 2023
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The Authors. Published under the terms of the Creative Commons Attribution-NonCommercial-
NoDerivatives (CC BY-NC-ND) license.

2.2 Ciliopathies

Cilia are essential sensory organelles that connect cells with their environment and regulate
diverse cellular processes. Thus, itis conceivable that mutations leading to dysfunctional ciliary
signaling affect multiple tissues. Indeed, defects in primary cilia cause clinically heterogenous
disorders subsumed under the term “ciliopathies”.?°
Upon individual assessment of each ciliopathy, their classification as rare diseases becomes
evident, e.g., Bardet-Biedl syndrome with an estimated incidence of 1:160 000 in northern
Europe.?’ A more frequent ciliopathy is autosomal dominant polycystic kidney disease
(ADPKD) with a prevalence between 1:500 and 1:2000.?22 Ciliopathies in general are
associated with (poly)cystic kidney disease, retinal degeneration, liver fibrosis, mental
impairment, infertility, bone changes, situs inversus, diabetes and obesity (Fig. 2).2*
Ciliopathies can be classified by their modes of inheritance. Dominantforms include ADPKD
and von-Hippel-Lindau disease, an inherited tumor syndrome.?® ADPKD is one of the most
common genetic diseases, caused by mutations in polycystic kidney disease 1 (PKD1) or 2
(PKD2) genes.?®

On the other hand, there are several recessively inherited ciliopathies, including autosomal
recessive polycystic kidney disease (ARPKD) with an incidence between 1:10.000 and
1:40.000.2” NPH, Meckel-Gruber syndrome, Joubert syndrome, Jeune syndrome, Bardet-Bied|
syndrome (BBS), Senior-Lgken syndrome (SLS) or Oro-facial-digital syndrome (OFD) are also
recessively inherited ciliopathies.

Some of these diseases show a multisystemic involvement, like cardiac pathologies, skeletal
abnormalities, neurological disorders and retinal degeneration [e.g. Senior-Laken-Syndrome
(Fig. 2)]?22° with the kidney most commonly affected.

In all ciliopathies, mutations in the same genes can lead to a wide range of disease severity
and organ involvement.®® Mutations in NPH-associated genes mostly cause a fibrotic cystic
phenotype, with small cysts in about 50% of the cases, while mutations in PKD1 and PKD2
predominantly cause a cystic phenotype.?* A study by Bukanov et al., in which application of
a cyclin-dependent kinase (CDK) inhibitor ameliorated kidney cysts, confirmed that impaired

cell cycle regulation by ciliary proteins is causing cystogenesis.®
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Figure 2: Overview of involvement of organ systems in NPH, NPH-related syndroms, ADPKD and
ARPKD.

Primary involvement is shown in pink, secondary involvement is not highlighted. 1: autosomal dominant
polycystic kidney disease (ADPKD), 2: autosomal recessive polycystic kidney disease (ARPKD), 3:
Bardet-Biedl-Syndrome (BBS), 4: Nephronophthisis (NPHP), 5: Senior-Lgken-Syndrome (SLS), 6:
Joubert-Syndrome (JBS), 7: Meckel-Syndrome (MKS). A wide range of organ systems can be affected
by ciliopathies because primary cilia emerge from almost all cell types in the living organism.

Source: McConnachie DJ, Stow JL, Mallett AJ. Ciliopathies and the Kidney: A Review. Am J Kidney
License: © 2021 Elsevier. Published under the Creative Commons CC BY-NC-ND 4.0 License

(https://creativecommons.org/licenses/by-nc-nd/4.0/).32

2.3 Nephronophthisis (NPH)

Nephronophthisis (NPH) is the most common genetic cause of end-stage renal failure until the
age of 30 years.*® The name originates from Greek: “nephron” — kidney, “phthisis” — loss =
kidney/nephron loss.>* NPH is caused by mutations in one of over 20 identified NPHP genes
that encode proteins localizing to the primary cilium.*®* The most common mutation in about
20% of all NPH cases is found in the NPHP1 gene.*® Around 70% of the disease-causing
genes have not yet been discovered.®*® New sequencing methods, like Next Generation
Sequencing (NGS), have accelerated the discovery of new genes.3® Inconsistent data exist on
the incidence of NPH, varying between 1:1.000.000 in the USA and 1:50.000 in Canada.®*
Differentiation is made between infantile, juvenile, adolescent, and the recently characterized
adult onset of NPH.*’
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Clinically, the infantile form shows an oligohydramnion sequence in utero (limb contracture,
pulmonary hypoplasia, facial dysmorphisms) or renal failure in the first years of life.3®3° End-
stage renal disease (ESRD) follows before the age of five.“°The juvenile form is marked by
polydipsia, polyuria (differential diagnostic: diabetes mellitus type 1), growth retardation and
chronic iron-resistant anemia.*' The median age of chronic kidney failure is 13 years.*? In the
adolescent form, similar to juvenile disease, ESRD occurs at a median age of 19 years.*® Here,
the interval between the onset of symptoms and ESRD is about four years.*

The most important diagnostic tool is the kidney ultrasound alongside classic findings and
genetic testing.*! The NPH kidney is macroscopically smaller than, or as big as, the healthy
kidney.* It presents with renal cysts at the usually less differentiated corticomedullary border.*'
Histological findings are tubulointerstitial fibrosis and thickened, disrupted tubular basement
membrane.*' NPH is treated symptomatically, mainly by antihypertensive drugs and, in
advanced stages, dialysis or kidney transplantation.>*®* NPH geneticallly and phenotypically
overlaps if a number of other ciliopathies, summarized as NPH-related ciliopathies (NPH-RC).
These include, amongst others, SLS, Joubert syndrome, BBS and Meckel-Gruber syndrome

which have been mentioned in 2.2.%°

2.4 Kidney fibrosis & cystogenesis

Fibrosis is characterized by an increase of extracellular matrix leading to the loss of functional
tissue. This pathology can occur in almost all organs. Kidney fibrosis is common in chronic
kidney disease, kidney cancer, and hereditary kidney diseases, like ADPKD and NPH.4647
Chronic tissue damage results in monocyte activation and liberation of cytokines, creating a
pro-inflammatory environment and resulting in fibrosis.*® Mechanistically, it comes to an
augmentation of fibroblasts and to epithelial-to-mesenchymal transition (EMT). EMT is the
transition from epithelial into mesenchymal cells, causing a loss of their physiological
function.*® Transforming growth factor B (TGF-B), a pivotal factor in the development of kidney
fibrosis, incites EMT.®® TGF-B is both an inflammatory and anti-inflammatory cytokine with
important physiological functions.>' Other profibrotic mediators are, among others, angiotensin
I, connective tissue growth factor (CTGF) and interleukins (IL) like IL-1.%25% IL-4 contributes to
fibrosis by increasing the production of collagen.* It activates signal transducer and activator
of transcription 6 (STAT6) protein®, which has been linked to fibrosis in liver and lung, and its
loss reduces collagen accumulation in mice with obstructive nephropathy®6-°8,

Recently, Li et al. linked mTORC2 signaling to kidney fibrosis by showing that mTORC2
becomes activated by TGF-B1.%° This results in the activation of protein kinase B (Akt), which
has a branch of downstream effects leading to cell survival and proliferation and is also

associated with malignant transformation.®® This was supported by the finding that Akt
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activates nuclear factor-kB (NFkB), which is fundamentally involved in inflammatory cell
responses, anti-apoptotic mechanisms, carcinogenesis and fibrosis.®"2

Stewart et al. found that Shh signaling is overactive in lung fibrosis, liver fibrosis and kidney
fibrosis.®3¢5 When this pathway is overactive, it causes increased levels of glioma-associated
oncogene transcription factors (Gli), which result in the transcription of genes linked to

proliferation and carcinogenesis.®®

2.5 NEKS8 (NPHP9)

The NEK8 gene, also called NPHP9, is localized on chromosome 17q11.2 and encodes for a
protein with a size of 692 amino acids and a weight of approximatey 75 kDa.®” NEKS is a
serine-threonine kinase involved in various signaling pathways, DNA replication and cell-cycle
regulation.

It consists of an N-terminal kinase domain and five C-terminal Regulator of Chromosome
Condensation 1 (RCC1) repeat domains and is one of the eleven human Never in Mitosis gene
A (NIMA) proteins.®® NEKS localizes both to the centrosomes and to the proximal region of the
cilium.®® Mutations in the NEK8/NPHP9 gene mostly cause NPH following an autosomal
recessive mode of inheritance.®®° Recently, a study by Claus et al. described an autosomal
dominant form of PKD caused by specific heterozygous NEK8 mutations.”!

In the primary cilium, NEKS8 is found at the proximal region at the inversin (INVS) compartment
together with INVS/NPHP2, NPHP3 and Ankyrin repeat and sterile alpha motif domain
(ANKS6)/NPHP16.7273  Mutations in genes encoding for these proteins lead to
nephronophthisis. The INVS compartment and in particular inversin encoded by INVS/NPHP2
also plays an important role in the determination of the left-right axis.”

NEK8 modulates the expression of Polycystin-1 (PC1) and Polycystin-2 (PC2) and their ciliary
localization. NEK8 mutant mice have increased expression of both PC1 and PC2 leading to
enhanced cell proliferation.” In addition, Polycystin-1 and NEK8 regulate cystogenesis in a
similar manner.”® Compound heterozygous mutations in NEK8 / PKD1 intriguingly lead to a
more severe cystic phenotype than NEK8 / PKD1 mutations alone.” In the juvenile cystic
kidney disease (jck) mouse model, in which NEK8 carries a point mutation, NEK8 protein
localizes randomly to the entire cilium. Furthermore, NEK8 loss causes longer cilia and
increased PC proteins, hinting to its regulative function for PC proteins inside the primary
cilium.”

NEKS8 has also been described as a genome maintenance factor that plays a pivotal role in
replication stress and is involved in the ATM- and Rad3-related (ATR) kinase-mediated
replication stress response.”” Together with ATR and checkpoint kinase (CHK), it negatively
influences CDK activity in healthy tissue. An indicator of higher CDK activity was the discovery

that CDK inhibitors ameliorate cyst formation in juvenile cystic kidney (jck) mice.”® Further, in
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NEKS8 depleted mouse embryonic fibroblasts (EF), DNA replication becomes notably less
efficient in conditions of cellular stress, leading to DNA double-strand breaks. This arises from
a combination of reduced replication fork speed and decreased fork stability.””

An additional noteworthy observation is that NEK8 interacts with Hippo effector WW-domain-
containing transcription regulator 1 (also known as TAZ) and activates it.”® In this pathway,
large tumor suppressor kinase 1 (LATS1) physiologically phosphorylates YAP/TAZ and,
thereby, inhibits nuclear translocation and action of YAP/TAZ as transcriptional factors.®® In
NEKS8 deficient cells, yes-associated protein 1(YAP) seems to be imbalanced, accounting for
pathological changes in morphogenesis.®® Grampa et al. demonstrated that Verteporfin, a
specific inhibitor of YAP transcriptional activity, could undo the morphogenesis effects in NEK8
knockdown mice.%®

Recent studies have shown that NEK8 is overexpressed in some forms of breast cancer,
emphasizing its proliferative effects when it is dysregulated.®” Another function of NEK8 has
been observed in the embryonic phase, where its loss perturbates left-right asymmetry

development and leads to cardiac anomalies and glomerular kidney cysts.”%8

2.6 SDCCAGS8 (NPHP10)

SDCCAGS (serologically defined colon cancer antigen 8), also called NPHP10, is a gene
located on chromosome 1g43-44 which contains 18 exons.®? It encodes for the protein
SDCCAGS, which has a size of 713 amino acids and a weight of approximately 82,5 kDa.?
SDCCAGS protein has an N-terminal globular domain and a C-terminal coiled-coil domain.®
Cellular localizations of the protein are the centrosomes during the cell cycle and the basal
body of cilia.8 It can be detected in the kidney, lung epithelium, retina, and (rat)
spermatocytes.®* Colocalizations at the centrosome were described with ninein (a marker of
the centrosomal appendage), oro-facial-digital syndrome 1 protein (OFD1) and NPHP5, of
which the latter two are also ciliopathy-causing genes.®?

Mutations in SDCCAGS8 are linked to NPH phenotypes. SDCCAG8 gt/gt mice display kidney
cysts, predominantly in the cortical collecting duct (CCD) and in the distal convoluted tube
(DCT), surrounded by fibrosis.® In the retina, SDCCAGS is responsible for photoreceptor
preservation.?* Its loss leads to retinal degeneration and blindness primarily due to cone cell
loss. There is a plethora of divergent observations concerning the formation of cilia in
SDCCAGS8-lacking cells. Airik et al. observed that SDCCAG8 gt/gt mice have cystic kidneys
but not any global ciliary defects.®* Cell culture studies with human telomerase reverse
transcriptase immortalized retinal pigment epithelial cells (hTERT-RPE1 cells) treated with
siSDCCAG8 meanwhile showed deficient ciliary formation.® Previous studies show that RAB
GTPase binding effector protein 2 (RAB2)-lacking cells do not form cilia and that loss of
SDCCAGS results in the absence of RAB2.8% Therefore, RAB2 regulates ciliogenesis and
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SDCCAGS is involved in the correct localization of RAB2 to the cilia.®5 As RAB2 is involved in
protein trafficking from the cytoplasm into the cilia, the interaction of SDCCAG8 with RAB2 and
other “vesicle transport components”® hints to a function of SDCCAGS in protein trafficking.
Further investigations revealed that the pericentriolar material 1 (PCM1) protein involved in
targeting proteins to the centrosome interacts with SDCCAG8.86 SDCCAGS is involved in the
organization of microtubules (MT), which are crucial for the connection between nucleus and
centrosome and important for neuronal migration.-8” SDCCAGS is a regulator of migration in
the developing mouse cortex and its loss hampers neuronal migration.®® Some of the clinical
manifestations, namely mental impairment and schizophrenia, are explained by neuronal
migration defects.

Colocalizations of SDCCAG8 with DDR proteins tat-interactive protein 60 (TIP60),
serine/arginine-rich splicing factor 2 (SC35), centrosomal protein of 164 kDa (CEP164), and
zinc finger protein 423 (ZNF423) were demonstrated at the nucleus.®® Registration of DNA
damage is sensed by upstream components of the DDR complex, amongst others ataxia-
telangiectasia mutated (ATM) and ATR. One of the cellular responses is the shift of a range of
proteins into the nucleus, which repair the DNA or induce apoptosis.®# The involvement in
DDR was also illustrated by increased yH2AX-levels and ATM pathway activation in Sdccag8-
KO cells.® yH2AX is a highly sensitive DNA damage marker, as it is phosphorylated upon
double-strand breaks (DSB) by ATM and then initiates DDR, for example, by recruiting DSB
repair proteins.®® All in all, those studies show that SDCCAGS8 plays a crucial role in DNA
damage response (DDR).

Recently, SDCCAG8 mutations were discovered in individuals with SLS and BBS by whole

exome sequencing.®
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2.7 Aims of the thesis

The overarching goal of this project was to gain novel insights into the functions of the NPHP
proteins NEK8/NPHP9 and SDCCAGS8/NPHP10 to better understand the role of the proteins
in tubular cells and NPH disease, especially in fibrosis and cyst formation. Furthermore,
investigations were carried out to find and comprehend new signaling pathways and networks
that might contribute to fibrosis, cystogenesis and apoptosis, considering that especially
fibrosis is a pathophysiologic component in many known diseases.

To this end, one of the main aims was to generate cell lines with single copy integration of
cDNA of both genes to characterize the ciliary localization of NEK8 and SDCCAGS in mouse
inner medullary collecting duct (mIMCD3) cells.

In addition, we aimed to establish stable NEK8- and SDCAAGS8-KO cell lines through the
CRISPR/Cas9 technology to investigate their function in tubular epithelial cells. The validation
of the cell lines was done by Sanger sequencing and qPCR. The cells were used to screen for
altered kinase activity and to perform protein interaction studies using MS/MS. We aimed to
understand how cell signaling was altered upon loss of NEK8 or SDCCAGS8 and to study the
composition of protein complexes of both targets.

By investigating both the overexpression and the KO of the genes of interest NEK8 and
SDCCAGS, we hoped to reveal differences between WT and modified cells regarding ciliary
environment, protein interactors, and cellular signaling. Ultimately, we aimed to discover

potential new key pathways underlying the pathogenesis of NPH.
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3 Material and Methods

3.1 Cell culture

All cell culture work was carried out under sterile conditions under a fume hood. Twenty
minutes before splitting cells, the cell-type specific medium was placed into a 37°C water bath.
Prior to every work in cell culture, the hood was cleaned with 70% ethanol and the vacuum
pump was flushed with 1% Incidin. The medium bottle and the trypsin bottle were cleaned with
70% ethanol and placed under the hood. The confluency (ideally 80%) of the 10 cm cell dishes
was observed under the microscope. Then, the medium was aspirated and the cells were
washed with 10 mL phosphate buffered saline (PBS). After removal of PBS, 1 mL of Trypsin
was added and the cells were incubated at 37°C for 3 to 5 minutes. During this time, a new 10
cm dish was labelled (name, date, cell type, passage number, splitting ratio) and filled with 8
to 10 mL of fresh medium (depending on the splitting ratio). After incubation of cells with
trypsin, cell detachment from the dish was checked. Cells were then resuspended in fresh
medium and transferred to the prepared new dish using a sterile stripette. The split cells were
stored in the incubator and the old dishes were trashed and autoclaved. In the end, the working

area was cleaned again with 70% ethanol and the vacuum pump was cleaned with 1% Incidin.

Table 1: Cell lines used

Cell type Supplier Cat. No.
Mouse IMCD3 WT ATCC CRL-2123
Human U20S WT ATCC HTB-96

Human HEK 293T WT ATCC CRL-3216

mIMCD3 Flp-In

Kind gift of Peter

Jackson

mIMCD3 Flp-In SDCCAGS8 pgLAP1

Generated for this

work

mIMCD3 Flp-In SDCCAGS8 pgLAP2

mIMCD3 Flp-In NEK8-pgLAP1

mIMCD3 Flp-In NEK8-pgLAP2

mIMCD3 Flp-In GFP-pgLAP1

mIMCD3 Flp-In pgLAP1

23




mIMCD3 Flp-In pgLAP2

mIMCD3 WT Subclone #8 (nephrolab

subclone)

mIMCD3 CRISPR NEK8 KO D1l

mIMCD3 CRISPR SDCCAGS8 KO E8

mIMCD3 CRISPR SDCCAGS8 KO E9

Table 2: Material for Cell Culture

Material

Supplier

Dulbecco’s Modified Eagle’s Medium /
Nutrient Mixture F-12 Ham

With 15 mM HEPES and sodium
bicarbonate, without L-glutamine, liquid,

sterile-filtered, suitable for cell culture;

+ 10% Fetal Bovine Serum (FBS)

Sigma
Cat. No.: D6421

Gibco
+ 5 mL L-Glutamine added
Gibco
(+ 5 mL Penicillin-Streptomycin

(Pen/Strep) added for CRISPR cells)

Gibco

(+ 5 mL Hygromycin added for Flp-In cells)
InvivoGen

Dulbecco’s Modified Eagle Medium Sigma

(DMEM)

With 4,5 g/L Glucose, 110 mg sodium

pyruvate, L-glutamine

Cat. No.: D6429

24




+ 10% FBS (Fetal Bovine Serum)
Gibco
Phosphate Buffered Saline (PBS)
136 mM NacCl, Sigma
2,7 mM KCl, Carl Roth
6,25 mM NazHPO,, Sigma
1,5 nM KH2PO4 Sigma
pH 7,4
Trypsin EDTA Gibco
Cell culture dishes (10 cm), 6-well-, 12- Corning
well- plates
96-well-plates GBO
Stripettes (5 mL, 10 mL, 25 mL) Corning
TipOne sterile pipette tips (200 ul and Starlab
1000 pl)

3.2 Transfection

3.2.1 Calcium phosphate transfection of HEK293T

The day before transfection (in a 1:6 dilution), we prepared a dish of human embryonic kidney
(HEK) 293T cells. Before transfection, cells were checked under the microscope. A minimum
of 30% confluency was required for successful transfection. Calcium chloride and 2x HEPES
tubes were mixed well before using. First, 500 pl calcium chloride were mixed with 10 pg
Plasmid-DNA. 500 pl of 2x HEPES were added dropwise on vortex and then added dropwise
to the cells and the medium was mixed briefly. The cells took up the formed constructs by
phagocytosis.® Medium (10 ml) was replaced after 7 hours using standard medium (DMEM +
10% FBS).

Table 3: Material for Calcium phosphate transfection

Material Supplier
CaCl2 (0,25 M) Roth
2X HEBS-Buffer Nephrolab
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50 mM N-(2-Hydroxyethyl)piperazine- Sigma
N'-(2-ethanesulfonic acid) (HEPES),
280 mM NacCl,
10 mM KCl, Sigma
22 mM Dextrose
1,5 mM Na HPOs, Carl Roth
ph 7,09, sterile filtered
Sigma

3.2.2 Lipofectamine® transfection

A 6-well plate was prepared with 2 ml of the medium-cell suspension. 1,5 ml of resuspended
mouse inner medullary collecting duct-3 cells (mIMCD3) mix were transferred into a 15 ml
Falcon containing 13,5 ml medium (resulting in a 1:10 dilution of cells), mixed and used for
plating the wells. After 24 hours, cells were checked under the microscope. Required
confluency was approximately 40%. Tubes containing Plasmid-DNA (2 pg), 200 ul Opti-
MEM™ reduced serum media and pOG44-vector (2 ug) were prepared.

Then, a mix containing Opti-MEM™ and Lipofectamine® 2000 was prepared in a 200:6 ratio.
200 pl of the Lipofectamin mix were added to 200 yl DNA mix by pipetting up and down gently.
The tubes were incubated for 20 minutes, so the positively charged liposomes could take up
the negatively charged DNA.%? 400 pl of the mix was transferred to each well and the medium

was gently mixed. The cells were incubated for 48 hours at 37°C in an incubator.

Table 4: Material for Lipofectamine® transfection

Material Supplier
15 ml Falcon greiner-bio one
6 well plate Corning
Opti-MEM™ Reduced Serum Media Invitrogen
Lipofectamine® 2000 Transfection Invitrogen
Reagent
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3.3 Polymerase Chain Reaction (PCR)
Polymerase Chain Reaction (PCR) was applied to amplify DNA. First, the DNA double strands

were denatured at 98°C to break up the hydrogen bridge bonds. The temperature was reduced

to 60-70°C so that starter molecules, called primers, were able to bind the DNA single strands
(hybridization). Then, a heat-stable DNA-Polymerase (Q5®

or RedTaq) synthesized a new DNA strand, starting at the primers. By using forward and

reverse primers with specific sequences, it was possible to amplify the DNA regions of interest.

Synthetic DNA-nucleotides were part of the reaction mix, which were joined in 3" to 5°direction

at 72°C (elongation). The cyclic repetition of denaturation, hybridization and elongation led to

an exponential multiplication of the target DNA.*3 The DNA fragment could subsequently be

used for cloning and sequencing.

Table 5: Red Taq PCR program (35 cycles)

Step Temperature Duration
Initial Denaturation 94°C 3 min.
Denaturation 94°C 30 sec.
Hybridization 60°C 30 sec.
Elongation 72°C 60 sec. Go to
“Denaturation”,
repeat 34 cycles
Termination 72°C 10 min.
Cooling 10°C forever

Table 6: Material for RedTaq PCR

Material Amount Supplier
DNA polymerase mix 10 pl NEB / Sigma
(RedTaq)
Forward Primer (1:10) 1wl IDT (2.17 table 2)
Reverse Primer (1:10) 1l IDT (2.17 table 2)
Water (PCR reagent) 7yl Sigma
DNA 1l
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Table 7: Q5® PCR Hot Start program (35 cycles)

Initial Denaturation 98 °C 30 sec.
Denaturation 98 °C 5-10 sec.
Hybridization 50-72 °C 30 sec.

Elongation 72°C 20-30 sec. / kb
Termination 72°C 2 min.
Cooling 15°C forever

Table 8: Material for PCR with Q5® Hot Start High-Fidelity DNA Polymerase

Material Supplier
Template cDNA /
SDCCAGS8 Mlu1 fw IDT
SDCCAGS8 Not1 rv IDT
5X Q5 Buffer New England Biolabs (NEB)
5X Q5 Enhancer New England Biolabs (NEB)
25 mM dNTPs New England Biolabs (NEB)
Q5 DNA polymerase New England Biolabs (NEB)
Nuclease free water Invitrogen

3.4 Agarose gel-electrophoresis
We prepared an agarose gel-electrophoresis to confirm the correct performance of the PCR.
The agarose gels varied in their agarose percentage, which influenced the separation of DNA
molecules. In general, 1% gels build less dense polymers which allow bigger DNA fragments
to pass through the electric field. Compared to this, 2% gels build close-meshed polymers,
making it more difficult for larger fragments to move through the gel. 1 pl of 5x Green GoTaq®
Flexi Buffer was added to the PCR products or digested Plasmid constructs to facilitate both
loading on the gel and descending of the samples. The gel was placed into a gel chamber and
the chamber was filled with 1x Tris-acetate-EDTA (TAE) electrophoresis running buffer. The
electrophoresis buffer contained ethidium bromide, an intercalating agent that emits light after
intercalating to DNA and being stimulated by UV light. By starting the current (e.g. 105 V), the
DNA molecules moved through the polymerized gel (comparable to a grid) from cathode to
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anod.* The gel was analysed under a UV-lamp, where DNA fragments became visible due to

ethidium bromide intercalation.

Table 9: Material for native agarose gel-electrophoresis

Material Supplier
Agarose Sigma
Green GoTag® Flexi Buffer Promega
TAE electrophoresis buffer
40 mM Tris Sigma
20mM Acetic Acid Sigma
1 mM EDTA Sigma
pH 8,5
PCR product

3.5 DNA Sequencing

Sequencing was applied to analyze cloning results and detect mutations. The method of choice

was the dideoxynucleotide method by Sanger, as outlined in the BigDye protocol. DNA

fragments could be analyzed by electrophoretic separation and laser detection and sorted in

the correct sequence.®® This last step was performed in the Cologne Center for Genomics.

Sequencing results were analyzed using the Benchling web interface. To validate the target

sequences, the experimental sequence was aligned with the wildtype sequence.

Table 10: Material for BigDye® Sequencing

dest.

Material Amount Supplier
BigDye® Terminator v3.1 0,25 pl Thermo Fisher Scientific
5x BigDye®Sequencing 2,25yl Thermo Fisher Scientific
Buffer
Primer (1uM) 2yl IDT (2.17 table 2)
Template DNA 200 ng variable
Fill up to 10 pl with Aqua variable Nephrolab
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3.6 Protein determination (BCA assay)

A Bicinchoninic acid (BCA) assay was performed prior to SDS-PAGE and Western Blot to
quantitatively measure proteins and use equal protein amounts of all samples. Based on the
classical biuret reaction in which Cu?"is reduced to Cu* by peptide bonds, the amount of
reduced Cu?" is proportional to the amount of protein in the sample. Two molecules of
bicinchoninic acid bind to each Cu® molecule. This complex absorbs light at a wavelength of
562 nm and forms a purple-colored complex. The amount of protein can then be quantified by
measuring absorption spectra and compared with a spectra of proteins with known
concentrations.%

The BCA Protein Assay Kit was used according to the manufacturer protocol. A serial dilution
of a standard protein (albumin) with water was prepared, serving as a comparison standard
for the measured samples. 5 pl of each standard were pipetted into one well of a flat bottom
96-well plate. Then, 5 ul of the samples (diluted 1:100) were pipetted in duplicates on the same
plate. A master mix with 150 pl reagent A and 3 pl reagent B was prepared for all measured
wells. Reagent A contained, among others, bicinchoninic acid, while reagent B contained 4%
cupric acid. 150 pl of the master mix were added to each well. The plate was shaken for 15
seconds, 300 rpm on a plate shaker and then incubated for 15 minutes at 37 °C. Afterwards,
the absorption at 562 nm was measured with the Envision Multimode Plate Reader. The
standard curve (albumin) was compared with the absorption value of the measured sample to

determine the protein concentration.

Table 11: Material for BCA assay

Material Supplier
Pierce BCA Protein Assay Kit Thermo Fisher Scientific
REF: 23227

Albumin Standard Ampules, 2mg/mL
Bovine Serum Albumin (BSA) at 2mg/mL

in 0.9% saline and 0.05% sodium azide

Transparent flat bottomed 96-well plate greiner bio-one
Envision Multimode Plate Reader Perkin Elmer
Radioimmunoprecipitation Assay (RIPA)- /

treated cell lysate
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3.7 Sodium dodecyl sulfate gel-electrophoresis (SDS-PAGE) & Western Blot

Sodium dodecyl sulfate (SDS)-polyacrylamide gel-electrophoresis was performed to detect the
proteins of interest and to validate the generated Flp-In and CRISPR cell lines. We prepared
this experiment by harvesting cells from a 10 cm dish, lysing them with RIPA +
phenylmethylsulfonyl fluoride (PMSF) + sodium orthovanadate, sonicating them and adding
2x Laemmli + Dithiothreitol (DTT). RIPA, with its components SDS and sodium deoxycholate,
disrupts nuclear membranes. Sonication was applied to break intermolecular interactions and
to shear DNA. Laemmli contains Tris, Glycine and SDS. SDS is a denaturing agent that
additionally charges all proteins negatively. Tris works as a buffer while glycine serves for the
collection of proteins in the stacking gel. The reducing agent DTT was added to break disulfide
bonds between the amino acids leading to unfolded proteins. The proteins were then

separated by their molecular size.%":%

The gels used in SDS-PAGE consisted of two parts, namely a stacking gel (5% Acrylamide,
pH 6,8) and a separating gel (10-15% Acrylamide, pH 8,8). First, the separating gel was
prepared with ultrapure water, 40% monomeric Acrylamide 37:1 Bisacrylamide, Buffer, 10%
ammonium persulfate (APS) and Tetramethylethylendiamine (TEMED). APS is a
polymerization initiator and TEMED is a polymerization catalysator, which together serve for
the crosslinking of acrylamide. The stacking gel was then prepared exactly like the separating
gel, only with a lower percentage of Acrylamide. As shortly described before, the stacking gel
was necessary to collect proteins and concentrate them. The separation gel with smaller pores,
higher salt concentration and a higher pH was then important for separating the proteins by
their molecular size. The gels were placed in a gel electrophoresis chamber filled with protein
running buffer. The Western Blot samples were cooked for 5 minutes on 95 °C and spun down
for 2 minutes at full speed in a table-top centrifuge. A protein marker was loaded to later
compare the sample bands with known protein sizes. Then, 10-20 ul of the samples were
loaded. The first phase (stacking gel) ran for 30 minutes at 70 V and the second phase for 90
minutes at 30 mA (per gel). After the negatively charged proteins moved from cathode to

anode, it was possible to perform a Coomassie staining of proteins or a Western Blot.

A Western Blot’s principle is the transfer of the proteins from the SDS-PAGE gel on a
Polyvinylidene fluoride (PVDF) membrane followed by a staining with a protein-specific primary
antibody®®. This is followed by an incubation in a secondary antibody, which binds the primary
one. It is labelled with a horseradish peroxidase (HRP). This peroxidase catalyzes the
conversion of luminol into its oxidized form. This luminescene can then be shown in a fusion

camera.
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The transfer onto the membrane was done under semi-dry conditions, meaning that all
components were wetted in a transfer buffer. A so called “sandwich” was assembled,
consisting of (from bottom to top): paper — membrane — gel — paper. By starting a current of
12V for 53 minutes, the proteins on the gel moved vertically from cathode to anode onto the
PVDF membrane. Afterwards, the protein coated membrane was blocked in 5% BSA in
purified water to block unspecific antibody binding sites. To prevent BSA contamination, we
conducted three washing steps (10 minutes each) with protein wash buffer. The membrane
was then incubated in the primary antibody over night at 4°C on a rotating shaker. The antibody
was diluted in a specific dilution in 10 ml protein wash buffer. The next day, the membrane was
washed three times for 10 minutes again to get rid of unspecific bound antibodies before it was
incubated in the secondary antibody for 45 minutes at room temperature on a rotating shaker.
The secondary antibody was also diluted in 5 ml wash buffer in a 1:30.000 dilution. Again, 3
washing steps were performed, each 10 minutes long. Then, it was possible to detect the
proteins. We prepared a solution with 250 mM Luminol and 90 mM Coumaric acid. As shortly
mentioned above, Luminol was converted into its oxidized form by the peroxidase linked to the
secondary antibody, leading to a luminescent signal. Coumaric acid acted as a sensitizer for
this reaction. The luminescent bands were detected by the Fusion Camera and showed the

size of the proteins of interest.

Table 12: Material for SDS-Page & Western Blot

Stacking gel

Material Supplier
5% Acrylamid Carl Roth
0,2% SDS AppliChem

2M Trizma Hydrochloride Sigma

2M Trizma Base Sigma
0,05% APS AppliChem
0,1% TEMED Carl Roth
Purified water Nephrolab

Separating gel

Material Supplier
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10-15% Acrylamid

Carl Roth

0,2% SDS AppliChem
2M Trizma Hydrochloride Sigma
2M Trizma Base Sigma
0,05% APS AppliChem
0,1% TEMED Carl Roth
Running Buffer
Material Supplier
Glycine Carl Roth
Tris Sigma
SDS AppliChem
Transfer Buffer
Material Supplier
Glycine Carl Roth
Tris Sigma
Methanol Carl Roth
Protein Wash Buffer
Material Supplier
Tris Sigma
Sodium chloride Sigma

Tween (Polysorbat 20)

Caesar & Lorentz

ECL (Enhanced Chemiluminescence Solution)

Material

Supplier

Hydrogen peroxide

Carl Roth
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Luminol Fluka

Coumaric acid Sigma

Tris Sigma
Material Supplier

Gel cassetes

Thermo Fisher

5% BSA (Bovine Serum Albumin) Sigma
PVDF membranes Millipore
Methanol Carl Roth
Blotting paper VWR
Table 13: Primary antibodies for Western Blot
Antibody Species Dilution Supplier Cat. No. Lot. No.
GFP (B-2) mouse 1:10.000 Santa Cruz sc-9996 K2217
FLAG mouse 1:10.000 Sigma F3165 SLBL1237V
Aldrich
FLAG rabbit 1:5000 Sigma F7425 -
Aldrich
V5 Epitope rabbit 1:5000 Millipore AB3792 633758
Tag
Fibrillarin rabbit 1:500 Abcam ab166630 -
B- Tubulin mouse 1:500 Santa Cruz sc-9104 F2504
SDCCAGS8 rabbit 1:500 Proteintech 13471-1-AP 00023136
(NPHP10)
NEK8 rabbit 1:500 GeneTex GTX112027 40093
(NPHP9)
(N1N2) N-
term
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Table 14: Secondary antibodies for Western Blot

Antibody Species Dilution Label Supplier
Anti-mouse- goat 1:30.000 HRP Dako
IgG
Anti-rabbit-IgG goat 1:30.000 HRP Dako

3.8 Immunoprecipitation (IP)

An immunoprecipitation was performed to pull down and enrich the low-abundant proteins of
interest, which were then detected by Western Blot. We conducted two different IP
approaches. First, our stably expressed proteins of interest linked to a FLAG tag were pulled
down by M2 beads as these are coated with FLAG antibody. Another option was incubating

Protein A sepharose beads with antibodies against the proteins of interest and pull them down.

Cells from ten 10 cm dishes were harvested in 1 ml cold 1x PBS and spun down at 1000 rpm
for 5 minutes at 4 °C. The supernatant was aspirated and the cells were lysed on ice. In detail,
mod. RIPA Buffer was supplemented with PIM (protease inhibitor mix) + EDTA and sodium
orthovanadate. Each 10 cm cell dish received 500 pl of this mix.

Mod. RIPA disrupts cell membranes and is, therefore, efficient in cell lysis. Protease inhibitors
prevent the proteins in the cell lysate from being degraded. It was combined with EDTA as this
reagent complexes bivalent metal cations which are present in many enzymes, also proteases.
The proteases are, thereby, inhibited. Sodium orthovanadate is a tyrosine phosphatase-,
alkaline phosphatase-and ATPase-inhibitor.

After adding this mix, the cell pellets were lysed on ice for 30 minutes. The samples were
sonicated for 60 pulses with 10% power (0,1 seconds pulse, 0,9 seconds off) to solubilize the
cells and break intermolecular interactions by ultrasound. So-called “Input samples” were
prepared for each IP sample by transferring 10% of the IP sample to a separate tube before
adding the beads. This “Input sample” was also loaded on a Western Blot next to the IP sample
to show the protein enrichment by immunoprecipitation.

In case of an anti-FLAG IP, 30 pl of M2 beads were added to each of the sonicated samples
followed by overnight incubation on an overhead shaker at 4°C.

An Protein A sepharose beads-IP required an intermediate step. 500 ul mod. RIPA buffer was
mixed in a 1,5 ml tube together with 30 ul Protein A sepharose beads and 2 ug of antibody.
This mix was put on an overhead shaker for 1 hour at 4 °C to couple the antibodies to the
beads. After that, the mix was spun down for 2 minutes at 2000 rpm and then the supernatant

was removed. Subsequently, the sonicated samples were added to the beads.
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The following day, the samples were spun down at 4000 rpm for 3 minutes at 4°C and the
supernatant was removed. The |IP samples were then washed 3 times with 700 yl mod. RIPA
buffer to get rid of unspecific bound proteins. After the last washing step, 1x Laemmli + DTT
was added to the samples, they were cooked for 5 minutes at 95°C and shortly spun down to

prepare them for Western Blot.

Table 15: Material for Inmunoprecipitation

Material Supplier
M2 beads Bimake
Protein A Sepharose beads Life Technologies

Mod. RIPA Buffer:

10 mM Tris, ph 8 Sigma
1mM EDTA Sigma
0,5 mM Ethylene glycol bis(2- Applichem

aminoethyl)tetraacetic acid (EGTA)
1% Triton-X

1,1% sodium deoxycholate

Sigma
Proteases inhibitor mix (PIM) + EDTA Roche
Sodium orthovanadate
IP-Buffer
10% Triton-X-100 Applichem
1M TrisHCI pH 7,5 Sigma
2M sodium chloride (NaCl) Sigma
0,5M sodium fluoride (NaF) Sigma
0,125M NasP207 Merck
Laemmli 2x
250 mM Tris Sigma
10% SDS AppliChem
50% Gylcerol Carl Roth
Bromophenol Blue Carl Roth
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100 mM DTT Thermo Fisher
pH 6,8

3.9 Immunostaining

Immunofluorescence staining was performed to investigate the localization of green
fluorescent protein (GFP)- and FLAG- tagged proteins of the stable Flp-In cell lines. In the so-
called secondary (indirect) immunofluorescence, the antigen (protein of interest) was bound
by an antigen-specific primary antibody. Fluorophore-tagged secondary antibodies recognized
the primary antibody and bound it. Imaging was performed at a Zeiss Confocal laser
microscope. The fluorophores linked to the secondary antibody were excited with a specific

laser wavelength, then the emitted light was detected'®.

IMCD3 cells were grown on coverslips on a 12 well plate in 1 ml medium. They were washed
2 times with 1x PBS and then fixed in 500 ul 4% Paraformaldehyde (PFA) for 10 minutes.
Afterwards, PFA was removed and the cells were washed twice with 1x PBS. In the next step,
500 pl 0,1% Triton-X100 and 5% normal donkey serum (NDS) in PBS were added to each well
for 60 minutes. Triton-X100 permeabilizes the cell membranes (antibodies can enter the cells
and bind their antigen) and NDS blocks unspecific binding sites. Followed by this, we incubated
the samples with primary antibodies in 0,1% Triton, 5% NDS and PBS overnight at 4 °C. For
this purpose, the cover slips were transferred from the 12 well plate into a 100 pL antibody mix
(example: 100 uL Triton-NDS-PBS, 1 uL NEK8-antibody, 0,1 pL acetylated tubulin-antibody)
on a Parafilm in a humidity chamber. The cover slips were put back into the 12 well plate the
next day and washed 3 times with 1x PBS. Incubation in secondary antibody was then
performed in 0,1% Triton-PBS in a 1:500 dilution for 45 minutes at room temperature. The
coverslips were washed three times with 1x PBS and finally mounted in 10 ul Prolong Gold +
4' 6-diamidino-2-phenylindole (DAPI), a fluorescent dye used to stain DNA. We put the

samples on slides and analyzed them by Confocal Imaging.

Table 16: Material for Inmunostaining

Material Supplier
12 well plate Corning
4% PFA (Paraformaldehyde) Sigma
NDS (Normal Donkey Serum) Jackson Immunoresearch
Triton-X100 Applichem
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Prolong Gold + DAPI

Thermo Fisher

Zeiss LSM Confocal Microscope Carl Zeiss
Coverslips
Table 17: Primary antibodies for Inmunostaining
Antibody Species | Dilution Supplier Cat. No. Lot. No.
acetylated Tubulin Mouse 1:1000 Sigma T6793 /
ARL13B Rabbit 1:400 Proteintech | 17711-1-AP /
FLAG Rabbit 1:1000 Sigma- F7425 /
Aldrich
NEK8/NPHP9 Rabbit 1:200 GeneTex GTX106133 40135
SDCCAGS8/NPHP10 Rabbit 1:200 Proteintech | 13471-1-AP | 000023136
Table 18: Secondary antibodies for Immunostaining
Antibody Species Dilution Supplier
Cy3 Donkey anti mouse 1:500 Jackson
ImmunoResearch
DyLight 649 Donkey anti rabbit 1:500 LI-COR
Alexa 488 goat anti rabbit 1:500 Life Technologies

3.10 RNA isolation

RNA isolation was done by applying the single-step method. First, the CRISPR clones (incl.
WT as control) were plated on a 6 well plate the day before isolation of RNA. The medium was
discarded the next day and the cells were washed one time with 1 mL Rnase free PBS. After
discarding PBS, 0,7 mL TRI Reagent® were added under the RNA hood and pipetted up and
down. TRI Reagent® contains Phenol, which is toxic and had to be treated extremely carefully
under the RNA hood. It also contains Guanidinium thiocyanate, which lyses the cells and

inactivates RNases. Phenol breaks down the cell material.
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After adding the reagent, we incubated the cells for 5 minutes at RT. Then, they were
transferred to a safe lock Eppendorf tube (alternative: store at -80°C). Immediately, 140 pL
chloroform was added. This treatment led to a phase separation, building an aqueous phase
(RNA), an intermediate phase (DNA) and an organic phase (proteins). The samples were
vortexed for 15-30 seconds, incubated for 5 minutes on ice, and then vortexed again shortly.
Centrifugation for 15 minutes at 14.000 rpm in a cold centrifuge at 4°C finally led to the final
phase separation. 350 pL of the upper aquaeous phase (clear solution) was added to a new
tube filled with 350 uL isopropanol. It was crucial not to transfer components of the intermediate
phase (DNA) or the pink organic solution (proteins) to the new tube. The tubes were vortexed
briefly and stored at -20 °C overnight. Isopropanol precipitated the ribonucleic acid (RNA). The
next day, we carried out centrifugation for 10 minutes with 14.000 rpm at 4°. Afterwards, the
supernatant was discarded. A small RNA pellet was visible. This pellet was washed with 0,2
mL 70% EtOH and centrifuged for 10 minutes, 11.000 rpm at 4°C. The supernatant was
discarded and the pellet airdried for 30 minutes (open lid). Finally, the RNA was dissolved in
20 yL Rnase free water. Subsequently, the RNA sample was measured with NanoDrop to

determine the RNA concentration.

Table 19: Material for RNA isolation

Material Supplier
6 well plate Corning
TRI-Reagent® Sigma
Safe lock tube Eppendorf
Chloroform Merck
Isopropanol Carl Roth
70% Ethanol Carl Roth

3.11 Concentration measurement of RNA (NanoDrop)

In this spectrophotometric measurement, 1 ul of Aqua dest. was pipetted onto a pedestal to
blank the NanoDrop machine (NanoDrop 1000 Spectrophotometer, Peqglab biotechnologies
GmbH). The machine was set on “RNA”. Another 1 ul of Aqua dest. was added and measured.
The surface of the pedestal was cleaned with a clean tissue. 1 pl of the RNA sample was then

pipetted onto the pedestal and measured.
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3.12 First-Strand library cDNA Synthesis for Reverse Transcriptase-PCR

In this procedure, mMIMCD3 RNA was converted into first-strand complementary DNA (cDNA).
1,5 ug (8 pl) RNA, 1 ul 50 uM oligo (dT) Primer and 1 pul 10 mM DNTP mix (in total 10 ul) were
mixed and centrifuged and then combined in an Eppendorf tube (RNA-primer-mix). Incubation
took place for 5 minutes at 65°C and after that, the samples were placed on ice. The cDNA
Synthesis Mix contained 5X reverse transcription buffer (RT Buffer), 0,1 M DTT, RNaseOUT™
(40 U/ul) and Super Script® 1lIl RT (200 U/ ul). 10 yl of cDNA Synthesis Mix were added to
RNA primer mix, then mixed and spun down in a centrifuge for 2 minutes. The tubes were
incubated at 50°C for 60 minutes. The reaction was terminated then at 70°C for 15 minutes.
The samples were put on ice and the reaction product collected by brief centrifugation. We
performed Q5 PCR immediately afterwards and stored the residual cDNA in — 20°C labelled
as “cDNA library of mIMCD3 cells”.

Table 20: Material for cDNA Synthesis for RT-PCR

Material Supplier
mIMCD3 RNA Nephrolab
50 uM oligo (dT) Primer Thermo Fisher Kit #18080-051
10 mM DNTP mix Thermo Fisher
5X RT Buffer Thermo Fisher
0,1 MDTT Thermo Fisher
RNaseOUT™ (40 U/ pl) Thermo Fisher
SuperScript® Il RT (200 U/ pl) Reverse Thermo Fisher
Transcriptase

3.13 quantitative PCR (qPCR)

Quantitative PCR (qgPCR) was applied to validate the CRISPR KO cell lines. By using a DNA-
binding fluorescent dye (SYBRGreen |) it was possible to label the DNA while amplifying it.
This technique was performed to validate the lower messenger RNA (mRNA) expression of
NPHP9 & NPHP10 CRISPR clones compared to WT samples. We used CT-values to draw
conclusions about the relative gene expression. A CT-value is defined as the cycle number in
which a significantly higher fluorescent signal than the background fluorescent signal is

measurable. The lower the CT value, the higher the amount of transcripts produced.
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Cells were grown and harvested on 6 well plates, and the RNA was isolated. This was followed
by cDNA synthesis. The 20 uL of cDNA synthesis mix were filled with 180 uL RNase free
water, so that the concentration of cDNA was approximately 5 ng/ pL [starting with 1000ng,
then diluted with water — 100 ng, then 10 yL Master Mix — 50 ng, then 1:10 diluted (180 uL
water) — 5 ng/ uL]. 12,5 yL SYBRGreen |, 0,15 yL Primer (50 uyM) and 7,35 uyL water were
added per sample. As there were many samples to analyze, a Master Mix was prepared for
each exon mix containing specific primers, e.g., for SDCCAGS8 Exon 2-3. 5 uL cDNA & 20 uL
Master Mix were added to a 96 well plate (Fast optical, Applied) using Filter Tips. A plastic film
was stuck with roller and tissue on top of the plate so the fluid could not evaporate. The plate
was quickly spun for 1 minute, 8000 rpm to eliminate air bubbles. The gPCR machine was
started and afterwards, the gPCR analysis was performed to validate the KO clones using the
SDS 2.4 software.

Table 21: Material for gPCR

Material Supplier
High-Capacity cDNA Reverse Transcription Applied Biosystems Kit #4368814
Kit

RNase free water Invitrogen

SYBRGreen | Applied Biosystems
Primer IDT

96 well plate Applied Biosystems

Centrifuge Multifuge 4 KR Heraeus
gPCR machine (279002557) Applied Biosystems

3.14 Cloning design

The mRNA coding sequences (CDS) of “mus musculus serologically defined colon cancer
antigen 8 (SDCCAGS8)” and “mus musculus NIMA (never in mitosis gena a) — related
expressed kinase 8 (NEK8)” were found on “www.ensembl.org”. The forward primer sequence,
including Mlu1 Clamp recognition site, and the reverse primer sequence, including Not1 Clamp
recognition site, were designed. It was important that the Primers had a guanine-cytosine
content (GC content) of 40 — 60%. The expected amplicon sizes of SDCCAG8 and NEK8 were
2154 bp and 2096 bp, respectively.
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3.15 PCR using Q5® Hot Start High-Fidelity DNA Polymerase

Q5® PCR was applied to amplify the genes of interest, namely Nek8 (NPHP9) and Sdccag8
(NPHP 10), using the designed primers (see table 36 and 3.xx) All components were mixed
prior to use. Forward and reverse primers were dissolved to 100 uM in nuclease free water
and diluted 1:10 from stock in nuclease free water. Duplicate 25 pl Q5 tubes were prepared: 5
pI 5X Q5 Buffer, 5 pyl 5X Q5 Enhancer, 0,2 pl 25 mM dNTPs, 1,25 yl of each forward and
reverse primer, 5 yl DNA (300 ng), 0,25 yl Q5 DNA polymerase and 7 pl nuclease free water
were mixed together. After mixing gently and pre-heating the lid of the cycler up to 98°C, the

“Hot start” program was initiated (see 3.3).

3.15.1 Control Gel for identifying amplified PCR product
See 3.4.

3.15.2 Purification of PCR product
PCR product (Sdccag8 / Nek8) was purified by using the Genedet PCR Purification Kit
(ThermoScientific) and following its purification protocol, elution was done in 26 ul Elution
Buffer.

GeneJet PCR Purification Kit Thermo Scientific #K0701

3.15.3 Digestion
Eluted DNA was mixed with 0,5 pl Mlu1, 0,5 pl Not1 and 3 ul Buffer 3.1. Mlu1 and Not1 are
restriction enzymes which recognized the Mlu1 and Not1 sites in the genes of interest. They
cut at these sites and form sticky ends. Digestion took place in a 37°C cycler for 6 hours.
Concomitantly, the vector / backbone (pENTR1A), where the genes of interest became
integrated, was digested as well. We followed with an incubation step for 2 hours at 37°C in
the cycler. As human GLIS Family Zinc Finger 2 (hGLIS2) was cloned inside, digested human
hGlis2 pENTR1A was loaded on a 1% Agarose gel, accomplishing a run for 35 minutes at
95V. After that, the band of pENTR1A (2717 bp) was cut out under UV-light using a scalpel.
Another 1% control gel was prepared afterwards to check if cutting out of pPENTR1A was
successful. The digestion of the gene of interest-DNA was loaded on the same gel to prove

the amplicon’s correct size. This gel was run for 30’ at 95V again.

42



Table 22: Material for Digestion

Material Supplier
Miu1 NEB x 5U/uL
Not1 NEB x 5U/uL
Buffer 3.1 NEB
Thermocycler Bio-Rad S1000™ Thermal Cycler

3.15.4 Ligation
The genes of interest were ligated into the digested pENTR1A / pSpCas9(BB) 2A-GFP
backbone after digestion. 1l of digestion product, 1,5 yl 10x T4 buffer, 0,3 ul T4 Ligase, 8,2
pl Water and 4 pl mSdccag8 / mNek8 digest were mixed together. Additionally, we prepared
a control sample containing 4 yl Water. The mixes were incubated for 2 hours at room
temperature. The gene of interest then was integrated into the backbone and formed a circular
plasmid DNA.

Table 23: Material for Ligation

Material Supplier
Backbone digest

Insert digest
10x T4 buffer Thermo Fisher

T4 ligase Thermo Fisher

Cat.: ELO011, Lot: 00731391
5 U/uL
water

3.15.5 Transformation
By transformation, the recombined plasmid DNA was amplified in chemo competent bacteria.
First, 5 pl of both ligation sample and control sample were added to 50 ul DH10 bacteria. An
incubation step of 10 minutes on ice was followed by heat shocking at 42°C for 45 seconds.
Through heat shocking, the bacteria took up DNA efficiently. The bacteria were placed back

on ice and 250 pl super optimal broth (SOC) medium was added to both Eppendorf tubes.
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Next, it was incubated at 37°C, 800 rounds per minute on a thermomixer. After that, 50 pl
bacteria were plated on one lysogeny broth (LB) plate containing Kanamycin or Ampicillin. Half
of the plate was used for the DNA sample and the other half for the water control sample (water
ligation). As the pENTR1A backbone contained a Kanamycin and pSpCas9(BB) 2A-GFP an
Ampicillin resistance gene, only those bacteria that are efficiently transformed with the vector
constructs survived. Colonies of bacteria with the target plasmid DNA were expanded in an

incubator for 16 hours at 37 °C. Colonies only grew on the sample side, not on the control side.

Table 24: Material for Transformation

Material

Chemocompetent DH10 bacteria

42°C water bath

SOC medium

Eppendorf thermo mixer

LB plate (Kanamycin/Amipicillin)
LB medium: Carl Roth

3.15.6 Plasmid preparation (Mini Prep)

First, 10 colonies were selected from the Kanamycin-plate by using a sterile pipette tip. LB
medium with 0,1% Kanamycin was prepared. Then, the pipette tips with the picked colonies
were transferred into a 15 ml Falcon containing 3 ml of Kanamycin-LB medium. The Falcons
were incubated on a shaking incubator overnight at 37 °C. The lit stayed a bit loose for oxygen
supply. On the next day, 1,5 ml of bacteria were transferred from the falcons to Eppendorf
tubes and centrifuged at 8000 revolutions per minute (rpm) for 2 minutes and the supernatant
was removed. By using the Thermo Scientific GeneJET Plasmid Miniprep Kit, plasmid DNA
was purified. All bacteria were lysed during this procedure and the DNA was bound on a
column. By using the Elution Buffer, the DNA was released from the column and collected at
the bottom of the tube. After following the instructions, the DNA was eluted in 25 pl Elution
Buffer.
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Table 25: Material for plasmid preparation (Mini Prep)

Material Supplier
LB medium Carl Roth
Kanamycin Sigma
GeneJET Plasmid Miniprep Kit Thermo Scientific
REF: KO503
Lot: 00789779

3.15.7 Plasmid digestion
Plasmid digestion was performed to restrict the pENTR1A vector containing the genes of
interest in order to screen effective ligation on a gel (see 3.15.3). If the digestion was

successful, we continued with Midi Prep.

3.15.8 Plasmid preparation (Midi Prep)

A Midi Prep was performed to purify cloned plasmid construct. 0,75 mL of bacterial culture was
transferred to an Erlenmeyer flask containing 250 mL purified water, 5 g LB medium and 250
pI Kanamycin. The bacteria culture was expanded for 16 hours at 37°C. By following the
instructions of the protocol in the Macherey-Nagel kit, the DNA was bound on an anion
exchange spin column in several steps and spun in a 4°C cold centrifuge before it was eluted.
Isopropanol and then 70% Ethanol were added to the eluted DNA to precipitate it as it was
less soluble in alcohol. After removing the alcohol, the pellet was airdried and resuspended in
10mM Tris pH 7,5 and the DNA was stored in a safe-lock Eppendorf tube at 4°C.

Table 26: Material for plasmid preparation (Midi Prep)

Material Supplier
Plasmid preparation Kit (Midi Prep) Macherey-Nagel
REF: 7404100.100, Lot: 1907/004
Avanti-J-26S XPI Centrifuge Beckmann-Coulter

3.15.9 BigDye® Sequencing
See 3.5.
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3.16 Flp-In system

Using mIMCD3 WT cells, we cloned the cDNA of Nek8 and Sdccag8 in pENTR1A vectors
followed by a recombination into pgLAP1/2 vectors for stable expression of GFP- (pgLAP1) or
FLAG-tagged (pgLAP2) proteins. These recombinations were enabled by restriction enzymes
and ligases. The pgLAP vectors consist of a cytomegalovirus (CMV) promoter controlling the
expression of EGFP/FLAG-TEV-S-peptide-tagged genes of interest flanked by flippase
recognition target (FRT) sites. By co-transfection of the Sdccag8/ Nek8-pgLAP constructs with
Flp recombinase expression vector (pOG44) into the Flp-in mIMCD3 cell line, stable integration

of promoter, GFP/FLAG and genes of interest was accomplished. 01192

Table 27: Material for Flp-In system

Material Supplier

pgLAP1 pgLAP1 was a gift from Peter Jackson
(Addgene plasmid # 19702;
http://n2t.net/addgene:19702; RRID:
Addgene_19702)

pgLAP2 pgLAP2 was a gift from Peter Jackson
(Addgene plasmid #19703;
http://n2t.net/addgene:19703; RRID:
Addgene_19703)

Pog44 pOG44 _FLP_recombinase (pEHA1338) was a gift
from Vikram Khurana (Addgene plasmid # 209087
; http://n2t.net/addgene:209087 ;
RRID:Addgene_209087)

3.17 CRISPR/Cas9 cloning
We employed the CRISPR/Cas9 genome editing technique to knock out the genes of interest
Nek8 (NPHP9) and Sdccag8 (NPHP10). The approach by Ran et. Al was applied here."%

3.17.1 Analysis of mIMCD3 WT Subclone #8 DNA
Before starting the CRISPR experiment, we ensured that the target DNA was mutation free.
To prove this, the target exons were first amplified by PCR (see 3.13). Then, the PCR was
cleaned up by EXO-SAP digestion and the amplicons were sequenced.
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12 pl of the PCR product and 3 ul of 50 bp marker were loaded on a 2% agarose gel. This was
followed by a gel run for 35 minutes at 120 V. The amplified exons (sizes between 250 and
350 bp) could be identified afterwards. Then, the remaining 8 ul PCR sample products were
cleaned up with exonuclease | (EXO1) and shrimp alkaline phosphatase (SAP). This treatment
was important prior to sequencing because EXO enzymatically removes non-incorporated
primers and SAP dephosphorylates dNTPs. A mix of 1,625 ul water, 0,3 pyl SAP and 0,075 ul
EXO1 was prepared and added to 8 ul of each PCR product. This mix was incubated at 37°C
for 20 minutes and at 72°C for 15 minutes in a thermocycler. The amplified exon sequences

were sequenced by BigDye® Terminator V 3.1 Sequencing (see 3.5).

3.17.2 Preparation of sgRNA oligo plasmid inserts

A genomic target containing a protospacer adjacent motif (PAM) sequence “NGG” (N: not
specified) was determined. The sequence of a single guide RNA (sgRNA) oligo
complementary to the target sequence (top strand, 20 nucleotides) and its complementary
sequence (bottom strand) were first phosphorylated and annealed. Phosphorylation was
necessary for a successful ligation reaction. The top and bottom stands were resuspended to
a concentration of 100 uM. Then, 1 yl sgRNA top strand, 1 pl sgRNA bottom strand, 1 ul 10x
T4 ligation buffer, T4 polynucleotide kinase and 6 pl purified water were mixed.

The oligos were placed in a thermocycler for phosphorylation and annealing with the following

program:

Table 28: Cycles for preparation of sgRNA oligo plasmid inserts (1)

Temperature Duration
37°C 30 minutes
95°C 5 minutes

Ramp down to 25°C, 5°C per minute

After that, the oligos were diluted 1:200 by adding 199 ul purified water to 1 pl of oligos.

Table 29: Material for preparation of sgRNA oligo plasmid inserts (2)

Component Amount Supplier

MSDCCAG8 sgRNA Exon1 1 ul IDT (2.17 table 2)
top (100 uM);
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mMSDCCAG8 sgRNA Exon 1

bottom;
MSDCCAG8 sgRNA Exon 3
top;
MSDCCAG8 sgRNA Exon 3
bottom;
MmNEK8 sRNA Exon 2 top;
MNEK8 sgRNA Exon 2

bottom;
MNEK8 sgRNA Exon 3 top;
MNEK8 sgRNA Exon 3

bottom
T4 ligation buffer, 10x 1l Fermentas
T4 polynucleotide kinase 1l Thermo Fisher
(PNK)
Purified water 6 ul Nephrolab

3.17.3 Cloning sgRNA oligos into pSpCas9(BB) 2A-GFP

Next, we performed cloning of the sgRNA oligos into pSpCas9(BB) 2A-GFP vectors by

collecting the material (Table 32) in a tube. The restriction enzyme digested the vector by

cutting out the old insert. Phosphorylated and annealed oligos were then inserted into the

vector by T7 ligase. Incubation of the ligation reaction was done for 1 hour in 6 cycles: 5

minutes at 37°C, 5 minutes at 21°C per cycle.

Table 30: Material for cloning sgRNA oligos into pSpCas9(BB) 2A-GFP

Component Amount Supplier
pSpCas9(BB) 2A-GFP 100 ng (0,5 pl) Sigma
1:200 Diluted oligo duplex 2l IDT
Tango buffer 10x 2yl Fermentas
DTT, 10 mM 1l Thermo Fisher
ATP, 10 mM 1wl Sigma
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FastDigest Bpil 1l Thermo Fisher

T7 DNA ligase 0,5 ul NEB

Purified water 12 ul

Transformation was performed according to 3.5.

The plates were examined the next day and checked for bacterial colonies. We selected 5
colonies for every Exon targeted by CRISPR/Cas9 with a sterile 200 pl pipette tip. The tips
were placed into a falcon with 3 ml of Ampicillin-LB medium (1:1000 ratio). The colonies were
grown at 37°C overnight. A Mini Prep followed on the next day (see 3.12.8). Then, the

concentration of purified DNA was measured by NanoDrop.

We proceeded with BigDye® Sequencing to detect mutations in the exon-targeting sequences.
A primer recognizing and binding to the U6 promoter region was used because sgRNA
sequence was integrated into the backbone right next to the U6 promoter region. The mutation-
free plasmids were expanded via Midi prep (one Midi per exon). Validation of a successful Midi
Prep was done by DNA analysis on a 1% agarose gel-electrophoresis. The most promising

DNAs were selected and sequenced using the U6 promoter primer mentioned above.

3.17.4 Transfection
mIMCD3 WT subclone #8 cells were transfected with the assembled sgRNA-pSpCas9(BB)
2A-GFP plasmids (3.2.2)

3.17.5 Fluorescent activated cell sorting (FACS)

48 hours after transfection, cells were washed one time with 2 mL PBS and detached from the
6 well plate with 0,5 mL Trypsin. Five minutes of incubation at 37 °C and resuspension in 5 mL
DMEM F12 medium followed. The cell suspension was transferred into 15 mL falcons and
spun down at 1250 rpm at room temperature for five minutes. Then, the medium was aspirated
and the falcons were kept on ice.

A 50 mL falcon containing FACS buffer (PBS + 2% FBS) was prepared and each pellet was
resuspended in 0,5 mL of this buffer. Simultaneously, 96 well plates were prepared, from which
each well received 80 pyl of DMEM F12 + 1% Glutamax + 10 % FBS + 1% Penicillin-Streptavidin
medium. Cells were sorted into these 96 well plates (MPI Age FACS facility). The falcons and
96 well plates were transported to FACS facility where the resuspended pellets were
transferred to sterile FACS tubes. The tubes were placed into the FACSARIA lllu Svea
machine equipped with a 100um nozzle. One GFP positive cell was sorted in each well of the

96 well plates.
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3.17.6 Analysis of clones

Colony expansion of the single-sorted cells took, on average, 10 to 14 days. When colonies
were visible, one 10 cm dish was prepared for further culturing of the cells and one dish for
DNA preparation. The medium was aspirated, the cells were washed with PBS and treated
with some drops of Trypsin afterwards. After incubation for 10 minutes at 37 °C, the cells were
resuspended in 200 pl medium. Some drops were added to a new 96 well plates, which already
contained 80 ul of medium, and the rest was transferred to a 96 well plate used for DNA
purification the next day.

To isolate the DNA, the medium was poured into the sink. Cells were washed in 1x PBS, which
was also poured into the sink. 30 pl of lysis buffer + 100 pg/mL proteinase K were added to
the wells using a multichannel pipette. The plates were rocked for 5 minutes at room
temperature and the extracts were transferred to PCR tubes. Next, the extracts were incubated
at 56 °C for 1 hour followed by 95 °C for 10 minutes. The purified DNA was stored at 4 °C.

By running a genotyping PCR of all prepared CRISPR DNAs, promising CRISPR clones (and
mutations) were detected (see 3.13). After that, the PCR product was poured on an agarose
gel (3.15.1) We performed EXO-SAP digestion as well as BigDye® Sequencing for every

promising clone.

3.17.7 Validation
The CRISPR clones which showed mutations for the genes of interest were grown on 10 cm
dishes. Before experiments, five to ten 10 cm dishes were pooled. The cells were harvested
and an immunoprecipitation was performed. Afterwards, a Western Blot was done to detect

differences between wild type (WT) and CRISPR clones.

3.18 Mass spectrometry

We conducted mass spectrometry to validate the CRISPR knockout cell lines. Preparation was
done by harvesting, reduction, alkylation and trypsin digestion followed by the Nephrolab stage
tip protocol (3.18.1, 2, 3 and 4).

3.18.1 Sample preparation & BCA measurement
We removed the medium and the transfected mIMCD 3 WT Subclone #8 cells were scraped
from the in total five plates using 10 mL cold PBS. The cells were than centrifuged for 5 minutes
at 1000 rpm at 4°C. Then, they were transferred into a 1,5 mL tube with 1 mL PBS. Another
centrifugation step at 1000 rpm at 4°C for 5 minutes followed before the supernatant was

aspirated. The pellets were snap frozen in liquid nitrogen and stored at -80°C.

50



Next, the cells were resuspended in 500 ul urea buffer in 50 mM ammonium bicarbonate with
5 ul phosphatase-protease inhibitor (10 pl PPI per mL urea buffer). The mixture was vortexed
until the pellet was resolved. The samples were sonicated with 60 impulses (1 minute, 10%
power) until a homogenous sample was obtained. Centrifugation at 4°C for 30 to 45 minutes
at maximum speed followed. The supernatant was processed. For this purpose, new
Eppendorf tubes were filled with 20 yl sample together with 20 pl purified water. A Pierce™

BCA Protein Assay was performed to determine the protein concentrations in the samples.

3.18.2 Reduction & Alkylation
We carried out reduction to break peptide bonds, whereas alkylation was done to prevent the
free sulfhydryl groups on the cysteines to reform disulfide bonds.'** The samples were reduced
by adding 10 mM DTT for 45 minutes at room temperature. Alkylation was done by adding 200

mM iodoacetamide for one hour at room temperature in a dark room.

3.18.3 Trypsin digestion
Before the samples were digested, they had to be diluted to a concentration below 2 M urea
with 50 mMI ammonium bicarbonate because trypsin only cut when the urea concentration
was below 2 M and pH < 8. Dilution was done in a 1:10 ratio, meaning 8 pL sample together
with 92 yL ammonium bicarbonate.
25 ug protein was used for a knockout validation experiment. Therefore, 1 yL of 1 ug/uL trypsin
was added to the samples to hydrolytically break the peptide bonds. The digestion was done

overnight for 14 hours.

3.18.4 Stop and go extraction tops for matrix-assisted laser desorption

Stage tipping was performed to clean the samples from salts and buffers.

After overnight digestion the samples were acidified to 0,5% formic acid. Vortex and pH check
were done (ideal pH: < 3). Then, the samples were spun for 5-10 minutes with maximum speed
at 4°C to get rid of the urea rests. The supernatants were used for stage tipping and tubes
were changed.

The stage tips were equilibrated with 25 yL methanol and then spun for 1 minute at 500 g
followed by another equilibration step with 25 pL buffer B and spinning step for 1 minute at
500 g. The stage tips were washed three times with 25 pL buffer A and spun for 1 min at 500
g after each washing step. The adapter and stage tips were put in new tubes. The samples
were loaded (200 yL) and washed with 100 uL buffer A (3 minutes at 500 g). After that, the
samples were bound on the C18 polymer. Again, a tube change was done for elution. 40 pL

buffer B was slowly added to the new tubes and spun for 2 minutes at 300 g.
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The samples were dried by speedvac at room temperature for 45 minutes. They were stored

in the proteomics facility at -20 °C and analyzed by proteomics specialists.

Table 31: Material for Mass Spec preparation & Stage Tip

Material Supplier Catalog No. Lot. No.
Urea Sigma-Aldrich u1250 SLBW0964
Ammonium Bicarbonate Sigma-Aldrich 09830 BCBQ6426V
DTT AppliChem A1101, 0025 8R009950
Trypsin MS approved Serva 37286.03 170741
Pierce™ BCA Protein Thermo Fisher
Assay Kit Scientific (REF:
23227)
2-lodoacetamide Merck 8.04744.0025 L012040744
402
Methanol VWR 83638.320 1822149
Buffer A: 0,1% formic acid VWR 84867.290 DP641408
10 mL MS-grade water
10 uL formic acid
Buffer B: 80% ACN, 0,1% Fisher Scientific LS122-500 192016
formic acid
1 mL MS-grade water
4 mL acetonitrile
5 uL formic acid
C18 polymer for stage tips 3M 34-8715-1013- 320837D
6

3.19 Interactome preparation

To perform the interactome analysis for the KO cell lines, mIMCD3 cells lacking NPHP9 or
NPHP10 were seeded. Lipofectamine transfection (see section 3.2.2) was carried out using
V5.hANPHP9, V5.hNPHP10, and pcDNAG6/V5.HisC as a control. After 48 hours of incubation at

37°C, the cells were harvested and washed with PBS. The cells were then scraped into 8 mL
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of ice-cold PBS and transferred to a 15 mL tube. A 5-minute centrifugation step at 1500 rpm
and 4°C followed, after which the supernatant was discarded. The cell pellets were
resuspended in 300 uL of modified RIPA buffer (without SDS), and the cells were lysed on ice
for 15 minutes. The lysates were then sonicated for 30 seconds. Following sonication, the cell
lysates were centrifuged at full speed for 15 minutes at 4°C. The supernatant was carefully
transferred to a fresh tube. A 50 uL aliquot of the lysate was mixed with 50 yL of Laemmli

buffer and heated at 95°C for 5 minutes. The remaining lysate was stored at —20°C.

For immunoprecipitation, 1 ug of the V5 antibody was added to each tube, and the samples
were incubated for 1 hour at 4°C with rotation. Next, 50 uL of Protein G beads were added to

each sample, and the tubes were incubated overnight at 4°C with rotation.

The following day, the samples were subjected to elution for mass spectrometry. The cells
were washed three times with modified RIPA buffer and centrifuged at 2000 rpm for 2 minutes
at 4°C. The buffer was almost completely removed from the beads, and 60 uL of 5% SDS in
PBS was added. The samples were heated at 95°C for 5 minutes, then centrifuged at full
speed for 5 minutes. 60 uL of the supernatant was transferred to a fresh tube for further

processing.

Reduction was performed by adding 200 mM DTT in 50 mM ammonium bicarbonate to the
samples to achieve a final concentration of 10 mM. The samples were incubated at room
temperature for 30 minutes. Alkylation was then carried out by adding 200 mM iodoacetamide
(in 50 mM ammonium bicarbonate) to the samples , followed by a 30-minute incubation in the
dark at room temperature. Finally, the samples were stored at —20°C until submission to the
proteomics facility. Further processing of the samples and data analysis was then performed
by the CECAD Proteomics Facility. iBAQ was used for the calculation of the t-test. Cilium-

associated proteins were identified by applying keyword-focused filters to the dataset.

Table 32: Material for Interactome preparation

Material Supplier

mIMCD3 Nphp9 -/- cells -

mIMCD3 Nphp10 -/- cells -

pcDNAG/V5.His cells -

PBS See Table 2

Mod. RIPA buffer See Table 15
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Laemmli See Table 15
V5. antibody Serotec
Protein G beads Life Technologies
DTT Thermo Fisher
Ammounium bicarbonate Sigma-Aldrich
2-lodoacetamide Merck

3.20 PamGene

3.20.1 Principle

PamGene Serine / Threonine kinase assay was performed to determine kinase activity in the
NEK8 and SDCCAGS8 deficient cell samples which were created by CRISPR/Cas9. 144 serine
/ threonine kinase peptide substrates were immobilized on a chip and incubated with lysates
containing kinases. The aim was to identify changes in phosphorylation in the two different
knockout cell lines compared to the control wild type cell line. The experiment was run in four
biological replicates of each mIMCD3 WT Subclone #8, CRISPR D1 Il (Nek8) and E8
(Sdccag8).

3.20.2 Mix preparation

First, a BCA assay was done to determine protein concentration in each sample (see 3.6).
Next, the “lysate dilution mix” and the “basic mix” were prepared. Shortly before adding to the
arrays, these two mixes were combined, resulting in the “total mix” or sample mix. This was
done to avoid contact between kinases and adenosine triphosphate (ATP) without a substrate
being present.

The lysate dilution mix for each sample itself consisted of the sample and mammalian protein
extraction reagent (M-PER) buffer with protease and phosphatase inhibitor. The basic mix
consisted of ultrapure water (Mili Q), 10x PK buffer, 100x BSA, serine/threonine kinase (STK)
antibody mix and 4mM ATP.

In the end, a detection mix, made of ultrapure water, 10x antibody buffer and STK antibody

fluorescein isothiocyanate (FITC)-labelled, was prepared and applied.

3.20.3 Workflow
The program was started on the computer and the PamStation12 was filled with two syringes.

Three PamChips with four arrays each were placed into the machine and the fluid barrier was
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checked as well as the glasses. Then, 30 yL washing solution (1x PK wash buffer) were added.

The blocking and washing steps followed, lasting 30 minutes.

The next step was to combine “lysate dilution mix” and “basic mix” and add 40 L of this

“sample mix” to each array. After incubation and washing for 110 minutes, 30 uL of the

“detection mix” was added to each array and incubated. After 50 minutes, the arrays were

once more washed. The final step was the BioNavigator analysis of kinase activity by

Pamgene.

Table 33: Material for PamGene assay

Material Supplier Catalog No.
PamStation®12 System PamGene 31500
Serin threonine Kinase PamGene 32501

PamChip®
STK reagent kit PamGene 32201
M-PER™ Mammalian Thermo Fisher Scientific 78503
Extraction Buffer
Halt™ Phosphatase Inhibitor Thermo Fisher Scientific 78428
Cocktail (100x)
Halt™ Protease Inhibitor Thermo Fisher Scientific 78437
Cocktail, EDTA free (100x)
Ultrapure water Nephrolab
3.21 Vectors (Plasmids)
Table 34: Vectors (Plasmids)
Name Purpose

SDCCAG8 & NEK8

hGlis2 pENTR1A Be -> cloning

Separate pENTR1A & hGlis2 and use
pENntR1A as a backbone for SDCCAGS8 /

NEK8

FO9.m mNPHP9/NEK8 WT FL pcDNAG6

Clone NEK8 into pcDNAG6 backbone

pgLAP1 (N-term GFP)

GFP-tag for SDCCAG8/ NEK8

pgLAP2 (N-term FLAG)

FLAG-tag for Sdccgag8 / NEK8
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pOG44

Recombination

F9.GFP pcDNAG6

Transfection control

SDCCAGS8 pgLAP1 Created by Flp-In system
SDCCAGS8 pgLAP2 Created by Flp-In system
NEKS8 pgLAP1 Created by Flp-In system
NEKS8 pgLAP2 Created by Flp-In system

pSpCas9(BB)-2A-GFP

Ordered for CRISPR-Cas9 cloning

SDCCAG8 sgRNA #1 pSpCas9(BB)-
2A-GFP

Created by cloning sgRNA into the vector

SDCCAGB8 sgRNA #3 pSpCas9(BB)-
2A-GFP

Created by cloning sgRNA into the vector

NEK8 sgRNA #2 pSpCas9(BB)-2A-GFP

Created by cloning sgRNA into the vector

NEK8 sgRNA #3 pSpCas9(BB)-2A-GFP

Created by cloning sgRNA into the vector

3.22 Primer
Table 35: Primer

Name Sequence Purpose
mSDCCAGS8 Mlul 5’- Cloning SDCCAG8 into
fw CCCGCGACGCGTATGGCGA pENTR1A backbone
AGTCCCCAGGGAAC -3
mSDCCAGS8 Not1 5- Cloning SDCCAGS8 into
rv CCCGCGGCGGCCGCTCAGC PENTR1A backbone
AATCAGATTGTGGCA -3
MSDCCAGS8 Fw 1 5- Sequencing SDCCAGS-
ATGGCGAAGTCCCCAGGGA pENTR1A
A-3
MSDCCAGS8 Fw 2 5- Sequencing SDCCAGS-
CCAGTCTCAATATATCCACC pENTR1A
-3
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mSDCCAGS8 Fw 3

5-

Sequencing SDCCAGS-

ATGCTTCTGAGGAAAGACTT pENTR1A
-3
MSDCCAGS8 Fw 4 5- Sequencing SDCCAGS-
AGCTGGAGAGGCAGACAGA pPENTR1A
A-3
MSDCCAG8 Fw 5 5- Sequencing SDCCAGS-
CCAGGAAATAGAGAAGTTGA pENTR1A
-3’
MSDCCAGS8 Fw 6 5- Sequencing SDCCAGS-
TCACTAAAGAGCAGATCGCA pENTR1A
-3
MSDCCAGS8 fw 5- Sequencing SDCCAGS-
Primer 7 CACCATGCACAACCTCGTTC pENTR1A
-3
mNPHP10 rv 8 5- Sequencing SDCCAGS-
GCCATCGTCACATTCTGACG pENTR1A
-3’
mNPHP10 fw 9 5’- Sequencing SDCCAGS-
GACAAGTGCCATGAGCAGG pENTR1A
T-3
MNPHP9 miu 1 fp 5- Cloning NEKS into
CGCGGGACGCGTATGGAGA pENTR1A

AGTACGAGCGGAT -3

mNPHP9 not 678
p

5-
CGCGGGGCGGCCGCCTCA
GGGGGGAACTGGTTCAT-3'

Cloning NEK8 into
pENTR1A

MNPHP9 rv 5- Sequencing NEKS-
CATAGTACTCGATGACGTTG pENTR1A
-3
mNPHP9 187 FP 5 Sequencing NEKS8-
CTGCTACATCTCCCCTGAGC pENTR1A
-3
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mNPHP9 346 FP 5% Sequencing NEKS-
TTAGCAGTCCCCTGAGGTTG pENTR1A
-3
mNPHP9 506 FP 5 Sequencing NEK8-
TTAGCAGTCCCCTGAGGTTG pENTR1A
-3
mNPHP9 945 fp 5 Sequencing NEKS8-
GCCACTGTCTTCGGTCTACG pENTR1A
-3
mNPHP9 1281 fp 5% Sequencing NEKS8-
GTGTTTAGGTCACGGCAAC pENTR1A
C-3
MmNPHP9 1496 fp 5- Sequencing NEKS8-
CAGGACAGGAAGCTCAGAG pENTR1A
A-3
SDCCAGS8 Exon 5- PCR & Sequence
1 Fw GGCCTGTCCTCGGAGGGGT SDCCAGS8 Exon 1 to show
G-3 that it is mutation free
SDCCAGS8 Exon 5- PCR & Sequence
1 Rv GGCTGTGGAGGAAGACGAC SDCCAGS8 Exon 1 to show
c-3 that it is mutation free
SDCCAGS8 Exon 5- PCR & Sequence
3 Fw GCTGTGTGGCCTTTGAGGG SDCCAGS8 Exon 3 to show
A-3 that it is mutation free
SDCCAGS8 Exon 5’- PCR & Sequence
3 Rv CTGAAGCTAAGCTGGGAGG SDCCAGS8 Exon 3 to show
c-3 that it is mutation free
NEKS8 Exon 2 Fw 5'- PCR & Sequence NEK8
GGATTGTGCACCTGTGCCT Exon 2 to show that it is
G-3 mutation free
NEK8 Exon 2 Rv 5'- PCR & Sequence NEK8
CTGGAGGGTGACGGCCCCT Exon 2 to show that it is
c-¥ mutation free
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NEK8 Exon 3 fw 5- PCR & Sequence NEK8
GCAGATCCTGCTGGCTCTG Exon 3 to show that it is
Cc-3 mutation free
NEK8 Exon 3 rv 5- PCR & Sequence NEK8
AGGGCCATCTAGACAGGGA Exon 3 to show that it is
Cc-3 mutation free
mNEK8 Exon3 5- PCR & Sequence NEK8
rv2 AGGACTGTGGAGCAAGCCT Exon 2 to show that it is
c-3 mutation free
MmNEKS8 Exon 3 5- PCR & Sequence NEK8
fw2 GCGCTGCAACTCTCTGCTA Exon 2 to show that it is
G-3 mutation free
mSDCCAG8 5- Creating oligos for sgRNA
sgRNA1 top CACCGAGATTCGGAGCAAC targeting SDCCAGS8 Exon 1
TCACCC -3
mSDCCAG8 5- Creating oligos for sgRNA
sgRNA1 bott AAACGGGTGAGTTGCTCCG targeting SDCCAGS8 Exon 1
AATCTC -3’
mSDCCAG8 5’- Creating oligos for sgRNA
sgRNAZ3 top CACCGGTTGCGTCAACAAA targeting SDCCAGS8 Exon 3
CAAATA -3’
mSDCCAG8 5’- Creating oligos for sgRNA
sgRNA 3 bott AAACTATTTGTTTGTTGACG targeting SDCCAGS8 Exon 3
CAACC -3
MNEK8 sgRNA 2 5’- Creating oligos for sgRNA
top CACCGGGCGGCCCAGAACG targeting NEK8 Exon 2
AGTGCC -3
MNEK8 sgRNA 2 5’- Creating oligos for sgRNA
bott AAACGGCACTCGTTCTGGG targeting NEK8 Exon 2
ccacce -3




MNEK8 sgRNA 3 5- Creating oligos for sgRNA
top CACCGTCTTGACAAACACCG targeting NEK8 Exon 3
CATGG -3’
MNEK8 sgRNA 3 5- Creating oligos for sgRNA
bott AAACCCATGCGGTGTTTGTC targeting NEK8 Exon 3
AAGAC -3’
SDCCAGS8 Exon 5- gPCR for Validation of
2 gPCR fw TCCTTCCACCAGCATCAACG CRISPR clones
-3’
SDCCAGS8 Exon 5- gPCR for Validation of
3gPCRrv CAACTTTCGTCTTCGCGGTG CRISPR clones
-3
SDCCAGS8 Exon 5- gPCR for Validation of
4 gPCR fw CACCATGCACAACCTCGTTC CRISPR clones
-3
SDCCAGS8 Exon 5- gPCR for Validation of
5gPCR rv CCTCAATGTCTCCTCCGGTC CRISPR clones
-3’
NEKS8 Exon 2 5- gPCR for Validation of
gPCR fw TCAACCACCCCAACGTCATC CRISPR clones
-3’
NEK8 Exon 3 5- qPCR for Validation of
gPCR rv TCTAGCAGAGAGTTGCAGC CRISPR clones
G-%
NEKS8 Exon 4 5- gPCR for Validation of
gPCR fw TGCTACATCTCCCCTGAGCT CRISPR clones
-3
NEK8 Exon 5 5- gPCR for Validation of
gPCR rv TGTACCGGTCAGAGATGGG CRISPR clones
T-3
m-ACTB fp1 5- gPCR for Validation of
AAGAGCTATGAGCTGCCTG CRISPR clones
A-3 (housekeeping gene)
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m-ACTB rp1 5- gPCR for Validation of
TACGGATGTCAACGTCACAC CRISPR clones

-3 (housekeeping gene)

m-HPRT1 fp 5- gPCR for Validation of
GCTGACCTGCTGGATTACAT CRISPR clones

-3 (housekeeping gene)

m-HPRT1 rp 5- gPCR for Validation of
TTGGGGCTGTACTGCTTAAC CRISPR clones

-3 (housekeeping gene)

3.23 Chemicals, Reagents & Solutions

Table 36: Chemicals, Reagents & Solutions

Chemicals Catalog No. Company
1M N-(2- H0887 Sigma
Hydroxyethyl) piperazine-N'-
(2-ethanesulfonic acid)
(HEPES)
37% Formaldehyde 4979.1 Th.Geyer
Agarose A9539 Sigma
Ammonium persulfate (APS) A1142, 0250 Applichem
Bovine Serum Albumin A9418 Sigma
(BSA)
Bromophenol blue A512 Carl Roth
Chloroform 1.02445.1000 Merck
Coumaric acid C9008 Sigma
Dimethyl sulfoxide (DMSO) A3672, 0100 AppliChem
Dithiothreitol) R0862 Thermo Fisher
DMEM plus Glutamax 31966-021 Gibco
dNTPs (100 mM) R0182 Thermo Fisher
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Dulbeccos’s Modified Eagle D6429 Sigma
Medium (DMEM)
Ethanol 99% A5007 Applichem
Ethanol absolute 9065 Carl Roth
Ethidiumbromide solution 2218 Carl Roth
(1%)
Ethylenediaminetetraacetic 60-00-4 Sigma
acid disodium salt dihydrate
(EDTA)
Fetal Bovine Serum (FBS) 10270-106 Gibco
Gene Ruler 50bp DNA 35050-038 Thermo Fisher
Ladder
Glutamax 35050-038 Gibco
Glycerol 3787 Carl Roth
Glycine 3908.3 Carl Roth
Hydrogen Peroxide 30% 8070.4 Carl Roth
Incidin Plus 225194 Igefa
Isopropanol 5752.3 Carl Roth
Lipofectamine®-2000 11668-027 Invitrogen
Luminol 9253 Fluka
Methanol 4627 Carl Roth
MgCl, 1.05833.0250 Merck
Tetramethylethylenediamine 2367 Carl Roth
(TEMED)
Naz;HPO, S9390 Sigma
Normal Donkey Serum 017-000-121 Jackson
(NDS)
Opti-MEM® 31985-047 Invitrogen
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PageRuler™ Plus
Prestained Protein Ladder,
10 to 250 kDa

26619

Thermo Scientific

Paraformaldehyde (PFA) P6148 Sigma
Penicillin-Streptomycin 15140-122 Gibco
10.000 U/mL
Polyacrylamide T802 Carl Roth
Prolong Diamond + DAPI P36971 Thermo Fisher
RNase-free water Ultra Pure 10977-035 Invitrogen
Sodium dodecyl sulfate SDS A2263, 0500 AppliChem
Sodium chloride (NaCl) S5886 Sigma
Sodium fluoride S-1504 Sigma
Sodium (tetra-) diphosphate 106591 Merck
decahydrate
SYBR Green
TE buffer 60191 Invitrogen
Tris Hydrochloride (HCI) 9090.3 Sigma
Normal Donkey Serum A4975, 1000 Applichem
Tris Base T1503 Sigma
Trypsin-EDTA, 1x 25300 Gibco
Tween®20 (Polysorbat 20) 3472 Caesar & Lorentz
Water PCR Reagent R2523 Sigma




4 Results
4.1 Stable cell lines with SDCCAG8 and NEK8 overexpression

We generated several stable mouse inner medullary collecting duct (mIMCD3) cell lines using
the Flp-In system. This approach was applied as it allows a stable integration of a single copy
of a transgene, typically resulting in low, almost physiological expression levels. In brief,
mIMCD3 FLP-IN cells were co-transfected with the specific targeting vector and a plasmid
encoding for the flp recombinase followed by selection with hygromycin. Immunofluorescence
stainings and immunoblots were performed to validate both expression levels and localization
of NEK8 and SDCCAGS8. We first investigated whether stably expressed SDCCAG8-GFP
protein localized to primary cilia (Fig. 3). The control cell line expressing GFP-GFP showed an
unspecific GFP signal in the cytoplasm. The ciliary markers acetylated tubulin (AcTub) and
ADP-ribosylation factor-like protein 13B (ARL13B) showed coherent signals at the primary
cilium (Fig. 3). In line with a previous publication®, SDCCAG8-GFP localized to the ciliary base
represented by a GFP signal at the ciliary base (Fig. 3).

SDCCAGS-pglLAP1 SDCCAGS-pglLAP1
(Zoom)

GFP-pglAP1
(Zoom)

GFP AcTub ARL13B Merge

Figure 3: Subcellular localization of SDCCAG8.GFP in the stable mIMCD3 cell line.

Confocal microscopy of mIMCD3 cells stained for cilia with an antibody directed against acetylated
tubulin (red) or against ARL13B (grey) and for GFP-tagged protein of interest SDCCAG8-GFP (green)
with DAPI counterstaining (blue). The scale bars correspond to 20 um in the non-zoomed images and
5 ym in the zoomed images.
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We further analyzed the localization of NEK8.GFP which did not show any ciliary localization
(Fig. 4). Both ciliary markers (acetylated tubulin and ARL13B) confirmed the presence of cilia,
but a signal for NEK8.GFP could neither be identified in the cilium nor in the nucleus. It rather

showed a cytoplasmic localization pattern.

NEK8-pgLAP1

NEK8-pgLAP1
(Zoom)

GFP-pgLAP1
(Zoom)

GFP AcTub ARL13B Merge

Figure 4: Subcellular localization of NEK8.GFP in the stable mIMCD3 cell line.

Confocal microscopy of mIMCD3 cells stained for cilia with an antibody directed against acetylated
tubulin (red) or against ARL13B (grey) and for GFP-tagged protein of interest NEK8-GFP (green) with
DAPI counterstaining (blue). The scale bars correspond to 20 um in the non-zoomed images and 5 um
in the zoomed images.

For the FLAG-tagged SDCCAGS cell lines we used anti-FLAG and anti-SDCCAGS antibodies
(Fig. 5A/B). A clear localization pattern for SDCCAG8-FLAG protein could not be confirmed.
In fact, there was lower FLAG signal in the SDCCAGS8-FLAG cells compared to the FLAG
control cells. Alternatively, the signals in the SDCCAGS8-FLAG cells and the FLAG cells were
compared applying a human SDCCAGS8 antibody (Fig. 5B). SDCCAGS could be identified at
the ciliary base in the SDCCAGB8-FLAG cells, but not in the control cells, reflecting higher
expression levels in the SDCCAGS8-FLAG cell line. Additionally, untransfected human
embryonic kidney cells (HEK293T) stained with an anti-human SDCCAGS8 antibody showed
ciliary localization of SDCCAG8 (Fig. 5C). Here, we could also demonstrate SDCCAGS8
localization at the mitotic spindle pole in one of the cells, underlining its important function at

65



the centrosomes during cell cycle (mitosis). Anti-FLAG stainings of the stable NEK8.FLAG line
did not confirm ciliary localization of NEK8 (Fig. 5D).

>
®

SDCCAG8-pgLAP2

SDCCAGS-pgLAP2

SDCCAGS-pgLAP2
(Zoom)
SDCCAG8-pglLAP2
(Zoom)

pgLAP2 (FLAG)

pgLAP2 (FLAG)

pgLAP2 (FLAG)
(Zoom)

pgLAP2(FLAG)
(Zoom)

FLAG AcTub Merge

AcTub SDCCAG8 Merge

(g}

HEK 293T WT
NEKS-pgLAP2

HEK 293T WT
(Zoom)
pgLAP2 (FLAG)

AcTub SDCCAGS Merge FLAG AcTub Merge

Figure 5: Subcellular localization of SDCCAGS8.FLAG and NEK8.FLAG in stable mIMCD3 / HEK
293T cell lines.

Immunostaining of stable mIMCD3 cell lines expressing SDCCAG8.FLAG with anti-FLAG (green) and
anti-acetylated tubulin (red). B. Immunostaining of stable mIMCD3 cell lines expressing
SDCCAGS8.FLAG with anti-SDCCAGS8 (grey) and anti-acetylated tubulin (red). C. Immunostaining of
HEK 293T cells expressing SDCCAG8.FLAG with anti-SDCCAGS8 (grey) and anti-acetylated tubulin
(red). D. Immunostaining of stable mIMCD3 cell lines expressing NEK8.FLAG with anti-FLAG (green)
and anti-acetylated tubulin (red).
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To validate the expression of SDCCAG8 and NEKS8 in the cell lines, we performed
immunoblots using protein lysates from the cells. An anti-GFP antibody detected GFP and
GFP-GFP (GFP-pgLAP1) (Fig. 6A), both serving as positive controls. SDCCAG8-GFP protein
with an expected molecular weight of 110 kDa (83 kDa SDCCAGS, 27 kDa GFP) was not
detectable. NEK8-pgLAP1, however, was detectable with a molecular weight of 110 kDa (Fig.
6A). This is consistent with the expected molecular weight of NEK8-GFP protein (~75 kDa
NEKS8, ~27 kDa GFP). Anti-fibrillarin antibody served as a loading control. The amount of
fibrillarin was almost equal in all samples with consistent bands at 34 kDa. The Western blot
performed with the anti-FLAG antibody did not detect any of the proteins, neither NEK8-FLAG
nor SDCCAGS8-FLAG. F9.GFP, the positive control, was detectable at 27 kDa. The anti-

fibrillarin loading control proved an equal amount of all samples (Fig. 6B).
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Figure 6: Validation of stable cell lines overexpressing SDCCAG8-GFP and SDCCAGS-
FLAG / NEK8-GFP and NEK8-FLAG by immune blotting.

Due to the lack of protein detection in the immunoblots, overexpressed and endogenous NEK8
and SDCCAG8 were enriched by immunoprecipitation (IP) using anti-FLAG and anti-
NEK8/SDCCAGS8 antibodies. However, neither immunoprecipitated FLAG-tagged proteins
from the cell lines nor endogenous NEK8 or SDCCAGS8 from mouse IMCD3 wild-type cells
could be detected (data not shown). Because of these technical constraints, we refrained from

performing additional investigations, including mass spectrometry analysis.
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4.2 Generation of NPHP9 and NPHP10 KO cell lines by CRISPR/Cas9 genome-
editing

Subsequently, we aimed to establish knockout cell lines using CRISPR/Cas9 to investigate
the effects of depleting NEK8 and SDCCAGS proteins. Workflow and clone numbers are

summarized in Figure 7.

First Round of FACS Second Round of FACS Third Round of FACS

FACS FACS FACS

12x 96 well plates 6x 96 well plates

12x 96 well plates

Grow single cell clones on 96
well plates

Grow single cell clones on 96
well plates

Grow single cell clones on 96
well plates

26 clones: 5xA, 7xB, 8xC, 6xD 18 clones: 4xA, 7xB, 3xC, 4xD 55 clones: 28xE, 27xE

Genotyping, Sequencing for

Genotyping PCR, Sequencing 22xE & 24xF

Genotyping PCR, Sequencing

Grow B6 & C11 on 96 well Grow ES, E6, E8, E9 on 96 well
plate -> 12 well plate -> 6 well Grow D1 Il on 10 cm dish plate -> 12 well plate -> & well
plate -> 10 cm dish plate -> 10 cm dish

Mass Spectrometry Validation,
qPCR-Validation, PamGene

Mass Spectrometry Validation,

qPCR-Validation, PamGene qPCR-Validation, PamGene

Figure 7: Summary of three rounds generating KO cell lines and number of clones obtained.

The workflow for three rounds of FACS is presented. Single-cell clones were cultured on twelve 96-well
plates and subsequently analyzed. Promising clones—B6 and C11 (from round one), D1 Il (from round
two), and E5, EG6, E8, and E9 (from round three)—were expanded on 10 cm dishes and later harvested
for gPCR validation and PamGene experiment.

First: 3x 96 well plates with Sdccag8 sgRNA Exon 1 (A), 3x sgRNA Exon 3 (B)
3x 96 well plates with Nek8 sgRNA Exon 2 (C), 3x sgRNA Exon 3 (D)
Second: 3x 96 well plates with Sdccag8 sgRNA Exon 1 (All), 3x sgRNA Exon 3 (BII)
3x 96 well plates with Nek8 sgRNA Exon 2 (Cll), 3x sgRNA Exon 3 (D1 II)
Third: 3x 96 well plates with Sdccag8 sgRNA Exon 1 (E)

3x 96 well plates with Sdccag8 sgRNA Exon 3 (F)

We first analyzed the target sequences in the mouse mIMCD3 wildtype cells to rule out
preexisting mutations in the regions where the sgRNAs were supposed to bind. These regions
were SDCCAGS8 exon 1 and exon 3 as well as NEK8 exon 2 and exon 3. Once the absence

of mutations or single nucleotid polymorhpisms (SNP) was confirmed, cells were transfected
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with the pSpCas9(BB) 2A-GFP vectors, and GFP-positive cells were sorted by FACS to obtain

single clones.

A total of twenty-six vital clones were genotyped and sequenced in the first round. In the end,
two heterozygous SDCCAG8” clones (B6, C11) were identified. As the main goal was to
receive homozygous KO clones, a second and a third attempt were performed. Here,18 clones
out of 1152 and 55 clones out of 556 single clones were further analyzed. In summary, four
SDCCAGS8 clones which all showed frameshift mutations in the intronic region immediately
behind exon 1 were identified [ES, E6; E8, E9 (Fig. 10)]. Clone E8 has a frameshift mutation
leading to the deletion of four base pairs (GTGA). Because of the deletion of the first two base
pairs (guanine and thymine), the splice donor site is disrupted (green arrow, Fig. 8). Clone E9
has a deletion of the last two base pairs (guanine and thymine), also here the splice donor site
is disrupted (green sequence annotation). For NEK8, one clone with a homozygous one base
pair insertion (D11l) leading to a frameshift and stop codon in exon 3 of NEK8 was identified
(Fig. 8). This mutation leads to the premature termination of the amino acid chain after a span
of 34 amino acids (Fig. 9). Moreover, the gPCR of all here described clones showed a

significant downregulation on the mRNA level (Fig. 10).

wt CATGGCGAAGTCCCCAGGGAACTCTACCCTGGAGGACAGTCTGGGGCAATACCAACGGAGTCTCCGGGGTGAGTTGCTCCGAATCTCAGTGCCTAGTAGCTCCTAGGTACCACGGGCAATAGTGGGTTGTTT
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Sdccags Exon 1 cds =

° v
A AAAAAANA A ALL AN A A AL AADAA U N BRAR R A )

CATGGCGAAGTCCCCAGGGAACTCTACCCTGGAGGACAGTCTGGGGCAATACCAACGGAGT CTCCGGG====GTTNCTCCGAATCTCAGTGCCTAGTAGCTCTTAGNNNCNNNNNNCANTANNNNNNNNTNT
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wt CCTGCATCGGGACCTCAAGACACAGAACATCCTTCTTGACAAACACCGC-ATGGTGGTCAAGATCGGTGACTTTGGCATCTCTAAGATCCTCAGC

SERNA Exon 3
Nek8 Exon 3

CCTGCATCGGGACCTCAAGACACAGAACATCCTTCTTGACAAACACCGCAATGGTGGTCAAGATCGGTGACTTTGGCATCTCTAAGATCCTCAGC

Figure 8: Sequencing results for SDCCAGS8 clones E8 and E9 and NEK8 clone D1 II.

In E8 and E9, the intronic splice site located behind SDCCAGS8 Exon 1 was targeted. In clone D1 II,
Exon 3 of NEK8 was targeted. This resulted in an insertion of adenine leading to a frameshift mutation
and a stop-codon after seven triplets in exon 3. ¢.(166_167insA) p.M29Nfs*35.
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Figure 9: Point mutations of homozygous clones generated for SDAACGS8 (A/B) and NEKS8 (C)
affecting the translated proteins.

Clones E8 and E9 exhibit a shortened amino acid chain due to the disruption of splice donor sites. Clone
D11l shows a frameshift after the codon for R28 leading to a stop codon after 6 extra residues.
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CRISPR KO SDCCAGS Exon 2-3 gPCR validation CRISPR KO SDCCAG8 Exon 4-5 qPCR validation

CRISPR KO NEK8 Exon 2-3 qPCR Validation CRISPR KO Nek8 Exon 4-5 qPCR validation
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Figure 10: Analysis of homozygous SDCCAG8 and NEK8 KO clones by qPCR

Analyzed SDCCAGS clones E5, E6, E8 and E9 are shown in relation to WT cells. E5, E6, E8 and E9
which all targeted the intronic region around exon 1 show a significant downregulation of mRNA
expression both with primers for exons 2 to 3 and for exons 4 to 5. Analyzed NEK8 KO clone D1 Il is
shown in relation to WT cells, demonstrating loss of Nek8 expression of almost 70%.

4.3 Validation of knockout cell lines via mass spectrometry

We validated the knockout cell lines by mass spectrometry. Mass spectrometry samples were
prepared for wild type cells as well as for clones B6 (targeted SDCCAGS8 Exon 3, heterozygous
mutation; not shown), C11 (targeted NEK8 Exon 2, heterozygous KO; also not shown) and D1
Il (targeted NEK8 Exon 3, homozygous mutation leading to a stop codon). Positive controls
were HEK 293T cells transfected with SDCCAG8-pgLAP2 (FLAG) and NEK8-pgLAP2 (FLAG)

vectors.

Overexpressed mSDCCAG8-FLAG and mNEKS8-FLAG in 293T cells served as controls and
were detectable. However, neither SDCCAGS8 (protein ID Q80UF4) / NEK8 (protein ID
Q91ZR4) wild type proteins nor SDCCAG8-KO (clone B6) / NEK8-KO (clone C11, D1 II) were
detectable.
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Table 37: Mass Spectrometry

NEKS SDCCAGS8 Bé C11 D1l WT
T:id @T: Proteifg Majority pri T: Protein | T: Gene najg IBAQ 293T mNEKG IBAQ 293T mSDCC/AR IBAQ B 1BAQ Cl IBAQ D1 IBAQ WT & N: Mol. Weight [kDa)g
IBAQ (log 10)
1668 (Q80UF4  Q80UF4 Serologically Sdccag8 NaN 9,86603 NaN NaN NaN NaN 82,978
2334 Q91ZR4 Q91ZR4 inine-protein Nek8 9,24797 NaN NaN NaN NaN NaN 75,264

4.4 Interactome of NEK8 and SDCCAGS8

Next, we used the KO cells to investigate the interactomes for NEK8 and SDCCAGS,
respectively, by transient overexpression of V5.Sdccag8 and V5.Nek8. Subsequently, co-
immunoprecipitation with anti-V5-antibodies allowed the purification of the target proteins
along with their protein complexes and their potential protein interactors, as depicted in Figure
11. We found 49 putative interactors of NEK8 (supplemental table one showing the strongest
30 interactors) and 79 interactors of SDCCAGS (supplemental table two showing the strongest
30 interactors). The most enriched proteins are NEK8 and SDCCAGS, indicating a successful

pulldown.

Relevant interactors of NEK8 were RBPJ and Rab34. RBPJ is associated with the
establishment of physiological left-right asymmetry'®, while Rab34 is involved in
ciliogenesis.'%. Important interactors of SDCCAG8 were, amongst others, Pard6b and PRKCI,

which are both associated with the regulation of cell polarity.'07:108
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Figure 11: Interactome of NEK8 and SDCCAGS.

V5-tagged NEK8 or SDCCAGS were expressed in the respective KO cell line. Immunoprecipitation was
performed with anti-V5 antibody and Protein G beads followed by MS/MS analysis of the precipitates.
The bait is highlighted in red. The horizontal axis represents the Student’s T-test Difference, while the
vertical axis shows the -log10 (p-value) from the Student's t-test, indicating the statistical significance of
the results. Significantly enriched proteins are highlighted in blue. (A) Volcano plot of NEKS8 interactors.
(B) Volcano plot of SDCCAGS interactors.

4.5 Exploring associated pathways and networks through PamGene kinase
assay

In pursuit of delineating the pathways and networks associated with SDCCAGS8 and NEKS, as

well as assessing the activity of multiple kinases in the KO samples, we conducted a Serine-

Threonine Kinase (STK)-Pam Gene kinase assay for the two most auspicious clones: D1 Il

(NEK8 Exon 3) and E8 (SDCCAG8 Exon 1).

Changes in kinase activities were anticipated in both NEK8 and SDCCAGS8 KO cell lines. This
expectation originated from NEK8's intrinsic kinase activity, and from the hypothesis that the
KO of SDCCAGS8 could potentially impact the activity of kinases connected within SDCCAGS
protein networks. The Pam Gene assay uses peptides representing substrates of different
serine/threonine and tyrosine kinases spotted on a chip. This chip is incubated with cell lysates

and, subsequently, phosphorylation of the peptides is determined by fluorescence stainings.
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Protein clustering gave an overview about phosphorylations by kinases in wild type #8, NEK8
D1 Il and SDCCAG ES8 cell line lysates, respectively (Fig. 12A). When comparing CRISPR
clone E8 with WT, there was less kinase activity in the E8 sample, representing a possible
downregulation. This is also shown in the volcano plot (Figure 12B) and the normalized kinase
statistics (Fig. 12D). In these statistics, many proteins like protein kinase A (PKA), cGMP
dependent protein kinase 1 (PKG1) and PKD1 showed inhibition. In the volcano plot of the
SDCCAGS8 KO (E8), an inhibition of various kinases was detected, being consistent with a
changed kinase activity and interaction profile. Inhibited pathways in the E8 samples were
amongst others mTORC2 downstream signaling and immune response IL-4 signaling
pathways, which both are associated with fibrosis development [**1%°, Fig. 12C]. Process
networks affected by the knockouts were associated with cell cycle G1-S growth factor
regulation, anti-apoptosis mediated by external signals by estrogen and inflammation via IL-2
signaling (Fig. 12C). Another finding was the change of specific molecular signaling events in

cytosolic NF-kB signaling.
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Figure 12: PamGene assay of SDCCAG8-KO lysates.
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A. Clustering of the proteins in WT sample, E8 and D1 Il sample. Red = phosphor site activated, Blue =
phosphor site not activated. D11l samples exhibited increased activation, while E8 samples displayed
greater inhibition. B. Volcano plot for E8. Statistically significant from log (0,05) = -1,3. Red squares in
this area represent inhibited proteins (negative values). C. Pathway maps and process networks for
sample E8. Orange bars represent inhibited pathways / networks. D. Normalized kinase statistics for E8
show less kinase activity of certain kinases in E8 group. Depiction of the 25 most inhibited kinases.
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The clustering of sample D1 Il diverged from the WT in exhibiting more activation of
phosphorylation sites, as illustrated in Figure 13A. An increase of phosphorylated peptides
could be shown in the volcano plot for NEK8 knockdown sample (D1 II) (Fig. 13A). Several
pathways were upregulated in a significant manner (Figure 13B): protein kinase B (AKT)
signaling pathway, mTORC2 downstream signaling and immune response IL-3 signaling via
ERK and Phosphoinositide 3-kinases (PI3K) pathways were more active. Especially AKT plays
a crucial role in cell cycle progression and cell proliferation.””® The associated process
networks also emphasized the findings by showing upregulation of “positive regulation of cell
proliferation” and “anti-apoptosis mediated by external signals via PI3KT/Akt” (Figure 13B). Akt
pathway seemed to be an important upregulation in the KO as its networks are also changed.

Also, mTORC2, which activates Akt signaling, is upregulated.

This was consistent with the normalized kinase statistics in which many kinases were
upregulated, e.g. extracellular signal-regulated kinase 5 (ERKS5), Cyclin-dependent kinase 2
(CDK2) and mitogen-activated protein kinase 10 (MAPK10), also known as c-Jun N-terminal
kinase 3 (JNK3) (Figure 13C).
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5 Discussion

In this thesis, we aimed to characterize the role of NEK8 and SDCCAGS in cellular processes
and to link the role of these proteins to the pathogenesis of NPH. For this purpose, both the
Flp-In and CRISPR/Cas9 methodologies were employed to investigate the impact of both

overexpression and protein depletion on kidney epithelial cells.
5.1 Challenges of NEK8 and SDCCAGS8 detection in Filp-In & WT cell lines

While the technical aspects of the Flp-In approach were successful, protein detection in
immunostaining proved challenging due to weak signals (Fig. 3, 4, 5). Possibly, the proteins
were not abundant or stable enough to be detectable or the cells did not tolerate the addition
of a third copy of the genes. This could have led to apoptosis of the cells overexpressing
SDCCAGS8 / NEKS8 proteins. The results of the Western Blots contributed to this hypothesis,
as SDCCAG8 was not detectable (Fig. 6). However, NEK8-GFP could be detected in
immunoblots (Fig. 6). Intriguingly, both NEK8-GFP and NEK8-FLAG showed exclusively
cytoplasmic localization in immunostainings and did not localize to the nucleus (Fig. 4,5). NEK8
as a DNA damage repair regulator is expected to be found in the nucleus.”® Nevertheless, Liu
et al. had also described the cytoplasmic localization of NEK8.""" One could consider, that the
GFP / FLAG tag or even a conformational change prevented the protein’s translocation
through the nucleoporins into the nucleus, which would also affect ciliary localization. One
plausible hypothesis for the ineffectual immunostainings could be attributed to the employed
antibodies, which may not have recognized the epitopes of the proteins or may not be sensitive
enough. The rabbit antibody against NEK8 used by us was described as exclusively human-
reactive in its datasheet (https://www.genetex.com/Product/Detail/NEK8-antibody-N1N2-N-
term/GTX112027) and had been tested for Western Blots only. In a publication by Mahjoub et

al., detection of NEK8 in mIMCD3 cells was possible using a rabbit anti-mouse antibody, which

underlines the hypothesis that the failing detection of mouse-NEK8 could be based in a non-
species-specific antibody.'? There is a possibility that applying the anti-mouse antibody may
enhance NEKS8 protein detectability. For the future, due to the lack of detection of NEK8 and
SDCCAGS8 by commercial antibodies, monoclonal antibodies against these proteins could be
produced by the hybridoma technique.'® Although being a complex approach, this could be a

way to finally detect the proteins of interest and to perform further studies on their properties.

The lack of detection of NEK8 and SDCCAGS could be explained by declined expression of
both overexpressed and wild-type SDCCAG8 and NEKS proteins due to passaging of the cells.

Since these proteins are of low abundance, their detection may have become impossible over
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time due to promotor silencing or an advantage of wildtype cells over the transgene expressing

cells.
5.2 Evaluation and potential of established KO cell lines

5.2.1 Reflection on the CRISPR approach

Regarding the CRISPR/Cas9 methodology, we can summarize that three successive FACS-
experiments yielded five homozygous knockout (KO) clones: SDCCAGS8 clones E5, E6, ES,
E9 and NEKS8 clone D1Il (Fig. 9). This relatively low number of KO could be the consequence
of an increased level of cellular stress or of inefficient genome editing. However, given that a
single cell clone had to expand to large colonies, it is conceivable that a considerable number
of clones lacking NEK8 and SDCCAGS8 had suboptimal growth conditions. At least it is
imaginably that, due to increased replication stress [NEK8 loss’’] or increased DDR

[SDCCAGS loss®?], cell colonies did not proliferate optimally.

One of the primary objectives of our research was to establish an interactome and thus to
characterize the protein complexes containing NEK8 and SDCCAGS8. However, using the
commercially available antibodies did not allow efficient immunoprecipitation of endogenous
NEKS8 or SDCCAGS8. When exogenously expressing a tagged protein, this is always competing
with the endogenous protein, in particular if it comes to integration in protein complexes. To
address this issue, KO cells of the respective protein were transiently transfected with
V5.8dccag8 and V5.Nek8, respectively (Fig. 11). This facilitated the elucidation of protein
interactors. Future studies should focus on the significance of the here found potential

interactors and their possible roles in ciliary biology.

5.2.2 Link to other studies and observations

In an upcoming experiment, the here applied CRISPR approach could be executed in vivo, for
example in a mouse model, offering the possibility to perform phenotype and kidney tissue

analysis.

In recent in vivo experiments conducted by Airik et al., Sdccag8 gene trap mice were found to
display retinal degeneration and later-onset nephronophthisis (NPH), all without showing
global ciliary defects. Intriguingly, the study revealed an overactive DNA damage response
signaling, indicating potential challenges in DNA stability within cells lacking SDCCAG8.8* It

would be highly interesting to study this in our knockout cell lines in the future.

In a study led by Liu et al., an in-depth investigation focused on jck mice unveiled the presence

of a Nek8 mutation. Examination of kidney tissues from these mice revealed cysts in the
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cortical collecting ducts, with minimal involvement of the glomeruli and proximal tubules.
Additionally, disturbed cell organization was noted. To establish a direct link between the
observed changes and the Nek8 mutation, morpholino antisense oligonucleotides targeting
Nek8 were introduced into zebrafish embryos. Following thorough analysis, these embryos
exhibited the formation of pronephric cysts, closely resembling the observed phenotype in jck
mice."" It is essential to clarify whether comparable observations can be discerned in tissue

analyses of the here applied NEK8-KO cells or similar experimental conditions.

Another study by Manning et al. conducted in jck mice demonstrated a disrupted left-right
asymmetry in Nek8-depleted cells. This finding is correlated with the observations from the
interactome analysis we conducted, in which an interactor of NEK8 plays a significant role in

the establishment of physiological asymmetry (see 5.3.1).14

5.2.3 Kinase activity in cells depleted for SDCCAG8 or NEK8
The kinase activity measurement of SDCCAG8-KO cells revealed the inhibition of mTORC2
downstream signaling (Fig. 12C), probably resulting in less activation of Akt/PKB by mTORC2
(Fig. 12D). Akt1/PKB [alpha] and Akt2/PKB [beta] inhibition is expected to lead to less
activation of NFKB by Akt, which results in more apoptosis as NFkB has anti-apoptotic
effects.'”® Moreover, the tendency of the KO cells to exhibit limited growth could be explained
by high apoptosis rates. NF-kB seems to play a role in the SDCCAGS8 KO cells and a suitable

attempt to determine its exact significance would be specific cell death assays.

PKA activity was downregulated in the SDCCAG8-/- E8 samples (Fig. 12D). PKA is a negative
regulator of the Shh pathway as it is involved in the proteolysis of Ci and Gli2.""® After their
cleavage, these transcription factors translocate into the nucleus and suppress target genes."”
Lower PKA activity results in a more active Shh pathway due to less proteolysis and increased
activity of Ci and Gli, leading to more transcription and proliferation. Many of the components
of the Shh pathway localize to the primary cilium whose functionality is probably disturbed in
SDCCAG8 KO cells.>® Shh is essential for mammalian development and growth: its
overactivity leads to proliferation and has been described in various cancer types, while
reduced activity causes developmental problems such as holoprosencephaly, craniofacial and
skeletal malformations.'>''811% Shh-signaling has also been linked to the pathogenesis of
kidney fibrosis through stimulation of myofibroblast transformation and proliferation of
fibroblasts.’ Another association exists with cyst formation in ADPKD (see 5.3)."?" Linking
the data from the PamGene assay with Shh signaling, an overactive Shh signaling pathway is
a possible result of a SDCCAGS8 KO and could contribute to fibroblast proliferation and NPH
development. This could be investigated using a luciferase assay, in which the luciferase gene
is inserted downstream of a promoter regulated by the Hedgehog signaling pathway. The more
active the promoter — and thus the Hedgehog pathway — the more luciferase is produced.
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When adding the subtrate luciferin, light is emitted. This resulting light emission correlates

positively with the activity of the pathway.'?2.

Protein Kinase G1 (PKG1) and protein kinase G2 (PKG2), also called cGMP regulated protein
kinases, were also inhibited in the SDCCAGS8 KO (Fig. 12D) and their reduced activity has
been associated with higher levels of pro-inflammatory and pro-fibrotic cytokines, contributing
to kidney fibrosis.'?® Some of the changed pathways and kinase profiles in SDCCAG8 KO cells
were coherent with the initial hypothesis that loss of SDCCAGS8 protein might result in a
profibrotic environment and in NPH. However, an increase in pro-apoptotic pathways leading
to cell death had not been described before in NPHP10 deficiency. This observation should
be further analyzed, for example in cell death assays using the KO cells or by analysis of cell
death in KO tissues. Moreover, the associated diseases which were of neurological origin
should be keptin mind. As it is known that symptoms of NPH-related ciliopathies are not limited
to the kidneys but also include neurocognitive and developmental disorders, this finding would
be consistent with the SDCCAGS8 loss.'?* It should be analyzed whether neurological

impairments can be reproduced in vivo as well.

The NEK8 KO intriguingly showed upregulated protein kinase B (Akt)-signaling which is linked
to augmented mTORC2 activity and cell proliferation (Fig. 13B). In this pathway, PI3K is
activated upon receptor binding which consequently leads to recruitment and activation of Akt.
Akt activates a range of effectors, amongst others mMTORC1 and mTORC2. Between mTORC2
and Akt also exists the co-activation of Akt through mTORC2.'?® Higher Akt activity is
associated with DNA damage accumulation and cell proliferation, both being involved in the
pathogenesis of polycystic kidney disease and NPH.2®'?6 Especially NEK8 loss was
associated with increased DNA damage, which makes it conceivable that high Akt-activity
leading to DNA damage and uncontrolled proliferation is one of the mechanisms in the NEK8
KO cells.””

Other important findings were the increased CDK, ERK and JNK activities (Figure 13C). Up to
this point it was already known that NEKS inhibits Cyclin A-CDK2 activity directly and indirectly
via ATR kinase and Chk1 activation which reduces origin firing and rapid fork movement'?’.
Consistently, CDK2 activity was increased in NEK8 KO cells, being an indicator of the missing
regulatory function of NEK8. Moreover, CDKL2, CDK5 and CDKL5, CDKC2/CDK1, CDK9 and
CDK4 were upregulated indicating that NEK8 not only regulates CDK2 but might be regulating

several cyclin-dependent kinases.

Regarding the activation of ERK5, ERK1 and ERK2, several hypotheses can be proposed.

One of the more active pathways was G-protein signaling via cAMP (regulation of cyclic AMP
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levels by ACM, Figure 13B). It had already been described that higher cAMP levels lead to
activation of PKA which results in increased ERK signaling, being proliferative, cystogenic and
mitogenic.?312° Recently, overactive ERK has also been linked to kidney damage by Wang et
al., where it was suspected to play a role in cisplatin-induced apoptosis in cilia-deficient cells.'3°
ERK was also linked to increased apoptosis in sodium channel and clathrin linker 1 (SCLT1)
deficient cells.'?® The possibility of ERK serving as another effector being suppressed by NEK8

and potentially being overactive in NEK8-deficient cells requires further investigation.

An intriguing observation was that JNK3, JNK2 and JNK1 exhibited higher activity. Moreover,
rise of PC1 activity, as it might occur due to NEKS8 loss, was linked to increased JNK
activity.”>'®" The JNK pathway is not only associated with higher rates of apoptosis, but also
with cell cycle regulation, inflammation and differentiation.’' JNK could be one of the effectors
in NEK8 KO cells responsible for hampered cell cycle regulation and increased apoptosis
rates. It is also important to mention that both ERK and JNK are members of the MAP kinase
family (mitogen-activated protein) whose signaling cascades are amongst others involved in
proliferation and apoptosis.’®? The finding of MAPK-overactivity is also consistent with the
literature on ADPKD." It is known that NEKS is involved in the pathogenesis of cystic kidney
disease and NPH, and these findings might link these diseases. Intriguingly, NEK8 nonsense
mutation goes along with a cystic phenotype similar to other cystic kidney diseases, hinting to
a similar pathogenesis.®® Taking together the PamGene results, the findings for NEK8 KO
strengthened the concept that both DNA damage, disturbed cell cycle regulation and cystic

kidney development are part of the pathophysiology caused by NEK8 KO.

5.3 Interactome Analysis

NEK8 and SDCCAGS8 are predominantly detected in the interactome because they were
specifically immunoprecipitated using Protein G beads. The following analysis elaborates on

some important interactors.
5.3.1 NEKS8 and RBPJ: Role in Left-Right Asymmetry

Recombination signal binding protein for immunoglobulin kappa J region (RBPJ), a critical
transcriptional mediator of Notch signaling, plays a central role in establishing physiological
left-right asymmetry during development and is part of the NEK8 interactome.’* Another
protein connected to left-right asymmetry is Polaris which localizes to the primary cilium,
emphasizing the significance of this organelle in orchestrating developmental processes.'® As
a ciliary kinase, NEK8 might be involved in similar mechanisms, potentially contributing to the

establishment of left-right asymmetry through its role in ciliary signaling. These results are
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consistent with the observations that NEK8-loss leads to pertubated left-right asymmetry

development (section 2.5).

5.3.2 Rab34 and NEKS: Interplay in Ciliogenesis

Ras-related protein Rab-34 (Rab34), a centrosome-localized protein, has been identified as
an interactor of NEK8. It is essential for the fusion of preciliary vesicles with the plasma
membrane, a crucial step in ciliogenesis that facilitates the formation and function of primary
cilia.’® Rab34-deficient cells demonstrate impaired ciliogenesis at early stages, highlighting
its importance in this process.’® Preciliary vesicles likely deliver cargo essential for cilia
formation. This underscores a potential mechanistic link in ciliary assembly and maintenance.
Disruptions in this pathway could lead to defective ciliogenesis and associated signaling

deficits.

5.3.3 SDCCAGS and Its Role in Cell Polarity

SDCCAGS interacts with several key regulators of cell polarity, including Partitioning defective
6 homolog beta (Pard6b) and Protein kinase C iota type (PRKCI). Pard6b plays a pivotal role
in ensuring the proper orientation of the mitotic spindle pole, a process critical for maintaining
tissue architecture. Its interaction with atypical protein kinase C (aPKC) is particularly
important, as disruptions in this interdependency can lead to the formation of renal cysts.'’
aPKC is also involved in the assembly of the zonula adherens in zebrafish, a structure
essential for cell polarity and organogenesis.'?” Additionally, Pardéb contributes to neurulation
by guiding spindle pole orientation during mitosis.’*® SDCCAGS8 has also been implicated in
maintaining epithelial cell polarity. Otto et al. (2010) demonstrated that the absence of
SDCCAGS results in polarity defects in 3D renal cell cultures, emphasizing its critical role in
tissue organization.®

PRKCI, another SDCCAGS interactor, is also integral to the regulation of cell polarity.
Deficiencies in PRKCI lead to mislocalization of adhesion molecules, resulting in disorganized
polarity during epithelial cavitation.'® This highlights the role of PRKCI in establishing and
maintaining polarized cellular structures essential for organogenesis.

Further investigation is warranted to elucidate the molecular mechanisms underlying these

interactions and their contributions to developmental disorders and ciliopathies.

5.4 Commonalities between NPH and PKD
It is noticeable that some of the observations made for NPH type 9 and type 10 in this thesis
are consistent with other cystic kidney diseases, namely ADPKD and ARPKD. ADPKD, as it

is one of the most common genetic diseases, has been extensively investigated. In ADPKD,
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increased Shh signaling was associated with cyst development and inhibition of Shh reduced
cyst formation."' The increased tendency to apoptosis in the SDCCAG8 KO cells can be
associated with early stages of ADPKD where apoptosis has a significant role in cyst
development.'® In accordance with our results for the NEK8 KO, higher CDK activity was also
linked to cyst formation in ADPKD by Zhang et al.’*® Increased activity of the Ga12/JNK
apoptosis pathway, as found for the NEK8 KO, is also present in ADPKD."' Moreover, higher
cAMP levels leading to increase of ERK activity had been associated with cyst development
in ADPKD cells.' The so called jck mice also exhibit cystic phenotypes.’ In contrast to
ARPKD which is caused by autosomal recessive mutations in the PHKD1 gene, jck is caused
by a point mutation in the NEK8 gene.’>'42143 As described above, mutated NEK8 causes
overexpression of PC-1 and PC-2, contributing to ciliary imbalance and cystogenesis.”? Thus,
altered signaling in our cell lines might reflect some common mechanisms of cystogenesis and

fibrosis in renal ciliopathies.

5.5 Final conclusion and outlook

In this thesis, we aimed to improve our understanding of the nuclear and ciliary functions of
SDCCAGS8 (NPHP10) and NEK8 (NPHP9). Nephronophthisis might be a rather rare disease
but the pathophysiology leading to kidney fibrosis is crucial to understand renal diseases,
above all chronic kidney disease with a prevalence of approximately 13,4%.'* To date, it has
already been reported that mutations in NPHP 10 cause nephronophthisis-related ciliopathies
including not only renal cysts and fibrosis but also mental impairment, retinal degeneration and
schizophrenia.®>% NPHP9 as a ciliary kinase serves as a genome maintainer, and its loss
leads to the accumulation of DNA damage, nephronophthisis, and polycystic kidney disease.””
The results obtained in this thesis allow us to link NPH to apoptosis, increased Shh signaling,
increased proliferation, and to the pathophysiology of other cystic kidney diseases, like
ADPKD. As described before, individuals suffering from NPH develop chronic tubulointerstitial
nephritis, corticomedullary kidney cysts, fibrosis and reduced renal concentrating ability.*' Our
analysis on the SDCCG8-KO pointed out pro-apoptotic and pro-fibrotic mechanisms while
analyses of NEK8-KO revealed a proliferative and potentially cystic environment, along with
an increase in DNA damage in NPH.

Finally, in vivo studies and human tissue analyses are needed to confirm and filter our
observations, to characterize the phenotypes resulting from NEK8- and SDCCAG8-KO
precisely and to understand more about fibrotic and cyst-causing mechanisms in order to

develop therapeutic strategies.
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A 8 ¢ 0 E [

1 Protein IDs Majority protein IDs  Protein names Gene names Student's T-test
2 Q99KFL QI9KFL Transmembrane emp24 domain<c Tmed9 3,353630543
1 Qo1zRe Q1ZR4 Serine/threonine-protein kinase Ne Nkl 7,503636837
4 QIHFZ0 QIHF20 tRNA (cytosine{34)-C(5))-methyltra Nsun2 145862 1,892211437
5 |oomm 009061 Proteasome subunit betatype-l  Psmbl 4,553591418 2,764645576
6 P99026 99026 Proteasome subunit betatype-4  Pmbd. 4,402412881 2,253311634
7 | Q6PDQ2;A2ABLL Q6POQ2 Chromodomaln-helicase-ONA-binc Chdd 4,240627813 2,207413673
4 | 0925H1 Q925H1 Zinc finger transcription factor Trp Trpsk 4,181359744 3,703534603
9 |QOD7X3 Q9073 Dual specificity protein phosphata Dusp3. 4,047182943 2,586412907
10 P40240 P40240 €09 antigen cd9 4,018230023 2,56768322
11 Q8CGF7 Q8CGF7 Transcription elongation regulator Teergd 3,833698792 1,93766737
12 47955 47955 605 acidic ribosomal protein P1  Rplpd 3,663213018 2,986757278
13 054984 054984 ATPase Asnal Asnal 3,491091066 3,94749403
14 P31266 P31266 Recombining binding protein supp Rbp) 3,446630939 2,319552422
15 Pasa78 Pasa78 Peptidyl-prolyl cls-trans isomerase Fibp2 3,368032463 2,506743908
16 P60904 P60904 Dnal homolog subfamily C membe: Dnajcs 3,293797605 2,213362694
17 |Q8R208 Q8R208 Bone marrow stromal antigen 2 Bst2. 3,217071229 2,653058529
18 070404 070404 Vesicle-associated membrane prot(Vamp 3,177207901 1,91769886
19 Q99L08 QI9LD8 N{G),N(G)-dimethylarginine dimet} Ddah2. 317528733 1,766896725
20 eon20 @z General vesicular transport factor § Usol 2,901680428 1,292714119
21 P98078 98078 Disabled homolog 2 Dab2 2,841244163 1,409580708
2 1P14428;P01897; ¥ i 1019 H-2 cl g 2,797489074 1,944545746
23 Q9IMGL Q9IMG1 Endothelial differentiation-related Edfi 2,791310253 1,779100418
24 P97792 97792 Coxsackievirus and adenovirus rece Cxadr 2,742041894 2,308362484
25 Q9D1LO D1L0 Colled-<oll-hellx-colled-coll-helix c Chehd2 2,736556843 2,82050848
26 Q64008 Q64008 Ras-related protein Rab-34 Rab34 2,684477989 1,567059517
27 Q8K2K6 QBK2K6 A-GAP domain and FG repeat-con Agfigh 2,641214478 1,698164463
28 QOR1P3 Q9R1P3 Proteasome subunit betatype2  Psmb2 2,624765993 0,973828793
29 054833 054833 Casein kinase l subunitalpha  Csnk2a2 2,572024875 1,4460783
10 | 293092 93092 Transaldolase Taldol 2,5654067 2,377632618

Table S1. Top 30 interactors of NPHP9 determined by mass spectrometry.

NPHP10

A B c "] e F

1 |Frmln IDs Majority protein IDs Proteinnames  Gene names  -Log Student's T-test p-value iBA(Student's T-test Diffe
2 P23249 P23249 Putative helicase MOV- Movl0 o 45T0mTIeS 1,03654635
3 054946 054846 Dnal homalog suhfamllw 0,591599226
4 QBOUF4 QBOUFA Serologically defined cc Sdecagh 3,858225022 1,808852077
5 Q8K273 QBK273 Membrane magnesium Mmgtl 3,188943988 1,342910051
6 PL7897 17897 Lysazyme C-1 Lyal 3,18307859 0,973570347
7 QoDIws QIoTWS Mediatar of RNA polym Med8 3,104156131 0,69283855
B Q9DOML QIDOM1L Phosphoribosyl pyropho Prpsapl 2,750358978 0,918439269
9 asonl asanl Guanine nucleatide-bin Gnl3 2,719894538 0,660102367
10 aviva Qvivi ESF1 homolog Esfl 2,708637899 0,803834315
11 070579 070579 Peroxisomal membrane Sk25a17 2,683411874 0,933101416
12 |P24788 P24788 Cyclin-dependent kinas: Cakidb 2616437813 0,670087337
13 Q60848 Q60BAS Lymphocyte-specific he Hells 2,610093209 1,265222788
14 PO5977;P09542 PO5977;P0O9542 Myosin light chain 1/3, Myl1;Myl3 2,554111607 1,004065037
15 QSNCRY QSNCRS Nuclear speckle splicing Nsrpl 2,496089409 1,048529029
16 Q9ROUO QIR0UD Serine/arginine-rich spl Srsf10 2,460024291 1,20042181
17 | QAVAS3 QavAs3 Slster chromatid cohesi PdsSb 2447216979 0,914537787
18 Q4FKGE QAFKE6 Pre-mRNA-splicing fact Prpf3ga 2,417358048 1,848792004
19 O8R323 Q8R323 Replication factor € sut Rfe3 2,406450538 0,633243918
20 Q9DOD4 Qaons Probable dimethyladen Dimtd 2,404479408 0,366112351
21 Qs0710 Q60710 Deaxynuclecside tripho Samhdl 2,326919354 0,715671301
27 P31266 P31266 Recombining binding peRbpj 2,315628699 0,415455341
23 QIUSHS QIUSHS Splicing factor, suppres Sfswap: 2,308065111 0,966511607
24 QOVGBT QOVGBT Serine/threonine-prote Pppar2 2,30733205 0,874258518
5 ool asoud Uncharacterized protein C1orf50 homolog 2277224574 0,428416133
26 Q3UFSA Q3UFS4 G patch domain-contail Gpatehll 2,235286844 0,363269687
27 asBazs asBazs Cleavage and polyaden: Cpsfd 2,186533157 0,300251722
28 aszwar aszwa? Spes3 2,185349313 0,565660357
29 Q66GTS QE6GTS Phosphatidylglyceropho Prpmel 2171536194 0,542915821
30 QsavT1 Qg £3 SUMO-protein ligas«Nsmee2 2,152712219 0,572125554
31 O604T7,G5EB29 QBO477,G5E829 Calcium-transporting A Atp2ba;Atp2bl 2,148744291 0,605044246
32 97762 Pa7762 Retinitis pigmentosa 9 rp8 2,146745098 0,431922078
33 P27612 P27612 Phospholipase A-2-acti: Plaa 2,140675269 0,792401552
34| Q9IKe3 QOIKE3 Partitioning defective 6 Pardéb 2128641923 0,474354625
5 P973T6 P37376 Protein FRG1 Frgl 2,123918589 0,375671148
36 PGB1B1;PO5132 PEB181;P05132 cAMP-dependent prate Prkach;Prkaca 2,122508583 1,161024928
37 |Pg3882 PB3882 605 ribosomal protein | Rpl36a 2,108317569 0,398783803
38 | QBKOCY QBKOCY GDP-mannose 4,6 dehy Gmds 2,042413734 0,813661456
39 QIDCR2 QIDCR2 AP-3 complex subunit s Apdsd 2,041519466 0,896444678
40 QeoN0 QIcxIn 2-methoxy-6-polypreny Cogs 2,006804052 0,583083868
41 Qscro2 Qsc7p2 Protein cereblon Crbn 1,927009845 0,341663241
42 062074 Q62074 Protein kinase C iota tyy Prikel 1,903731953 0,426927805

Table S2. Top 42 interactors of NPHP10 determined by mass spectrometry.
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