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Chapter 1 | General Introduction

The normal kidney versus the polycystic kidney

The kidney is a complicated organ that enables the removal of waste products from
the blood and regulates the balance of body fluid and electrolyte levels. Our kidneys
contain between 200.000 and 1.000.000 filtrating units — called nephrons — that
filter approximately 180 liters of blood and processes this into 1-4 L urine each day.
A nephron is composed of a glomerulus where the blood is filtered, and a system of
tubules that determine the ultimate composition of the urine. Microscopically, the
tubule is an elongated tube consisting of an epithelial monolayer with a narrow lumen.
During embryonic development and kidney regeneration signaling cues ensure the
accurate regulation of the diameter and directional growth of the tubule. Occasionally,
this process does not take place properly, leading to epithelial cells budding off from
the tubular wall. These protrusions can eventually detach from the tubulus and form
a cyst, which translates as ‘a balloon’ or “fluid filled sac’. Cysts can occur in any tubular
segment and whilst the diameter of a normal tubule is approximately 40 um, these cysts
can grow to over 10 cm in diameter *. In the general population, solitary kidney cysts
— also referred to as simple cysts — are quite common, with an increasing prevalence
during aging?. In most cases simple cysts are asymptomatic. Thisisin contrast to kidneys
that have accumulated numerous amounts of (large) cysts, a condition referred to as
polycystic kidney disease (PKD). Whilst a normal kidney is the size of a fist and weighs
approximately 500 grams, polycystic kidneys can grow to over 50 cm and can weigh
over ten kilograms 3. In PKD, cyst formation induces local inflammation, fibrosis and
ousts the surrounding healthy kidney tissue, eventually leading to kidney failure. The
first report of PKD is in the Polish king Stefan Bathory (1533-1591), where the autopsy
report described his kidneys as ‘large like those of bull, with an uneven and bumpy
surface’ *. Although cases of polycystic kidneys were noted by pathologists, it wasn’t
until late 19* century that PKD was recognized as a clinical entity with its characteristic
symptoms of bilateral tumors in the flanks, hypertension, proteinuria and hematuria.
The actual term ‘Polycystic Kidney Disease’ was first introduced by Felix Lejars in his
thesis published in 1888 “.

Acquired and hereditary Polycystic Kidney Disease

Polycystic Kidney Disease is a heterogeneous group of diseases, with a variety of
acquired and congenital causes. In acquired polycystic kidney disease, cyst formation
in genetically normal kidneys can be triggered by ischemia, a partial nephrectomy
or nephrotoxic drugs >®. In addition, patients with chronic kidney disease, especially
when receiving dialysis, frequently develop acquired cystic kidney disease °*!. Genetic
forms of PKD are caused by mutations in a myriad of genes; over 100 genes have been
described that can induce a polycystic kidney phenotype 2. Within the genetic forms
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of PKD, there is a wide spectrum of the severity of the phenotype, with the age of
onset of symptoms ranging from in utero, juvenile to late adulthood. In addition, the
phenotype can be restricted to the kidney, can occur in both kidney and liver, or can be
part of a broader syndrome.

Autosomal Dominant Polycystic Kidney Disease (ADPKD)

This thesis will focus on Autosomal Dominant Polycystic Kidney Disease (ADPKD),
which is the most common form of PKD. The estimated prevalence is between 1:400
and 1:2,700 individuals . It is estimated to affect over 10 million people worldwide,
thereby being the fourth most common cause of kidney failure *-*7. ADPDK is caused
by a heterozygous germline mutation in PKD1 (MIM: 601313) or PKD2 (MIM: 173910)
in ~80% and ~15% of the patients respectively ***¥2° In rare cases, an ADPKD-like
phenotype can be caused by mutations in other genes, such as GANAB, DNAJB11,
SEC63, PKHD1, COL4A1 **. ADPKD is inherited in an autosomal dominant pattern, with a
50% risk of passing the disease on to a child. While most patients have a positive family
history, approximately 10% of the ADPKD cases are caused by a de novo mutation. In the
early phase of the disease, patients is often asymptomatic. When disease progresses,
patients can suffer from hypertension, abdominal pain, urine-concentrating defects
(resulting in polyuria and nocturia), nephrolithiasis, recurrent urinary tract and cyst
infections, proteinuria, haematuria and a decline in renal function (for review see
1213.21) " Although there is a large variability in disease course, ADPKD patients typically
develop end-stage renal disease in their fifth decade, after which dialysis or a kidney
transplantation is required *>?2. Cyst formation is not restricted to the kidneys, but can
also occur in the liver (~80%), seminal vesicles (~40%), arachnoid membrane (~8-12%),
spleen (~2.6%) and pancreas (~1.8%) 2% In addition, other extra-renal manifestations
have been described, such as intracranial aneurysms, cardiac valve malformations and
cardiomyopathy 2223, ADPKD can be diagnosed using abdominal imaging by conventional
ultrasound, CT or MRI scan 2*2 or by genetic testing for mutationsin PKD1 or PKD2 22728,
Importantly, however, sequencing analysis of PKD1 can be quite complex, because of
its large gene size and the fact that the first 33 exons share up to a 98% homology with
six PKD1-pseudogenes 2. In addition, there is a high allelic heterogeneity for PKD1 and
PKD2 with more than 1,900 different reported mutations, whereas a clear mutational
hotspot is lacking #22°, Treatment of ADPKD patients currently consists of monitoring
kidney function, blood pressure control, life style advise and symptomatic treatment of
pain and cyst infections (for review see '2!33132) For patients with rapidly progressing
ADPKD, Tolvaptan has recently been approved in several countries. Tolvaptan is a
vasopressin receptor 2 antagonist which reduces intracellular cAMP levels, and has
been shown to slow down the rate of cyst growth and renal function decline 3%,
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Chapter 1 | General Introduction

Trials regarding other therapeutics (such as somatostatin analogues, mTOR inhibitors,
statins, tyrosine kinase inhibitors and Metformin) did not show a significant reduction
in kidney function decline or are currently ongoing 1#133536,

The polycystins

PKD1 is an evolutionary well conserved gene, with orthologs present in mammals and
non-mammalian species such as fugu, zebrafish and C. elegans 3"7*°. In humans, PKD1
is located on chromosome 16p13.3, spanning a large genomic region of 52 Kb and
consisting of 46 exons encoding a 14 kb transcript #*. It is expressed in a variety of
tissues and cell types, including renal tubular epithelial cells. Expression of PKD1 has
been found to be high during kidney development, in contrast to the adult kidney were
expression levels are low “>%3, However, when renal injury is induced, PKD1 transcription
levels are increased #. Although several PKD1 transcription factors have been identified
4546 the regulation of PKD1 expression levels remains to be elucidated.

PKD1 encodes for polycystin-1, a 450 kDa transmembrane protein, with many similarities
to the adhesion G-protein coupled receptor (GPCR) family 47, It has a large extra-cellular
N-terminal segment, 11 transmembrane spanning regions and a small intracellular
C-terminus. Several domains have been identified in polycystin-1, many of which are
involved in protein-protein, protein-matrix and protein-carbohydrate interactions
(Figure 1) ***, In the endoplasmic reticulum and the early Golgi system glycosylation and
quality control of polycystin-1 takes place by GANAB (alpha subunit of glucosidase Il), an
endoplasmic reticulum enzyme which was recently found to be mutated in a small subset
of ADPKD patients “8. In addition, polycystin-1 is cleaved at the GPS domain, resulting in
an intracellular C-terminal tail of polycystin-1, and a N-terminal fragment that remains
non-covalently bound to the membrane region %°. These post-translational modification
steps are essential for polycystin-1 function and trafficking °. In the cell, polycystin-1 is
located in the plasma membrane, at the membrane junctions (tight junctions, adherens
junctions, desmosomes and focal adhesions), but also in mitochondria, the basal body
and the primary cilium **°1%2, Cleavage of polycystin-1 at the C-terminal tail results in a
small ~35 kDa and a ~15 kDa fragment that translocates into the nucleus >,

Polycystin-1 interacts with polycystin-2, encoded by PKD2 (Figure 1) *°. Polycystin-2 is a
non-selective cation channel member of the transient receptor potential (TRP) family,
which conducts Ca?*, but has also been reported to be permeable for Na* and K* ions
1956 Together they form a complex, most likely a heterotetramer, consisting of one
polycystin-1 and three polycystin-2 molecules *’. This polycystin-complex functions as a
ligand gated ion-channel &,
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Figure 1. The polycystins

PKD-signaling

What exactly is sensed by the polycystin complex, how the PKD signal is relayed
throughout the cell and what the downstream effectors are is still poorly understood.
Various cellular functions have been implied to be regulated by the polycystins. Cell-
cell and cell-matrix interactions, orientated cell division, proliferation and apoptosis,
cell migration, maintenance of differentiation status, autophagy, inflammation,
oxidative stress and cell metabolism have all been described to be altered in ADPDK
(for review see ***9). In any case, the primary cilium, which is an antenna-like organelle
at the luminal side of the epithelial cell (for review see %), seems to play a crucial
role in PKD-signalling 2. A myriad of signalling pathways has been linked (either
directly or indirectly) to the polycystins. Calcium/cAMP signalling was found to be a
central effector pathway in PKD and impaired polycystin-signaling leads to reduced
intracellular calcium levels. As a consequence intracellular cAMP levels are increased,
which is thought to drive cystogenesis (for review see ). There is compelling evidence
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Chapter 1 | General Introduction

that polycystin-1 and the Wnt-signaling pathway are intertwined. Interestingly,
mutations in several components of the Wnt pathway cause a polycystic kidney and
liver phenotype (e.g. beta-catenin, Apc, LGR4, LRP5, Wnt, Inversin) %571 Also, several
Whnt-pathway proteins such as beta-catenin and dishevelled (DVL) were found to be
direct interaction partners of polycystin-1 *372, Most importantly, Wnt molecules were
recently identified as a ligand of polycystin-1 and binding of Wnt to polycystin-1 results
in activation the polycystin-complex and calcium influx into the cell *8. In addition,
polycystin-1 itself is a target gene of the Wnt-pathway, through binding of TCF2 and
beta-catenin at the PKD1 promoter, thereby regulating its expression 7. Moreover,
polycystin-1 was found to be an inhibitor of canonical Wnt-signaling 7*. Finally, Wnt
inhibitors can ameliorate cystogenesis in a PKD zebrafish and mouse model 7>7¢, Hence,
it is clear that polycystin signalling and the Wnt pathway are intertwined and it has
been suggested that polycystin-1 is important for the balance between canonical
and non-canonical Wnt signaling. Nonetheless, many other pathways are found to be
altered in ADPKD, such as EGFR, VEGF, mTOR, PI3K-AKT, NF-kB, AMPK, Hippo, c-Myc,
JAK-STAT, calcineurin/NFAT, amongst others 37782, Thus, further studies to unravel the
PKD-pathway are needed to gain more insight in cystogenesis and for the development
of novel targeted treatments for PKD.

The molecular mechanism of cystogenesis

Cystogenesis is a focal process. Several hypothetical models have been suggested
to explain why only approximately 1% of the renal epithelium forms a cyst, while all
epithelial cells contain the heterozygous germline mutation. Initially, a two hit model
was suggested 2%, In this model, in additional to the germ line mutation, somatic
mutation of the other allele of the same gene is required to initiate cystogenesis. This
hypothesis was supported by DNA mutation analysis of cyst lining epithelial cells.
This showed unique somatic mutations in PKD1 in most cysts 848687858 A|| types of
mutations were found, varying from small inactivating mutations to large deletions
that resulted in loss of heterozygosity. The second hit hypothesis subsequently evolved
to the gene dosage model. This occurred after the discovery that both a functional
polycystin-1level lowerthan 10% and overexpression of Pkd1 could trigger cystogenesis,
illustrating that PKD1 acts dose-dependently 8!, An additional level of complexity
was added to the second hit hypothesis in the form of the transheterozygous model.
The transheterozygous model proposes that the second hit could reside within a gene
other than the one affected in the germ line. Indeed, patients carrying a heterozygous
PKD1 germ line mutation, were found to have somatic mutations in PKD2 in the cystic
epithelial cells and vice versa °>°. Intriguingly, genome wide somatic mutations were
also detected in cyst cells 89, These mutations might have occurred in genes which
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affected polycystin signaling, thereby triggering cystogenesis. Or, are merely bystander
mutations as a consequence of local damage followed by clonal expansion.

The hypothesis that cystogenesis is triggered by a somatic genetic hit cannot fully
explain the focal aspect of cystogenesis. Patients who are trans-heterozygous for an
incompletely penetrant PKD1 allele and a pathogenic PKD1 allele have been described
%, In addition, some patients with the recessive form of PKD (ARPKD) are compound
heterozygous for PKHD1 mutations. In these cases, both alleles are affected in all cells,
hence ‘two hits’ are already present while cyst formation is still focal. Importantly,
there is evidence that PKD1 is haploinsufficient, as a study using Pkd1*- mice showed
that heterozygous Pkdl mutant kidneys are sensitive to renal injury and acquire
increased renal damage and microcysts . Finally, in acquired polycystic kidney disease,
genetically normal kidneys also exhibit cysts in a focal fashion. Taken together, these
findings suggest that focal signalling cues must play an important role in triggering
cystogenesis.

Interestingly, a ‘third hit” was found to be needed for triggering cystogenesis, in addition
to a germline mutation (first hit), a somatic mutation (second hit). In adult mice, the
inducible deletion of Pkd1 — resulting in Pkd1 null cells — only leads to the formation
of a few cysts. This is in contrast to the situation where Pkd1 is deleted during kidney
development or renal injury repair, in which the deletion causes a rapidly developing
severe cystic phenotype °¢°°. This implies that renal epithelial cells need to be in a
proliferating state in order to form cysts. This topic will be addressed in more detail in
the discussion section of this thesis.

Modeling ADPKD in human cell lines

Various animal models have been used to investigate cystic kidney diseases such as
pigs, cats, zebrafish, C. elegans, Drosophila and even mussels 1°1%7, Most of the studies
however have been performedin murine models, which have contributed tremendously
to our understanding of cystogenesis (for review see %), Nonetheless, human in vitro
cell line models are a valuable addition to animal models, since fundamental inter-
species differences may exist. Furthermore, pharmacological and genetic manipulation
is faster, and effects of such interventions can be readily observed and measured.
Establishment of a suitable cell line model for ADPKD can be particularly challenging
because of several aspects that need to be taken into consideration. First, cyst
formation has been implied to be preceded by a somatic mutation in the kidney. Thus,
a cell line must preferably originate from the renal epithelial cells that have acquired
this second hit. In addition, since cystogenesis is a three-dimensional event, a three
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Chapter 1 | General Introduction

dimensional culture system may better recapitulate the pathophysiology than a flat,
two dimensional culture system %, Induced pluripotent stem cells and adult stem cell
organoids are two in vitro systems that could meet these two criteria.

Induced pluripotent cells

Induced pluripotent cells (iPSCs) were first described in 2006 by the group of
Yamanaka *°. They showed that inducing expression of four pluripotency transcription
factors, OCT4, KLF4, SOX2 and cMYC, in somatic cells leads to reprogramming and
dedifferentiation back to embryonic-like stem cells **°. The discovery of iPSC technology
allowed for establishing pluripotent cells from various human tissues, encompassing
patient specific mutations and thereby providing an ideal in vitro system for human
disease modeling and drug discovery 1. iPSCs can be cultured indefinitely and recent
advances in gene editing — with the discovery of CRISPR/Cas9 — has made genetic
manipulation of iPSC feasible. Most importantly, protocols for in vitro differentiation
of iPSCs into various cell types (including kidney cells) have been established, some of
which are three-dimensional culture based %, In the last decade iPSC technology has
been proven to be a powerful tool to model human diseases (for review see ).

Adult stem cell kidney organoids

The discovery of adult stem cell markers and the establishment of culture conditions
in which these adult stem cells could be maintained indefinitely, has led to the
development of adult stem cell (ASC) organoid culture technology '%'*3, Seeding of
ASCs isolated from somatic tissue in a 3D matrix with defined tissue-specific growth
medium, results in outgrowth of self-organizing structure called organoids. These
organoids recapitulate the architecture and different cell types of the tissue to which
they are fated. ASC organoids were originally discovered using intestinal tissue, but
soon after were established using other tissue types as well, including the kidney
14 ASC organoid cultures are genetically stable and can, in principle, be cultured
indefinitely. Patient derived or genetically modified organoids provide a powerful
system for disease modeling, drug testing and hold great promise to be used for
treatment in the future **>12,

Scope of this thesis

The fact that ADPDK affects a huge number of people worldwide and many of these
patients develop renal failure, makes that this disease has a high clinical and economic
burden. In general, ADPKD is a slowly progressing disease which can be diagnosed
relatively early, providing a long time window in which cyst growth could potentially
be slowed. Although some progress has been made in the identification of potential
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therapies to delay the progression of ADPKD, currently there is no effective treatment
available that prevents end stage renal disease. To improve treatment options for
ADPKD patients, a better understanding of the pathogenesis of cystic disease is
essential. Clarifying the molecular mechanism of cyst formation could lead to the
identification of novel molecular targets which could subsequently be used for the
development of specific targeted therapies. Even after the discovery of the causative
gene(s) over two decades, the exact molecular mechanism of cystogenesis remains to
be elucidated.

We approached this complex issue by focusing on three key questions:
1. What is the function of PKD1/polycystin-1 at the cellular level?

2.  What triggers cyst formation?

3. How is PKD1 expression regulated?

In Chapter 2 and Chapter 3 we discuss the development of two novel in vitro ADPKD cell
line models, based on iPSCs and on ASC kidney organoids. Both provide a unique cell
line platform, which can be used to study the function of PKD1. Chapter 4 assesses the
role of paracrine signaling molecules, presentin cyst fluid, on inducing cyst formation in
wild type renal epithelial cells, aiming to gain insight in how cystogenesis is triggered.
Finally, in Chapter 5 we aimed to gain more understanding of the upstream events in
PKD-signaling, by focusing on PKD1 promoter regulation. This chapter describes an
unbiased screen for the identification of PKD1 transcription factors. Finally, chapter 6
provides a general discussion of our findings and future perspectives.
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ABSTRACT

In autosomal dominant polycystic kidney disease (ADPKD) paracrine signaling
molecules in cyst fluid can induce proliferation and cystogenesis of neighboring renal
epithelial cells. However, the identity of this “cyst inducing factor” is still unknown.
The aim of this study was to identify paracrine signaling proteins in cyst fluid using
an 3D in vitro cystogenesis assay. We collected cyst fluid from 15 ADPKD patients
who underwent kidney or liver resection (55 cysts from 13 nephrectomies, 5 cysts
from 2 liver resections). For each sample, the ability to induce proliferation and cyst
formation was tested using the cystogenesis assay (RPTEC/TERT1 cells in Matrigel with
cyst fluid added for 14 days). Kidney cyst fluid induced proliferation and cyst growth
of renal epithelial cells in a dose-dependent fashion. Liver cyst fluid also induced
cystogenesis. Using size exclusion chromatography, 56 cyst fluid fractions were
obtained of which only the fractions between 30-100 kDa showed cystogenic potential.
Mass spectrometry analysis of samples that tested positive or negative in the assay
identified 43 candidate cystogenic proteins. GO analysis showed an enrichment for
proteins classified as enzymes, immunity proteins, receptors and signaling proteins.
A number of these proteins have previously been implicated in ADPKD, including
Secreted Frizzeld-Related Protein 4, S100A8, osteopontin, and CRELD1. In conclusion,
both kidney and liver cyst fluids contain paracrine signaling molecules that drive cyst
formation. Using size exclusion chromatography and mass spectrometry, we procured
a candidate list for future studies. Ultimately, cystogenic paracrine signaling molecules
may be targeted to abrogate cystogenesis in ADPKD.
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INTRODUCTION

Polycystic Kidney Disease (PKD) is a heterogeneous group of diseases in which patients
progressively develop fluid filled cysts in both kidneys, leading to destruction of kidney
tissue. The most common form of PKD is Autosomal Dominant Polycystic Kidney
Disease (ADPKD). ADPKD is caused by a heterozygous germ line mutation in PKD1, PKD2
or GANAB 32 Additional somatic mutations in the kidney affecting the remaining
healthy allele have been proposed to be the initiating event for cyst formation, and this
concept is referred to as the ‘two-hit” model % 3441743,

A ‘third hit” was also proposed to be essential for the formation of cysts, namely
proliferation 3% 3. Deletion of Pkd1 in mouse kidney shortly after birth results in rapid
and massive cyst formation, whereas deletion of the gene in adult mice leads to a
slower and less profound onset of cyst formation. This developmental switch in which
the kidney is susceptible for loss of Pkd1, occurs around postnatal day 13 in mice and
corresponds with a global decrease in cell proliferation in the kidney 231, Moreover,
in adult conditional Pkd1 knock-out mice, cyst formation is significantly accelerated
when proliferation is induced through kidney injury 12283° Thus, proliferation signals,
which are present throughout development and during injury response, appear to be
essential for cystogenesis 219 2839,

There is also evidence that cysts can induce proliferation resulting in the formation
of novel cysts. In adult conditional Pkd1 knock out mice, the proliferation index in the
kidney is high during the injury phase, normalizes when the injury is repaired, and
increases again shortly after cysts are formed 2. A second observation in conditional
Pkd1 knock out mice was that cysts are not randomly distributed throughout the
kidney, but instead are localized in clusters. This suggests that the initial cyst triggers
formation of novel cysts in the vicinity, a phenomenon that has been coined the “cystic
snowball effect” 2. This cystic 71 snowball effect could be explained by paracrine
signaling from the cystic epithelial cells themselves or from infiltrating immune cells.
Here, we hypothesize that one or more cystogenic molecules are present in cyst fluid.
Indeed, previous studies showed that cyst fluid has a proliferative effect when added to
wild type renal epithelial cells. Moreover, when cyst fluid was added to renal epithelial
cells in 3D cultures, this resulted in cystogenesis %,
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At present the identity of the paracrine signaling molecules that drive proliferation and
cyst formation is unknown. Cyst fluid is a complex biofluid that consists of a variety of
proteins and other biologically active substances. Analysis of cyst fluid revealed that
plasma proteins like albumin, immunoglobulins, complement, and apolipoproteins are
abundantly present. In addition, cyst fluid contains many growth factors, cytokines
and hormones, like VEGF, EGF, TGF-a, vasopressin, IL-6, IL-8, and MCP-1 7. 18 21 25
Interestingly, previous studies showed that a small lipophilic molecule is present in cyst
fluid, which induces transepithelial fluid secretion and to some extent proliferation of
kidney epithelial cells in vitro 133, However, because this small lipid did not account
for the complete proliferative effect of cyst fluid, it was concluded that other cystogens
must be present in the cyst fluid %> “¢. Therefore, in the present study, our aim is to
identify proteins in cyst fluid that induce cystogenesis of renal epithelial cells using a
3D cystogenesis assay, size fractionation and mass spectrometry.
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METHODS

Cyst fluid sample collection

Collection of human cyst fluid was approved by the Medical Ethics Committee of the
Erasmus Medical Center (MEC2013-188). Kidney and liver explants were obtained
from patients diagnosed with ADPKD who were scheduled for elective nephrectomy or
hepatectomy. The ADPKD diagnosis was based on established diagnostic criteria (30),
including positive family history and ultrasound criteria. Cyst fluid was isolated from
cysts of various sizes by needle aspiration. Aspirates with a turbid aspect due to bleeding
or infection were discarded. Samples were immediately placed on ice, passed through
a 0.22 um filter and stored at -80°C until further processing. Total protein concentration
was quantified per cyst fluid sample using a BCA Protein Assay Kit (No. 23225, Thermo
Fisher Scientific, Waltham, USA) according to the manufacturer’s instructions.

Isolation of extracellular vesicles

Isolation of extracellular vesicles (EVs) was performed using ultracentrifugation
as described previously (37). Briefly, a volume of 10 ml from a mix of cyst fluids was
centrifuged (17,000 g for 15 min at 4°C) to remove cell debris and high density particles.
Supernatant was transferred to polycarbonate tubes and EVs were isolated using
ultracentrifugation (200,000 g for 2 hours at 4°C). Supernatant (non EV fraction) was
removed and the pellet (EV fraction) was dissolved in 3 ml PBS (~1/3 of the original
volume), and both fractions were stored at -80°C.

Serum protein depletion

Blue Sepharose beads (Affi-Gel Blue Gel, 1537301, BioRad, Hercules, USA) were used
for serum protein depletion of cyst fluid. First, 10 ml bead-solution was prewashed 3
times with distilled water and 3 times with Dulbecco’s Phosphate Buffered Saline (D8537,
Sigma-Aldrich, St. Louis, USA). Subsequently, 1 ml cyst fluid was added 114 to the beads,
incubated at room temperature for 5 minutes and transferred onto a glass gravity flow
column, after which flow through was collected. Subsequently, beads were washed 3
times with 10 ml PBS and 4 times with 10 ml elution buffer (20 mM phosphate buffer,
pH 7.4 + 2 M NaCl). The eluate was buffer exchanged to double the original volume by
centrifugation (4,000 g, 40 min, room temperature) using a 15 kDa MWCO UltraFilter
(Amicon, Merck, Darmstadt, Germany), and reconstituted in PBS. Protein content of each
fraction and original untreated sample was visualized on 4-20% Mini-PROTEAN® TGX™
Precast Protein Gels (4561096, BioRad, Hercules, USA) with a Coomassie G-250 stain
SimplyBlue™ SafeStain (LC6060, Thermo Fisher Scientific, Waltham, USA)
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Cell culture

RPTEC/hTERT1 cells were obtained from the American Type Culture Collection (ATCC),
and cultured in DMEM:Ham’sF12 (1:1) media (31330, Gibco, Paisley, UK), supplemented
with 100 U/ml penicillin streptomycin, 100x Insulin-Transferrin-Selenium (ITS,
41400045, Thermo Fisher Scientific, Waltham, USA), 5 pM triiodo-L-thyronine (T2877,
Sigma-Aldrich, St. Louis, USA), 3.5 ug/ml ascorbic acid (Sigma), 10 ng/ml Recombinant
human EGF AF-100-15 (Peprotech, London, UK), 25 ng/ml Prostaglandin E1 (CS0210,
Sigma-Aldrich, St. Louis, USA), 25 ng/ml hydrocortisone (H4001, Sigma-Aldrich, St.
Louis, USA), and 100 pug/ml G418 (11811023, Thermo Fisher Scientific, Waltham, USA).
Medium was refreshed 2-3 times a week and cells were passaged by trypsinization
when near confluence.

Three-dimensional in vitro cystogenesis assay

For the cystogenesis assay RPTEC/hTERT1 cells were trypsinized with Trypsin/EDTA
and dissociated to a single-cell suspension. For each well 10,000 cells were pelleted
by centrifugation. Supernatant was discarded, the pellet was placed on ice and
resuspended in 25 pl cold Matrigel (356231, Corning, New York, USA). A drop of 25 ul
Matrigel/cell-suspension was plated in each well of a pre-heated 48 wells culture plate
(677180, Greiner Bio-one). Plates were incubated for 15 minutes at 37 °C to ensure
solidification of the Matrigel. RPTEC/hTERT1-medium was added to the wells, with or
without 10% (fractionated) cyst fluid. Medium was refreshed every other day and cyst
formation was analyzed at day 14 using a IX-70S8F2 Olympus microscope.

Size exclusion chromatography

For size fractionation, a total of 4 kidney cyst fluid samples were used from the
same individual (patient K5) to avoid interpatient variation. Of these 4 kidney cyst
fluid samples, 2 tested positive (KCF5a+ and KCF5b+) and 2 tested negative (KCF5c-
and KCF5d-) in the cystogenesis assay. Cyst fluid was cleared from cell debris using
centrifugation (4,000 g for 5 min at 4°C). Next, 5 ml cyst fluid was loaded onto a
superdex 200 column 16/600 (28989335, GE Healthcare) pre-equilibrated with PBS
using an AKTA FPLC (GE Healthcare) to separate components by size. This yielded 56
fractions per sample, ranging from large to small sized proteins. Column effluent was
separated and collected into fractions of 2 ml and stored at -80°C. All fractions were
individually tested in the cystogenesis assay. Markerrun was done with gelfiltration
standards from Biorad (151-1901) in PBS.
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Proteomic analysis

Proteins were trypsinized and the resulting tryptic peptides were subjected to offline
orthogonal high pH and reverse phase fractionation. Peptides were solubilized in 0.1
% TFA and loaded onto a 20 mg PLRP-S cartridge made in-house. The cartridge was
washed once with 1 ml 0.1 % TFA and three times with 1 ml milliQ water. Peptides were
eluted step-wise from the column with 5%, 10%, 15% and 50% acetonitrile / 10 mM
ammonium formate (pH 10). The 6 fractions were dried by vacuum centrifugation and
each fraction was reconstituted with 2 % ACN / 0.2 % FA for nanoLC-MS/MS analysis.
Mass spectra were acquired on an Orbitrap Lumos Tribrid mass spectrometer (Thermo
Fisher Scientific) coupled to an EASY-nLC 1200 system (Thermo Fisher Scientific).
162 Peptides were separated on an in-house packed 75 um inner diameter column
containing 50 cm CSH130 resin (3.5 um, 130 A, Waters) with a gradient of 2-20% (ACN,
0.1% FA) over 150 min at 300 nL/min. The column was kept at 50 °C in an NanolLC
oven - MPI design (MS Wil GmbH). For all experiments, the instrument was operated
in the data-dependent acquisition mode. MS1 spectra were collected at a resolution of
120,000, with an automated gain control target of 2E5 and a max injection time of 50
ms. The most intense ions were selected for MS/MS, top speed method 3 seconds cycle
time. Precursors were filtered according to charge state (2-169 7z), and monoisotopic
peak assignment. Previously interrogated precursors were dynamically excluded for
70 s. Peptide precursors were isolated with a quadrupole mass filter set to a width
of 0.7 Th. Raw data files were analyzed using MaxQuant software (version 1.5.6.0).
MS/MS spectra were searched against the Uniprot database (taxonomy: human,
version 2017_01). The specificity was set to trypsin, and a maximum of 2 missed
cleavages was allowed. Cysteine carbamidomethylation was set as a fixed modification
whereas methionine oxidation and N-terminal protein acetylation were set as variable
modifications. A false discovery rates for peptides and proteins were both set to 0.01.
Known contaminants and reverse hits were removed from the modification specific

peptide list.
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RESULTS

Kidney and liver cyst fluid induce cystogenesis of human renal epithelial
cells in vitro

Cyst fluid samples from 13 ADPKD kidneys and 2 ADPKD liver explants were collected
(Table 1). Each individual sample was tested for its capacity to induce cyst formation
in 3D kidney epithelial in vitro cultures and used for further characterization and
identification of the cystogen (Figure 1A). We found that human renal epithelial cells
(RPTEC/hTERT1) exposed to medium supplemented with kidney cyst fluid gradually
formed spheres with a lumen in the center, in contrast to PBS or untreated cells
(Figure 1B). Addition of liver cyst fluid samples resulted in growth of the same cyst-like
structures, although the effect was less pronounced (Figure 1C). A serial dilution of
cyst fluid supplemented to the medium, demonstrated that the paracrine molecules
act in a dose dependent fashion (Figure 1D). We also observed a clear difference in
cystogenic potential between cyst fluid samples derived from different cysts, even if
obtained from the same ADPKD-kidney explant, ranging from ‘no’, ‘low’, ‘medium’ to
‘high’ cystogenic effect (Table 1 and Figure 1E). These effects could not be explained
by differences in protein concentration (median concentrations respectively 32282,
36801, and 33911 pg/ul, P > 0.05).
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Chapter 4 | Paracrine Signaling Molecules in Cyst Fluid of Patients with Polycystic Kidney Disease

A
day 0
cyst fluid
human Renal Proximal Tubule Epithelial Cells (RPTEC/hTERT)
B

Kidney
cyst fluid (10%)
Liver
cyst fluid (10%)

PBS

Dose dependent effect of cyst fluid in in vitro cystogenesis assay

6% 8% 10% 20%

E Cystogenic effect varies between |nd|V|duaI cysts (1 0%)

no effect medium high

Figure 1. In vitro cystogenesis assay (A) Schematic representation of cystogenesis assay. (B)
Brightfield pictures at day 14, RPTEC/hTERT cultured in Matrigel drops, upper panels: medium is
supplemented with 10% kidney cyst fluid, in lower panels medium and PBS only, Right panels: close-
up. (€) Medium supplemented with 10% liver cyst fluid. (D) Serial dilution of cyst fluid supplemented
to the medium (final concentration 0 - 20%) shows a dose dependent cystogenic effect of the cyst fluid.
(E) Fluids derived from different cysts of the same patient have different cystogenic capacity patient
(scored at day 14).

100



Extracellular vesicles are not enriched for paracrine signal molecules

Extracellular vesicles (EVs) have recently emerged as mediators of cell to cell
communication.(40) To test if paracrine signaling molecules are present in EVs, EVs
were isolated from the cyst fluid and tested for their cystogenic capacity in our 3D
in vitro cystogenesis assay. Using nanoparticle tracking analysis, we confirmed the

presence of vesicles. While the supernatant fraction did induce cystogenesis, we
observed little effect in the EV fraction (Figure 2). This suggests that the paracrine
signaling molecules are not present in cyst fluid EVs, but more likely is solubilized in
the cyst fluid itself.

whole cyst fluid supernatant pellet 200.000g PBS
(non-EV fraction) (EV fraction )

Figure 2. Extracellular vesicles (EVs) isolated from cyst fluid using ultracentrifugation were
tested in the in vitro cystogenesis assay Proliferation and cyst-like structures were observed in the
samples exposed to non-ultracentrifuged cyst fluid and the supernatant of the ultracentrifuged fluid,
whereas only a modest effect is seen upon exposure to the EVs containing pellet fraction. PBS was used
as negative control.

The paracrine signaling 203 molecules are bound by sepharose beads

The high abundancy of albumin and other serum-derived proteins in cyst fluid can
reduce detection sensitivity of proteomic analysis. Therefore, we aimed to deplete
albumin and other serum proteins from the cyst fluid using blue sepharose beads,
which non-selectively bind albumin. Captured proteins were eluted from the beads
using a high salt buffer and subsequently reconstituted in PBS (Figure 3A). In our
cystogenesis assay, we tested the bound fraction (eluate), the unbound fraction (flow-
through), the original sample (untreated) and a negative control (PBS). Cystogenesis
was observed in the samples treated with the bound fraction but absent in the unbound
fraction, indicating that the cystogenic factors are bound directly or indirectly by blue
sepharose beads (Figure 3B).
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ooty ‘S"? A o
[} A :
LS aﬁ; R0
untreated unbound bound PBS
(elution (in PBS)

Figure 3. Serum protein depletion of cyst fluid with blue sepharose beads (A) Coomassie stained
polyacrylamide gel; original sample (untreated), unbound fraction (flow through), wash and elution
fractions, and the eluate reconstituted in PBS (bound fraction). (B) Original cyst fluid samples and
fractions after serum protein depletion tested in cystogenesis assay.

Fractionation of cyst fluid identifies 30-100 kDA cystogenic fractions

In order to identify the paracrine cystogens present in cyst fluid, we separated cyst
fluid using size exclusion chromatography (SEC). To limit interpatient variability, we
used four cyst fluid samples from patient 5 (KCF5 in Table 1), including two with “no”
effect in the cystogenesis assay, and two with a “high” effect. With SEC, 56 fractions
were obtained per sample, which were individually tested in the cystogenesis assay
(Figure 4A-B). Interestingly, for the samples that tested positive in our cystogenesis
assay (KCF5a+ and KCF5b+) we found that fractions #23-28, corresponding to a size
of ~30-100 kDa, retained the cystogenic effect, whereas this effect was absent when
adding the same fractions obtained from samples which were tested negative (KCF5c-
and KCF5d-) to our assay (Figure 4B).

102



KCF5¢c- KCF5b+ KCF5a+

KCF5d-

A Ay KCF5a+
KCF5b+
2500 KCF5c-
KCF5d-
Marker
2000
E
& 1500
@
>
=)
1000
500
0 !
\\H!H\\\\\\\\\\\\\\\\H\\\\\\\\\\\\\\\H\\\\\\\\\\\\H\
910111213 1415 16 17 1819 20 21 22 23 26 25 26 2728 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
T —
| | | | |
670 158 44 17 13
kDa kDa kDa kDa kDa
Cyst fluid fractions
unfractionated fraction 10 fraction 24 fraction 25 fraction 26 fraction 27 fraction 28 fraction 53

Figure 4. Size Exclusion Chromatography (SEC) (A) Size Exclusion Chromatography (SEC) of 4 kidney
cyst fluid samples, The x-axis shows the fractions numbers collected with an isocratic elution. The
y-axis represents UV signal intensity at 280 nm. Markerrun was done with gelfiltration standards, sizes
indicated below the x-axe. (B) Cystogenesis assay testing 2 “cystogenic” (KCF5a+ and KCF5b+), 2 “non-
cystogenic” (KCF5¢- and KCF5d-) kidney cyst fluid samples that were fractionated by size exclusion
chromatography. Representative pictures of fractions #10, 24, 25, 26, 27, 28, 53 are shown for each of
the 4 cyst fluid samples.
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Mass spectrometry identifies candidate paracrine signaling proteins

We analyzed fraction #25 by mass spectrometry, because this fraction showed the
strongest cystogenic effect (Figure 4). Mass spectrometry analysis of the four #25
fractions (KCF5a+, KCF5b+, KCF5c- and KCF5d-) revealed a total of 2822 unique
proteins, many of which have been previously described to be present in cyst fluid
(Supplementary Material). Three hundred and thirty proteins were present in both
the ‘kidney positive’ samples and 628 proteins in both the ‘kidney negative’ samples
(Figure 5A). A comparison between the ‘kidney positive’ and ‘kidney negative’ group
revealed 43 candidate cystogens (Figure 5B and Table 2). The candidate list was
enriched for proteins predicted to be secreted extracellularly (Figure 5C). Moreover,
GO analysis showed that the candidate list consists of different types of proteins,
including enzymes, immunity proteins, receptors, and signaling proteins (Figure
5C). We also performed GO analysis on 1441 proteins without cystogenic potential
(data not shown). Compared with the “positive” proteins, the cellular distribution of
the “negative” proteins was more often “cell junction” and less often “extracellular
region”. The protein classes were relatively comparable with the exception that many
“negative” proteins were classified as “nucleic acid binding proteins”.
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KFC5a+ KFC5b-+ KFC5c- KFC5d- (328) (628)

Candidates cystogen

GO Cellular component
(23/41)

I cell junction (GO:0030054)

M cell part (GO:0044464)
extracellular matrix junction (GO:0031012)
extracellular region (GO:0005576)

[ macromolecular complex (GO:0032991)

M membrane (GO:0016020)

GO Protein class

(34/41) M calcium-binding protein (PC00060)

cell adhesion molecule (PC000069)
cytoskeletal protein (PC0O0085)

[ defense/immunity protein (PC00090)

Bl enzyme modulator (PC00095)
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hydrolase (PC000121)
ligase (PC00142)
oxidoreductase (PC00176)

"l receptor (PC00197)

M signaling molecule (PC00207)
transferase (PC00220)

Figure 5. Proteomic analysis of cyst fluid fraction #25 (A) Venn diagram showing protein content
overlap between the two cystogenic samples (KCF5a+ and KCF5b+) and the two non-cystogenic
samples (KCF5c- and KCF5d-). (B) Comparative analysis identified 43 proteins that were present in
both cystogenic samples (KCF5a/b+) but not in the non-cystogenic samples. (C) Panther GO analysis
recognized 41/43 proteins, pie chart showing cellular components (23 hits out of 41 proteins) and
protein classes (34 hits out of 41 proteins).
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DISCUSSION

Here, we established an in vitro cystogenesis assay enabling us to study the cystogenic
effect of cyst fluid on normal renal epithelial cells and subsequent identification of
candidate cystogens. We found that the cystogens are present in kidney- and liver-
derived cyst fluid. We showed that individual cysts from the same kidney or liver
exerted a different cystogenic response possibly due to differences in concentration
of cystogens. In addition, we found that the cystogen is not enriched in extracellular
vesicles (EVs), that it is enriched in a blue sepharose binding fraction and in ~30-100
kDa Size Exclusion Chromatography fractions. Using proteomic analysis we procured a
list of 43 candidate cystogen proteins.

What drives cystogenesis is currently unknown, but there is evidence that paracrine
signaling initiates novel cyst formation of neighboring epithelial cells (26). It is of
interest that the paracrine signaling molecules also exert their cystogenic effect on
wild-type epithelial cells. We demonstrate that addition of cyst fluid to wild type
epithelial cells in vitro results in cytogenesis, as also shown in previous studies.(45, 46)
Moreover, in vivo wild-type cells can also form cysts, as in Pkd1-/-:Pkd1+/+ chimeric mice
some cysts were largely formed by Pkd1+/+ cells (26). Strikingly, kidney injury caused by
nephrotoxic drugs, ischemia or partial nephrectomy, leads to tubular dilatation and cyst
formation in mice that have otherwise normal kidneys (7, 8, 14, 16). Finally, patients
with chronic kidney disease without a PKD mutation frequently develop acquired cystic
kidney disease (10, 13, 23). It is possible that the paracrine molecules play a role in
renal cyst formation, not only in ADPKD patients but also in cystic development in
other conditions such as acquired cystic kidney disease. Previous studies indicated that
the cystogen is conserved between species, because cyst fluid isolated from PKD-mice
and from humans induced cystogenesis when added to Madin-Darby canine kidney
cells (45, 46). Moreover, as observed previously (46), our results indicate that the
concentration of the cystogen varies between individual cysts from the same kidney
or liver. The reason for this is unclear, b 268 ut we speculate that this could be caused
by differences between the tubular origin of the cyst, or local variation of the immune
response, or the presence of pathogens.

Our results reveal four novel characteristics of the cystogen. First, the cystogen is
not a kidney-specific molecule, since liver cyst fluid also tested positive in the assay.
This suggests that the same signaling events may contribute to cyst formation in the
kidney as well as in the liver. Second, the molecules are not excreted into the cyst
fluid as part of EVs, since EVs isolated from the cyst fluid showed less cystogenic
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potential than whole cyst fluid. Third, we observed that the cystogen is bound directly
or indirectly by blue sepharose beads, which are known to bind albumin, interferon,
lipoproteins, coagulation factors, and several enzymes. Finally, size fractionation of
cyst fluid demonstrated that the cystogenic molecule or molecules are present in
the fractions corresponding to a molecular weight of ~30-100 kDa. Notably, previous
studies identified a small lipid (< 3.5 kDa) that has a secretory and proliferative effect
on epithelial cells in vitro.(2, 11, 33) In this study, we did not detect cystogenic effects
of any of the other fractions outside the ~30-100 kDa region. However, this does
not exclude the possibility that the cystogen is a small protein, present mainly as a
multimer, or in complex with larger proteins, for example bound by albumin.

Using proteomic analysis we identified 43 candidate cystogens. Interestingly, four
of these candidates are proteins that are known to play a role in cystogenesis. First,
Secreted Frizzled-Related Protein 4 (sFRP4) is a 55 kDa protein expressed in a variety
of tissues including kidney and liver (29). It is a highly glycosylated soluble protein
that functions as a Wnt-signaling modulator through direct interaction with Wnts
(29, 47). Wnt-signaling plays an important role in kidney development, kidney injury
response and is implicated to be involved in the pathogenesis of ADPKD (3, 9, 15,
44). sFRP4 expression was found to be increased in mouse kidney cyst models and
human ADPKD 292 kidneys (38). Interestingly, ectopic expression of sFRP4 in zebrafish
promoted cystogenesis in the pronephros (35). In addition, elevated sFRP4 serum
levels in ADPKD patients correlate with rapid disease progression (47). Second, S100A8
is a calcium-binding protein that forms a heterodimeric complex with S100A9, called
calprotectin, and is a ligand of RAGE (receptor for advanced glycation end products).
S100A8 is involved in the innate immune response and induces proliferation and cell
survival through NF-kB and ERK signaling (27). Moreover, calprotectin and its receptor
RAGE, were found to be overexpressed in cystic regions in PKD2 overexpressing mice
and ADPKD human kidney (27). Third, osteopontin (SPP1) is a secreted cytokine and
part of the integrin-binding ligand family. It is an important modulator of the immune
response and also plays a key role in cancer progression (6). Normally, its expression
in the kidney is transiently upregulated after kidney injury. However, in a rat model
of polycystic kidney disease, osteopontin expression levels were persistently elevated
(8). Fourth, Cysteine Rich with EGF Like Domains 1 (CRELD1) is a member of the
family of epidermal growth factor-related proteins. These proteins are conserved
between species and widely expressed during development and adulthood, including
in the kidney and liver (36). CRELD1 can induce intracellular calcium release, NFATC1
dephosphorylation and nuclear translocation resulting in expression of NFATC1 target
genes (22). Calcium-calcineurin-NFAT signaling has been implicated in ADPKD (5).
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Our study has a number of limitations. First, it is not certain that the candidate cystogen
is a protein. However, metabolites are usually very small (< 1.5 kDa) and we did not see
cystogenic potential of these molecular weight fractions, although we cannot exclude
complex formation of the paracrine factor with larger proteins. Second, many signaling
proteins are biologically active but present in low concentrations and can therefore be
missed with mass spectrometry. In addition, our results lead to several new questions
that remain to be answered by future studies. 315 Is there more than one cystogen?
Which cells produce the cystogen? What causes the variation in cystogen concentration
between cysts?

In conclusion, we aimed to identify the paracrine signal molecules that drive cyst
formation. We identified 43 candidate proteins present in cyst fluid which can be
used for further testing of their cystogenic capacity in vitro and in vivo. By identifying
paracrine signaling molecules that drive cystogenesis we expect to gain more insight in
the molecular mechanism of cyst formation. Moreover, inhibition of these cystogens
might slow down disease progression in patients with polycystic kidney disease.
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Summary, general discussion and future perspectives

SUMMARY

ADPDK is a disease with a high clinical burden and currently effective therapies that
prevent end-stage renal failure are lacking. The aim of this thesis was to advance our
knowledge on the molecular mechanisms of cystogenesis, to facilitate the development
of new therapeutic strategies for ADPKD patients.

Chapter 2 and 3 describe the development of two novel human ADPKD cell line models
— based on either induced pluripotent stem cells (iPSCs) or adult stem cell (ASC)
kidney organoids — which can be used to study polycystin-1 function. In chapter 2,
we established ADPKD patient-specific iPSCs. Tubular Epithelial Cell lines (TECs) were
derived from nephrectomies of ADPKD patients and of healthy control kidney tissue,
and expression of kidney and epithelial markers was confirmed. ADPKD mutant and wild
type TECs were transduced to initiate iPSC formation. ADPKD iPSCs were characterized
with respect to their karyotype, expression of stem cell markers and pluripotency
potential. Somatic mutations in the tubular epithelium have been implied to be
initiating events of cystogenesis. We are the first to report ADPKD iPSCs derived from
cystic epithelium, providing a model in which these somatic mutations can be studied.
Mutation analysis of the ADPDK-iPSCs identified heterozygous germ line mutations in
PKD1, but no additional somatic hit in this gene. We did, however, find other genome
wide somatic mutations and future studies will have to show whether these mutations
contributed to cyst initiation. Furthermore, we showed that transcriptomes of ADPDK-
iPSCs were largely similar to wild type iPSCs. However, we showed that kidney derived
iPS cells maintain a kidney and disease specific DNA methylation memory. This
epigenetic kidney memory might favor directed differentiation of these cells into wild
type and diseased renal cells in vitro.

In chapter 3, adult kidney stem cells were used to establish an ADPKD model system.
ASCs were isolated from ADPKD nephrectomies and healthy kidney tissue, and cultured
in a 3D-matrigel culture platform. Similar to the ADPKD- iPSCs, ADPKD-ASC kidney
organoids harbored a heterozygous PKD1 germ line mutation and various genome
wide somatic mutations. Interestingly, we found that ADPKD-ASC organoids exhibit
a cellular senescent gene expression profile. In addition, we showed that increased
numbers of senescent cells are present in vivo in ADPKD mouse and human kidneys.
Moreover, we showed that several proteins are secreted into cyst fluid and belong
to the Senescence Associated Secretory Phenotype (SASPs). Furthermore, cyst fluid
can induce increased proliferation of renal epithelial cells in vitro, suggesting that
SASPs might be a trigger for cystogenesis. Thus, using this novel ADPKD-ASC kidney
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organoid model, we identified senescence as a hallmark of PKD. Linking senescence to
cystogenesis provides important new insights in the pathophysiology of hereditary and
acquired polycystic kidney disease.

In Chapter 4 we aimed to identify paracrine signaling molecules in cyst fluid that can
induce cystogenesis. We showed that cyst fluid — collected from ADPKD kidneys and
livers—induce cystogenesis when added to renal epithelial cells (RPTEC/hTERT1) in vitro.
Using size fractionating of the cyst fluid molecules, we found that only the fractions
between 30-100 kDa showed cystogenic potential. In addition, we observed that cyst
fluid samples from different individual cysts exhibited differences in strength of the
cystogenic effect. Comparing the proteome from a fraction of cyst fluid sample with
a high cystogenic potential to a sample without cystogenic effect, yielded a list of 43
candidate cystogenic proteins. We found enrichment of proteins classified as enzymes,
immunity proteins, receptors and signaling proteins. Moreover, some of these proteins
such as Secreted Frizzled-Related Protein 4, S100A8, osteopontin, and CRELD1, have
previously been implicated in the pathogenesis of ADPKD. These candidates can be
used for further studies to test if targeting of these molecules abrogates cystogenesis
in vitro or in mouse models and perhaps ultimately in ADPKD patients.

Finally, we aimed to gain more insight in PKD1 gene expression regulation. In Chapter
5 we present an unbiased screen to identify transcription factors regulating PKD1
expression, using the novel technique CasID. In this technique a promiscuous biotin
ligase (BirA*) is fused to a catalytically dead Cas9 (dCas9). By co-expressing a single
guide RNA in the cell, the BirA-dCas9 fusion protein is targeted to a specific genomic
locus and enables biotinylation of proteins in the proximity of the locus of interest.
Next, biotinylated proteins are identified using a high-affinity streptavidin pull down
and mass spectrometry analysis. We have exploited this technique to discover novel
PKD1 promoter binding proteins, by using a single guide RNA just upstream of the
PKD1 transcription start site. Our screen yielded several candidate PKD1 transcription
factors that have been linked to PKD previously such as MAX, CUX1, ATF2 and ZEB2.
Although the involvement of the identified candidate PDK1 transcription factors has
not yet been confirmed, our results suggest CasID is a useful technique to identify such

regulators of gene expression.

In Chapter 6 we discuss our findings in light of the current knowledge concerning
the pathophysiology of cyst formation. In addition, future directions are proposed to
further enhance our understanding of the molecular mechanism of cystogenesis and
development of future therapies for ADPKD patients.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

In this thesis we have studied the molecular mechanism of ADPKD by focusing on three
central questions. First, we aimed to better understand what the function of PKD1/
polycystin-1 is at the cellular level. The second question focused on what triggers
cyst formation. Third, we aimed to improve the current understanding of polycystin-1-
regulation. Here, | will focus on these three central questions, the lessons learned from
our work and novel questions that have arisen during the course of the work.

Modeling ADPKD in human cell lines

Following the discovery of PKD1 as the first ADPKD gene, this gene has been a focal
point for studies on cystic kidney diseases. Mouse and other animal models, patient
derived tissue and cell lines, biochemical studies and computational analysis have
all been employed to unravel the function of PKD1 and its gene product polycystin-1
at the cellular level. However, despite extensive research it remains incompletely
understood why PKD1/ polycystin-1 dysfunction leads to cystogenesis. Using human
renal epithelial cell lines as a model system for ADPKD, several aspects need to be
taken into consideration. First, the choice between primary cells versus immortalized
cell lines is important. Primary cells have a finite life span thus can be difficult to
maintain in culture over a longer time period and will be insufficient when large cell
numbers are needed. Primary cells that are isolated at different time points can lead to
variation between experiments. Moreover, obtaining sufficient numbers of patient and
healthy control kidney tissue for cell line isolation can be challenging. Immortalized
cell lines on the other hand provide an unlimited supply of cells. However, normal
cellular functions can be altered in these cells, due to the immortalization process.
Second, when using renal epithelial cells in vitro, verification of renal and epithelial
marker expression is essential, as exposure to culture medium can influence expression
profiles and cell identity. Third, cyst formation is a three-dimensional event, therefore
a 3D culture system is preferred over a 2D monolayer. Finally, somatic mutations in the
renal epithelium have been implicated in the pathogenesis of cyst formation. When
using cyst derived cell lines, these somatic mutations will be present in the model
system. In this thesis, we took two different approaches for generating an in vitro
ADPKD model; one based on iPSCs and one based on adult stem cell kidney organoids
described in chapters 2 and 3.
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Second hit

Several fibroblast derived ADPKD-iPSC models have been published (2, 23, 29, 30, 41,
63, 71). However, we are the first to establish iPSCs from cystic renal epithelial cells.
In addition, ADPKD-ASC kidney organoids have not been described yet. Both our iPSC
and ASC kidney organoid cell lines have been derived from cystic epithelium. Thus,
somatic mutations that occurred in the cystic renal epithelium have been captured
in the model. Genetic second hits have been implied to be the initiating event in
cystogenesis and various studies provide evidence that, in addition to the patients
germ line mutation, somatic mutations in PKD1 can be detected in a significant
number of individual cysts (68). Surprisingly, in the cystic tubular renal epithelial cells
(TECs) — which we used as starting material for the iPSCs — we did not detect somatic
mutations in PKD1. Similarly, in cyst derived ADPKD organoids we did not detect a
second hitin PKD1. There are several possible explanations for this. First, somatic PKD1
mutations could have been missed due to technical reasons. However, this option is
not very likely because three different techniques (WES, LR-PCR, MLPA) were used to
specifically search for somatic hits in PKD1. Second, it is possible that a second hit in
PKD1 initiated cystogenesis, but that this mutation was not present in all epithelial cells
lining the cysts. In other words; the cyst is not monoclonal. Subsequently, due to an
in vitro growth selection in favor of PKD1+/- cells, cells with a second hit in PKD1 were
selected against in culture. Or, finally, cyst growth was not initiated by a second hit in
PKD1, but other factors were responsible for triggering cystogenesis such as somatic
mutations in non-PKD genes, or focal signaling events. Intriguingly, we did observe
various somatic mutations that were unique for each individual cyst, an observation
that has been reported previously by other groups as well (25, 68). Many of these
somatic mutations were found in cilia-related genes or genes linked to oncogenesis,
suggesting that these genes might have played a causal role in initiating cystogenesis
(68). On the other hand these somatic mutations can also merely reflect DNA damage
as a consequence of the local deleterious effects of inflammation, proliferation and
mechanical stress due to cyst growth. Evidence that cystogenesis is not triggered by
a second hit in Pkd1 comes from a previous study showing that Pkd1+/- mice develop
cysts shortly after induction of kidney injury, showing that Pkd1 heterozygosity results
in haploinsufficiency (4). In addition, ARPKD patients are compound heterozygous for
PKHD1 mutation, thus already have a ‘second hit’ but also exhibit focal cyst formation.
Finally, injury also triggers cyst formation in genetically normal kidneys. Taken together,
these observations suggest that the focal aspect of cystogenesis is not necessarily
caused by a second genetic hit, but could also be triggered by local signaling cues. In
chapter 4 we describe that indeed paracrine signaling molecules are present in cyst
fluid which can trigger cystogenesis.
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Function of PKD1/polycystin-1

Interestingly, we observed that ADPKD versus control iPSCs were quite similar with
respect to morphology, growth rate, stem cell marker expression, pluripotency, and
RNA expression. This suggests that stem cell function is not evidently affected by a
heterozygous PKD1 mutation, which is in line with the fact that a heterozygous Pkd1/
PKD1 mutation does not affect embryonic development. Therefore, ADPKD iPSCs
should preferably be differentiated into renal epithelial cells before studying PKD1/
polycystin-1 function. In ADPKD ASC kidney organoids we did detect a disease specific
phenotype pointing towards a role for PKD1/polycystin-1 in senescence during injury
repair. Whilst patient derived and control ASC kidney organoids are morphologically
similar, ADPKD ACS organoids exhibited a cellular senescent transcriptome profile.
This is marked by downregulation of cell cycle genes and LaminB1 and upregulation of
SASPs expression. Of note, we observed that ADPDK TECs have an increased nuclear
size, another hallmark of cellular senescence. The observation that also in vivo cystic
epithelial cells have larger nuclei has been described previously (1, 8, 77), and validated
by our studies. In addition, we found an increased number of senescent cells in ADPKD
patient tissue. Absence of p21(CDKN1A) upregulation and high levels of p16(CDKN2A)
suggest that this senescence is controlled via p16 signaling. Furthermore, we found that
SASPs are present in cyst fluid and that cyst fluid can induce increased cell proliferation
of renal epithelial cells in vitro. Thus, our human ADPKD-ASCs kidney organoid model
has led to the discovery that cellular senescence is a hallmark of cystogenesis. We will
further elaborate on the role of cellular senescence in cystogenesis and the function
of polycystin-1 herein in the paragraph ‘Cystogenesis is triggered by renal injury’ and
‘Senescence in renal injury repair at the molecular level’.

iPSC versus ASC kidney organoids

With the ADPKD iPSCs and ASCs we generated two novel culture systems suitable for
ADPKD disease modeling. Both systems have several features in common; iPSCs and
ASCs can both be expanded indefinitely in vitro, differentiated into kidney organoids,
grown in a three dimensional platform, and used for gene editing. There are, however,
some important differences between these two types of stem cell cultures. For
example, ACS kidney organoids spontaneously form epithelial tubuloids due to the
culture conditions that mimic the stem cell niche (64), while iPSCs have to be induced
into nephron-like structures. Over the last couple of years, advances in differentiation
protocols have further enhanced the possibility of generating in vitro kidney organoid
structures from iPSCs (6, 9, 22, 51, 67). However, generating kidney structures in
vivo remains challenging and optimization of the current protocols is required to
increase reproducibility (57). Moreover, although these in vitro kidney organoid
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structures encompass glomeruli, tubuli, collecting ducts, stroma and vasculature,
they do not fully recapitulate the complexity of the adult kidney in vivo. Nonetheless,
future studies should focus on utilizing the progress that has been made in in vitro
kidney development strategies for differentiation of our ADPKD iPSC cells. This will
be specifically useful to study the function of PKD1 during kidney ‘development’ and
homeostasis. In addition, since iPSCs are pluripotent, our ADPKD iPSCs can be used to
study PKD1/polycystin-1 function in other tissue types affected in ADPKD patients, like
chondrocytes, cardiomyocytes and cholangiocytes (19, 32, 45). Also for ASC kidney
organoids, further optimization of kidney organoid culture conditions is required and
additional analysisregarding renal cell markers and functionality of the kidney organoids
are needed. Another focus for future studies should include the development of PKD1
heterozygous and homozygous CRISPR/Cas9 knock out ASC kidney organoids. This will
be helpful to answer the key question whether a senescence phenotype is present
in these artificially gene edited ASC kidney organoids that have not been exposed
to a cyst-microenvironment. In conclusion, both ADPKD in vitro models can be used
for further analysis of the molecular mechanisms of cystogenesis and the function
of PKD1/polycystin-1. A crucial step for enabling large drug screens in either iPSC or
ACS ADPKD kidney organoids will be to find a practical readout for PKD1/polycystin-1
function in these cells.

Cystogenesis is triggered by renal injury

In wild type kidneys, various forms of renal injury, such as nephrotoxic drugs, ischemia
or partial nephrectomy, chronic kidney disease in general and kidney aging, can induce
cyst formation, which can lead to acquired polycystic kidney disease (16, 18, 21, 26, 31,
34, 39, 47). Also in ADPKD, injury is a trigger for cyst initiation. Heterozygous Pkd1 and
Pkd2 mice and Pkd1 inducible knock out mice — where deletion results in Pkd1 null cells
—do not develop a polycystic kidney disease phenotype until injury is induced in these
mice, resulting in massive cystogenesis (4, 27, 59). Renal injury induces a complex
repair response process in the kidney. An important feature of the physiological injury
— or wound healing — response is cellular senescence (17, 33, 53). Cellular senescence
is a response to various types of cell stress, which results in a proliferative arrest of the
cell and secretion of senescence associated secretory phenotype (SASP) factors that
modulate the surrounding tissue (for review see 12, 41, 46). After injury, senescent
cells promote tissue renewal by recruiting immune cells through SASPs. In turn, these
immune cells ensure clearance of senescent cells after which tissue regeneration is
completed, coined ‘acute’ senescence (53). Persistent damage and aging can lead to
impairment of this physiological injury response; senescent cells accumulate resulting
in persistent inflammation and fibrosis (53). Thus, whilst senescent cells exert a
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beneficial effect during the early phase of acute kidney injury, prolonged ‘chronic’
senescence has a detrimental effect in repetitive and chronic kidney injury (74). Indeed,
accumulation of senescent cells has been reported in kidneys from experimental
mouse models and human renal diseases (33, 74). Moreover, depletion of accumulated
senescent cells has been proven to reduce age related kidney damage and maintain
renal function (46). Shortly after kidney injury Pkd1 expression is upregulated (16),
suggesting that it plays an important role in renal injury repair. Indeed, in ADPKD the
renal injury response is impaired. Pkd1+/- or Pkd2+/- mice exhibit increased cortical
damage, apoptosis and immune cell infiltration and tubular dilatations shortly
after injury, and fibrosis and microcysts after several weeks (4, 59). In chapter 3 we
demonstrate that senescence is a hallmark of ADPKD. We describe that ADPKD ASC
kidney organoids express senescent phenotype related genes. Moreover, we detected
an increase in senescent cell numbers in the epithelium as well as stroma cells in
mouse and human ADPKD renal tissue. Damage in ADPKD kidneys is often attributed
to the local deleterious effect of extensive cyst growth. Intriguingly, however, in non-
cystic Pkd2+/- mice increased cell proliferation, immune cell invasion and fibrosis was
found to precede cyst formation (59). This implies that impaired wound healing is a
direct consequence of dysfunction of the polycystin complex . Thus, our results suggest
that the sequence of senescence — clearance — and regeneration is impaired in ADPKD
leading to accumulation of senescent cells and accelerated kidney aging.

Senescence in renal injury repair at the molecular level

At the molecular level, cellular senescence is controlled through either p53-p21 or p16
signalling (11, 48, 53). Shortly after acute injury there is a tremendous upregulation
of p53 and p21 in the tubular epithelium (49, 55, 66, 69). Massive damage leads to
loss of tubular epithelial cells after which remnant quiescent progenitor cells enter a
proliferative state and repopulate the tubular epithelial monolayer (3). Upregulation
of p21 and p53 exerts a renal protective effect by inducing a transient cell cycle arrest
and providing time for the damaged epithelium to repair cellular and DNA-damage,
avoiding malignant transformation or cell death (3, 49, 50, 55, 66, 69). Both p53-/-
and p21 conditional knock out mice are sensitive to renal injury with a more rapid
decline in renal function and histological changes including tubular dilatation (55,
66). In ADPKD, p21 upregulation during kidney injury repair is abrogated. This was
observed for Pkd1+/- or Pkd2+/- mice in which p21 expression remains low after injury,
due to defective JAK/STAT signalling (4, 5, 59). Accordingly, we could not detect any
differences in p21 expression levels between ADPKD and control organoids and human
tissues (chapter 3), an observation that has been reported for human tissue previously
(56). Since polycystin-1 depletion impairs p21 and p53 upregulation and results in
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increased proliferation, polycystin-1 has been suggested to act as a regulator of the G1
checkpoint, controlling entry into the S phase and preventing replication of damaged
DNA. Interestingly, we found DNA repair enriched in our GO analysis.

An explanation for the inability to induce p21 expression in ADPKD could be elevated
C-MYC levels, which is a p21 repressor. We detected high C-MYC mRNA expression in
our ADPKD iPSCs as compared to control iPSC (data not shown) and increased C-MYC
levels has been reported previously for ADPKD (8, 43). In addition, mice harbouring
constitutively active c-myc expression develop polycystic kidney disease (73). Taken
together, we hypothesize that shortly after injury, polycystin-1 might aid in inducing
acute senescence by causing a cell cycle pause through the p53-p21 pathway, enabling
proper injury repair of the tubuli. In ADPKD, this beneficial acute senescence response
is impaired and leads to accelerated accumulation of chronic senescence —through p16
signalling — resulting in fibrosis, inflammation and cystogenesis. Future studies should
be performed to test whether inhibition of chronic senescence in ADPKD kidneys can
prevent or reduce cystogenesis. For this, either a genetic or pharmacological approach
can be used, such as a crossover between an ADPKD mouse model and p16"“
knockout mice knock out mice, or the use of senolytics in ADPKD mice.

Senescence might trigger cystogenesis via SASPS

We propose that senescence itself can trigger cystogenesis. Senescent cells secrete
SASPs, a variety of growth factors, pro-inflammatory and matrix proteins (13,
53). SASPs can induce senescence as well as proliferation of neighboring cells in a
paracrine manner (13, 14, 62). Previously it was found that local signalling cues might
induce cystogenesis in epithelial cells that are in close proximity of existing cysts, a
phenomenon coined the cystic snowball effect (42). In chapter 4 we hypothesized that
paracrine signalling molecules responsible for this cystic snowball effect are secreted
into cyst fluid. We showed that cyst fluid indeed induces cystogenesis of wild type
renal epithelial cells in an in vitro assay. Size fractionation and comparative analysis of
cyst fluid with high versus low cystogenic capacity yielded a list of candidate cystogenic
proteins. Interestingly, many candidate proteins are involved in injury repair such as
immunity proteins, growth factors, adhesion molecules and matrix proteins. We and
others found that various SASPs are present in cyst fluid, some of which are part of
the cystogen candidate list in chapter 4. Moreover in chapter 3, we showed that —
compared to control organoids — ADPKD ASC organoids show higher expression of
several SASPs, including CCN1 (Cyr61) an important regulator of senescence during
injury repair (35, 37). Thus, our results suggest that accumulated senescent cells in
ADPKD kidneys secrete SASPs which can induce cystogenesis in the surrounding tissue.
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Further evidence that senescence is a trigger for cystogenesis comes from previous
studies showing that drug-induced senescence —for example by cisplatinum — triggers
cyst formation (20, 21). In addition, experimental mouse models harbouring mutations
that cause either oncogene, DNA damage or oxidative stress induced senescence
also exhibit a polycystic phenotype (61, 70, 76, 77). Moreover, in humans, aging is
associated with increased prevalence of kidney cysts (18). Senescence as a trigger
for cystogenesis can also explain intra-familial variability in disease severity. Whilst
these patients harbor the exact same PKD1 mutation, exposure to renal injury inducing
factors will differ between these family members and thereby influence cystic load in
the kidney.

PKD1/polycystin-1 signaling pathway

To comprehend how polycystin-1 regulates injury repair exactly, it is essential to unravel
the polycystin-1 signal transduction cascade and understand how PKD1 transcription
is regulated. PKD1/polycystin-1 acts in a dose dependent fashion; low transcription
levels and over-expression have been proven to result in a cystic phenotype (38, 40,
60, 72). Also, during kidney development injury repair PKD1 expression needs to be
upregulated (10, 15, 24). Thus, proper control of PKD1 expression and functional
polycystin-1 levels are crucial to prevent cystogenesis. Only a few transcription factors
that regulate the PKD1 promoter are known, such as p53. Further identification of
PKD1 transcription factors is needed to gain insight into PKD1 regulation. In chapter
5 we describe the use of a novel technique, CasID, to screen for proteins enriched at
the PKD1 promoter. We found several transcriptions factors that have been linked to
PKD1 signaling or even have been described to cause a polycystic phenotype such as
CUX1, ATF-2 and MAX. Interestingly, these candidates also play a role in kidney injury
and cellular senescence. ATF2 is a DNA damage response protein and a transcription
factor that regulates genes involved in cellular stress, DNA damage, cell proliferation
and inflammation (44, 75). It is involved in regulation of tubular morphology during
kidney development (12) and upregulated in response to kidney injury (52). Moreover,
ATF2 is constitutively activated in ADPKD (54). CUX1 drives proliferation through p21
repression and c-MYC activation (7, 58). CUX1 is involved in kidney development and
overexpressed in the cyst epithelium (28, 65). Overexpression of Cux1 in mice results
in a cyst kidney phenotype (7). MAX is part of a transcription factor complex with
¢-MYC which can induce senescence and is also upregulated in ADPKD (43). Thus,
these candidates might link acute kidney injury and senescence to PKD1 expression
regulation. Further validation of these PKD promoter associated candidate proteins is
needed in order to verify binding at the PKD1 promoter, which can be done for example
by repeating the pull down experiment, perform ChiP-seq /ChiP-PCR on the candidate
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proteins and a pull down using a biotinylated PKD1 promoter construct in combination
with an epitope tagged candidate protein. Next, whether these candidates activate or
repress PKD1 transcription can be tested using PKD1 promoter expression assays or
by generating knock out cells for each candidate and measure PKD1 expression levels.
Moreover, CasID can be used to screen for transcription factors binding at various
regions of the PKD1 proximal, distal promoter and the enhancer element that is
present downstream of the transcription start site. Finally, BiolD is an ideal technique
for identifying interaction partners of membrane proteins. This technique is therefore
very useful to unravel the polycystin-signaling pathway. Improving our understanding
of the PKD signaling cascade and how PKD1/polycystin-1 levels are controlled will be
helpful in designing therapeutic strategies in the near future.

Concluding remarks

Acute senescence is essential for proper kidney repair. We propose a model where a
PKD1 mutation in ADPKD patients or (repetitive) injury in wild type kidneys leads to
impaired kidney repair. This results in accumulation of senescent cells which secrete
SASPs. These SASPs cause fibrosis, persistent inflammation, and we propose that these
SASPs also trigger cystogenesis (Figure 1). Future studies should focus on clarifying the
role of polycystin-1 in renal injury repair. For this, combining findings from the ADPKD
field with knowledge on cellular senescence and wound healing is essential. Second,
we need to further identify which paracrine (SASP) molecule(s) induce(s) cystogenesis.
Third, we should investigate if stringent prevention of acute kidney injury in ADPKD
patients can slow down disease progression (e.g. by avoiding nephrotoxic drugs,
prevention of contrast nephropathy and prerenal injury). Finally, ablation of chronic
senescent cells with senolytics could be a promising therapeutic strategy to slow down
cyst growth in ADPKD experimental mouse models and, if successful, in patients.
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ADPKD - ofwel cystenieren — is een ziekte waarbij er zeer veel vochtblazen (cysten)
ontstaan in de nieren, waardoor het gezonde nierweefsel verdrongen wordt. Een
groot deel van de patiénten ontwikkelt hierdoor nierfalen en moet dialyse of een
niertransplantatie ondergaan. Op dit moment is er nog geen effectieve behandeling
beschikbaar die het ontstaan van nieuwe cysten en cystegroei tegengaat. Bij het
grootste deel van de ADPKD patiénten wordt de ziekte veroorzaakt door een mutatie in
het PKD1 gen dat codeert voor het polycystine-1 eiwit. Echter, wat de functie van PKD1/
polycystine-1 in de cel is en waarom disregulatie hiervan leidt tot cyste vorming is nog
onbekend. Het doel van deze thesis was om meer inzicht te krijgen in het moleculaire
mechanisme van cyste vorming wat essentieel is voor het ontwikkelen van nieuwe
gerichte behandelingen tegen ADPKD. We hebben dit onderzocht door ons te richten
op drie belangrijke vragen: ten eerste, wat is de functie van PKD1/polycystine-1 in de
cel? Ten tweede, zijn er eiwitten aanwezig in cyste vloeistof die aan kunnen zetten tot
groei van nieuwe cysten? Als laatste, welke transcriptie factoren reguleren het aan- en
uitzetten van het PKD1 gen?

Hoofdstuk 2 en 3 beschrijven de ontwikkeling van twee cellijnmodellen die gebruikt
kunnen worden om de functie van polycystine-1 te bestuderen. Hierbij hebben
wij gebruik gemaakt van geinduceerde pluripotente stamcellen (iPSCs) of van
nierorganoiden ontwikkeld uit volwassen stamcellen (ASC). In Hoofdstuk 2 zijn iPS
cellen genereerd om te dienen als ADPKD cellijnmodel. Hiervoor hebben wij tubulus
epitheel cellen (TEC) geisoleerd uit ADPKD nieren en gezond nierweefsel. Na verificatie
van expressie van nier- en epitheelmarkers door de TECs, hebben we deze gebruikt
voor het genereren van iPSCs. De iPSCs werden gevalideerd met betrekking tot hun
karyotype, expressie van stamcelmarkers en de pluripotente differentiatie capaciteit.
We zijn de eerste die ADPKD iPSCs hebben gemaakt vanuit cyste-epitheel. Andere
groepen hadden al eerder iPSCs gemaakt van fibroblasten van ADPKD patiénten.
De iPSCs gemaakt van cyste epitheel zijn van belang omdat somatische mutaties in
de nierepitheelcellen mogelijk een rol spelen in het in gang zetten van cystegroei.
In ons iPSC ADPKD model kunnen deze somatische mutaties bestudeerd worden.
Mutatieanalyse van ADPKD-iPSCs liet zien dat de TEC en iPS cellen een heterozygote
kiembaanmutatie in het PKD1 gen bevatten, maar geen additionele somatische
mutaties in PKD1. Wel vonden we somatische mutaties in diverse andere genen.
Het is echter nog onbekend of deze somatische mutaties bijgedragen hebben aan de
cystegroei. Daarnaast zagen we dat het RNA expressieprofiel van ADPKD iPSCs en wild
type controles grotendeels overeenkwamen. Tenslotte laten we zien dat de iPCS die
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gemaakt zijn vanuit niercellen een nier- en ziekte-specifiek DNA-methylatieprofiel
hebben. Dit methylatieprofiel kan mogelijk voordelig zijn voor het genereren van
gekweekt nierweefsel in het laboratorium, aangezien het als een soort geheugen voor
de cel kan dienen over diens herkomst.

Hoofdstuk 3 beschrijft de ontwikkeling van een ADPKD cellijnmodel waarbij gebruik is
gemaakt van nierorganoiden gegenereerd uit volwassen stamcellen (ASC adult stem
cells). ASC geisoleerd uit cystenieren en gezond nierweefsel werden gekweekt in 3D
matrigeldruppels. Net als bij de ADPKD iPSCs, vonden wij in de ASC nierorganoiden een
heterozygote kiembaanmutatie in het PKD1 gen en additionele somatische mutaties
in diverse genen maar niet in PKD1. Een interessante bevinding was dat ADPKD ASC
nierorganoiden een genexpressie profiel hadden passend bij celveroudering, ofwel
senescence. We hebben aangetoond dat er meer verouderde cellen aanwezig zijn in
cystenieren ten opzichte van gezond nierweefsel. Daarnaast hebben we gevonden dat
er verschillende eiwitten in cystevloeistof uitgescheiden worden waarvan bekend is
dat ze worden uitgescheiden door verouderde cellen (SASPs, senescence associated
secretory phenotype factors). Verder vonden we dat wanneer cystevloeistof wordt
toegevoegd aan nierepitheel cellen in kweek, dit resulteert in toename de snelheid
van celdeling, hetgeen suggereert dat SASPs mogelijk bijdragen aan cystegroei.
Kortom, met dit nieuwe ASC nierorganoiden ADPKD model, hebben wij gevonden dat
veroudering een kenmerk is ADPKD nieren. Door het verband te leggen tussen het
ontstaan van cysten en veroudering van de nier hebben wij nieuwe inzichten gekregen
in de pathofysiologie van erfelijke en verworven polycysteuze nierziekten.

In hoofdstuk 4 hebben we getracht om eiwitten in cystevloeistof te identificeren die
cystegroei kunnen veroorzaken door middel van paracriene signalen. cystevloeistof,
van zowel ADPKD nieren als van ADPKD levers, induceert cystegroei wanneer het wordt
toegevoegd aan nierepitheelcellen (RPTEC/hTERT1) in kweek. Door de eiwitten in
cystevloeistof te fractioneren op basis van grootte en de activiteit van de verschillende
fracties te testen, hebben we gevonden dat het cyste inducerende eiwit (of eiwitten)
tussen de 30 en 100 kDa groot is. Verder hebben we gevonden dat de sterkte van het
cystegroei inducerende effect van cystevloeistof uit verschillende cysten van dezelfde
nier varieert. Een vergelijking van het proteoom van fracties van cystevloeistof met een
sterk en zonder cyste-inducerend effect resulteerde in identificatie van 43 kandidaat-
eiwitten die mogelijk cystegroei kunnen veroorzaken. Veel van deze kandidaten
zijn enzymen, afweereiwitten, receptoren en signaaleiwitten. Van enkele van de
kandidaat-eiwitten, zoals Secreted Frizzled-Related Protein 4, S100A8, osteopontin en
CRELD1, is eerder beschreven dat zij een rol spelen in de pathogenese van ADPKD.
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Deze kandidaten kunnen gebruikt worden voor verder onderzoek naar de rol van deze
eiwitten in cystegroei in cellijn- of muismodellen en mogelijk uiteindelijk in ADPKD
patiénten.

Tenslotte hebben meer inzicht proberen te krijgen in hoe de regulatie van PKD1
genexpressie plaats vindt. In hoofdstuk 5 hebben we met een nieuwe techniek (CasID),
een screen gedaan om nieuwe transcriptie factoren te identificeren de PKD1 expressie
regelen. Deze techniek maakt gebruik van een niet-selectieve biotine ligase (BirA*)
die gefuseerd is met een katalytisch inactief Cas9 eiwit (dCas9). Co-expressie in de
cel met een single guide RNA zorgt ervoor dat het BirA-dCas9 fusie-eiwit heel gericht
een specifieke plek in het DNA bindt. Eiwitten die zich daar bevinden worden door
het BirA-dCas9 voorzien van een biotine label. Deze gebiotinyleerde eiwitten kunnen
daarna geidentificeerd worden door middel van een streptavidine pull-down en
massaspectrometrie. Wij hebben deze CasID techniek ingezet om nieuwe eiwitten te
identificeren die de PKD1 promoter binden, door een single guide RNA te gebruiken
die aangrijpt net voor de transcriptie start. Onze screen heeft enkele kandidaat
transcriptie factoren opgeleverd, die in de literatuur eerder in verband zijn gebracht
met ADPKD, zoals MAX, CUX1, ATF2 en ZEB2. Hoewel deze nieuwe PKD1 transcriptie
factoren nog gevalideerd moeten worden, laten onze resultaten zien dat CasID een
geschikte techniek is voor het identificeren van nieuwe eiwitten die expressie van een
specifiek gen reguleren.

In hoofdstuk 6 bespreken we onze bevindingen in het licht van de huidige kennis
omtrent de pathofysiologie van cyste vorming. Daarnaast worden toekomstige
onderzoeksrichtingen besproken die kunnen bijdragen aan meer inzicht in het
moleculaire mechanisme van cystogenese en het ontwikkelen van nieuwe therapieén
voor ADPKD patiénten.
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LIST OF ABBREVIATIONS

2D

3D
ACKD
ADPKD
ARPKD
ASC
BiolD
BirA*
Ca2+
CaslD
cDNA
ChlP
dCas9
DNA
EB

ER
FACS
FPC
hES cells
IF
Indel
iPSC
LR-PCR
MeD-seq
MLPA
mRNA
PKD
PKD1
PKD2
RNA
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Two-dimensional

Three-dimensional

Acquired cystic kidney disease

Autosomal dominant polycystic kidney disease
Autosomal recessive polycystic kidney disease
Adult stem cell

Proximity-dependent biotin identification
Biotin ligase with an R118G mutation

Calcium
proximity-dependent BirA*-dCas9 identification
Complementary DNA

Chromatin immunoprecipitation

Catalytically dead Cas9

Deoxyriboducleic acid

Embryoid bodies

Endoplasmic reticulum

Fluorescence-activated cell sorting
Fibrocystin

Human embryonic stem cell
Immunofluorescence

Insertion or deletion mutation

Induced pluripotent stem cell

Long-range polymerase chain reaction
Methylated DNA sequencing

Multiplex Ligation-dependent Probe Amplification
Messenger RNA

Polycystic kidney disease

Polycystic kidney disease-1 gene

Polycystic kidney disease-2 gene
Ribonucleic acid



RNA-seq
RPTEC/hTERT1
SASP

sgRNA

SNP

TEC

WES

WT

RNA sequencing

Immortalized human renal proximal tubular epithelial cell line
Senescence-associated secretory phenotype

Single guide RNA

Single nucleotide polymorphism

Tubular epithelial cells

Whole exome sequencing

Wild type

167




Appendix

CURRICULUM VITAE

Annegien Kenter is geboren in 1982 te Aerdenhout. Na het afronden van de HAVO
op het Lyceum Sancta Maria te Haarlem heeft zij Atheneum op het Nova College te
Haarlem gedaan. In afwachting van toelating tot de geneeskunde studie heeft zij een
jaar fysiotherapie en een jaar bewegingswetenschappen gestudeerd en tevens twee
jaar in de verpleging gewerkt.

In 2004 werd zij toegelaten tot de studie geneeskunde aan de Erasmus Universiteit
Rotterdam. Voor haar co-schappen is zij afgereisd naar de spoedeisende hulp van het
Academisch Ziekenhuis Paramaribo te Suriname en voor tropengeneeskunde naar het
Ndala Hospital te Tanzania. Over dit laatste co-schap heeft zij enkele columns voor het
tijdschrift Medisch Contact geschreven. Tijdens haar studie was zij actief in diverse
commissies van de Medische Faculteits Vereniging Rotterdam (MFVR) en daarnaast
is zij tien jaar actief geweest als zeilinstructeur, begeleider, examinator en bestuurslid
van Vinea Zeil- en Surfschool in Friesland. In 2012 behaalde zij haar artsexamen en
werkte één jaar als ANIOS interne in het Maasstadziekenhuis en de Daniel den Hoed
kliniek te Rotterdam.

Naast de studie geneeskunde voltooide zij een Master of Science Molecular
Medicine aan de Erasmus Universiteit Rotterdam. Haar afstudeerthesis ‘Skewing
of X Chromosome Inactivation’ voerde zij uit op het laboratorium van Prof. dr. J. H.
Gribnau. Hierna schreef zij een promotie-onderzoeksvoorstel en subsidieaanvraag
die werd gehonoreerd met een Kolff arts-onderzoeker beurs van de Nierstichting
en een beurs van het Graduate Programme Erasmus MC - Medical Genetics van de
Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO). In 2013 startte zij
met haar promotie onderzoek naar het moleculaire mechanisme van cystenieren aan
de Erasmus Universiteit Rotterdam bij de afdelingen Ontwikkelingsbiologie, Interne
geneeskunde — Nefrologie en Transplantatie en Celbiologie onder leiding van Prof. dr.
J. H. Gribnau, Prof. dr. R. Zietse, Prof. dr. E. J. Hoorn en dr. G. Jansen. Tevens maakte
ze onderdeel uit van het eerste vrouwentalentenprogramma van het Erasmus MC:
Jonge Vrouwen in de Academie. Daarnaast werd zij geselecteerd voor het Kidney Stars
programma van de American Society of Nephrology (ASN) Kidney week in San Diego,
Amerika.

Sinds 2018 is zij werkzaam bij de interne geneeskunde in het Reinier de Graaf Gasthuis

te Delft. In 2019 is zij onder supervisie van dr. H. Boom en A.A.M. Zandbergen gestart
met de opleiding tot internist.

168



169



Appendix

PHD PORTFOLIO

PhD candidate: Annegien Kenter
PhD period: 2013 -2019
Departments: Developmental Biology, Cell biology, Internal

Medicine-Nephrology
Research school: Medisch-Genetisch Centrum Zuidwest (MGC)
Promotoren: Prof. dr. Joost H. Gribnau

Prof. dr. Robert Zietse

Prof. dr. Ewout J. Hoorn
Copromotor: Dr. Gert Jansen

General academic and research skills Year
Introduction to confocal microscopy (OIC, EMC) 2013
Biochemistry and Biophysics, MGC 2013
Genetics, MGC 2014
Cell and Developmental Biology, MGC 2014
Biomedical Research Techniques, MolMed 2014
Veilig Werken in laboratoria, MGC 2015
Biomedical English Writing and Communication, EMC 2015
Ensembl: Browsing the genome, MolMed 2015
Course on ‘R’ programming, MolMed 2016
Photoshop, illustrator, Indesign 2016
Biostatistical Methods I, NIHES 2016
Courses, seminars and workshops Year
Cell Biology and Developmental biology department seminars and journal club, EMC | 2013-2017
Regionale Klinische avond Interne Geneeskunde, Rotterdam 2013-2017
Dutch Kidney Foundation Winterschool, Driebergen 2014
Renal fluid and electrolytes from bench to bedside (WGIKD), Nijmegen 2014
New Frontier in Cilia Medicine, Nijmegen, the Netherlands 2015
Cilia meeting EMBO, Amsterdam 2016
Medical Business Masterclass, Stichting Medical Business, Amsterdam 2017
Talentenprogramma Erasmus MC:Jonge Vrouwen in de Academie’ 2017

170




International conferences Year
FASEB PKD, from molecular mechanism to therapy, Lucca, Italy (poster) 2014
ASN Kidney week and early program ‘building a kidney; from stem cell to function 2014
Philadelphia USA

Harvard Center for PKD Research, PKD group meeting Harvard, Boston, USA 2015
(presentation)

Kidney: Development Disease and Regeneration Nephrotools, Liverpool, UK 2015
ASN Kidney week and early program ‘Polycystic Kidney Disease) San Diego, USA 2015
ASN Kidney week, Chicago, USA 2016
FASEB PKD, Big Sky Montana, USA (poster) 2017
Teaching activities and supervising students Year
V. Xavier, (Master of Science in Cell and Stem Cell Biology, Université Pierre et Marie 2016
Curie, Paris, France) Master’s Thesis: “Unravelling Polycystic Kidney Disease”

J. Okai, (Life science, Hogeschool Rotterdam) 2" year internship 2016-2017
M. Hosseinzadeh (Life science, Hogeschool Rotterdam) Final thesis 2016-2017
Medical students: 'VO: Vroege embryo’s, klonen en transgenese’ 2017
Grands Year
Kolff Physician Researcher Grant, Dutch Kidney Foundation 2012
Graduate Programme Erasmus MC - Medical Genetics, NWO 2013
ASN kidney week, Kidney STARS program and travel grant 2015
MRACE (co-author): ‘Kidney Regeneration by use of induced Pluripotent Stem Cells’ | 2015
Trustfonds travel grant, Erasmus University 2017

171




Appendix

LIST OF PUBLICATIONS

Iris Jonkers, Tahsin Stefan Barakat, Eskeatnaf Mulugeta Achame, Kim Monkhorst,
Annegien Kenter, Eveline Rentmeester, Frank Grosveld, J. Anton Grootegoed, and
Joost Gribnau.RNF12 Is an X-Encoded Dose-Dependent Activator of X Chromosome
Inactivation. Cell. 2009 nov 25;139(5):865-7

Tahsin Stefan Barakat, Nilhan Gunhanlar, Cristina Gontan Pardo, Eskeatnaf Mulugeta
Achame, Mehrnaz Ghazvini, Ruben Boers, Annegien Kenter, Eveline Rentmeester,
J. Anton Grootegoed and Joost Gribnau. RNF12 activates Xist and is essential for X
chromosome inactivation. PLoS Genetics. 2011 jan 27;7(1)

Annegien Kenter, Sari E. van Rossum-Fikkert, Mahdi Salih, Paul C.M.S. Verhagen,
Geert J.L.H. van Leenders, Jeroen A.A. Demmers, Gert Jansen, Joost H. Gribnau, Robert
Zietse, Ewout J. Hoorn. Identifying Cystogenic Paracrine Signaling Molecules in Cyst
Fluid of Patients with Polycystic Kidney Disease. AJP Renal Physiology 7 Nov 2018

Annegien Kenter, Eveline Rentmeester, Job van Riet, Ruben Boers, Joachim Boers,
Mehrnaz Ghazvini, Vanessa J. Xavier, Geert J.L.H. van Leenders, Paul C.M.S. Verhagen,
Marjan. E. van Til, Monique Losekoot, Dorien J.M. Peters, Wilfred F.J. van licken,
Harmen J.G. van de Werken, Robert Zietse, Ewout J. Hoorn, Gert Jansen, Joost H.
Gribnau. Cystic renal-epithelial derived Induced Pluripotent Stem Cells from Polycystic
Kidney Disease patients. Submitted for publication

Annegien Kenter, Frans Schutgens, Hester van Willigenburg, Eveline Rentmeester, Job
van Riet, Harmen J.G. van de Werken, M.J. Hoogduijn, Geert J.L.H. van Leenders, Paul
C.M.S. Verhagen, Wilfred F.J. van llcken, R.W.F. de Bruin, Peter L.J. de Keizer, Marjan C.
Verhaar, Hans Clevers, Gert Jansen, Robert Zietse, Maarten B. Rookmaaker, Dorien J.M.
Peters, Ewout J. Hoorn, Joost H. Gribnau. Senescence is a hallmark of Polycystic Kidney
Disease. Submitted for publication

Annegien Kenter, Sarra Merzouk, Jeremy Okai, Mitra Hosseinzadeh, Robbert-jan T.S.
Palstra, Jeroen A.A. Demmers, Ewout J. Hoorn, Robert Zietse, Joost H. Gribnau, Gert
Jansen. Using CasID to screen for transcription factors that regulate PKD1 expression.
Manuscript in preparation

172



Luiz Gustavo Dufner de AlImeida, Santoesha Nanhoe, Andrea Zonta, Mitra Hosseinzadeh,
Regina Kom-Gortat, Peter Elfferich, Gerben Schaaf, Annegien Kenter, Daniel Kimmel,
Nicola Migone, Sue Povey, Rosemary Ekong and Mark Nellist. Comparison of the
functional and structural characteristics of rare TSC2 variants with clinical and genetic

findings. Submitted for publication

173





