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Zusammenfassung

In den modernen Industrienationen haben sich chronische nicht-iibertragbare Krankhei-
ten zur Hauptursache menschlicher Sterblichkeit entwickelt. Wahrend der letzten Jahre
wuchs die globale Belastung der Gesundheitssysteme durch chronische Nierenleiden be-
trachtlich und in vielen dieser Félle sind weder gezielte noch personalisierte Therapien
verfiigbar. Um mit den steigenden Herausforderungen schritthalten zu kénnen, muss das
Verstdndnis der Ursachen und Mechanismen, die chronischen Nierenkrankheiten zu-
grunde liegen, vertieft werden und neuartige Herangehensweisen miissen entwickelt und
verfeinert werden, damit konventionelle Forschungsanséitze geférdert und bereichert wer-
den konnen. Diese Dissertation umfasst vier Manuskripte, die sich aus unterschiedlichen
Blickwinkeln mit dem Potenzial von Drosophila Nephrozyten zur Modellierung von Nie-
renfunktion und -krankheit in Sdugetieren beschéftigen und zeigen, wie diese auf schnelle
und kosteneffiziente Weise wertvolle Erkenntnisse zu etablierten Nierenmodellen beitra-
gen koénnen.

Die morphologische Charakterisierung einer biologischen Probe mit Hilfe der Elektro-
nenmikroskopie hingt stark vom Grad der Probenerhaltung ab. Im Rahmen des ersten
Projektes konnte die ultrastrukturelle Erhaltung von praparierten Nephrozyten sowohl
durch die Verwendung einer optimierten Préparationssaline wie auch durch die Umstel-
lung von chemischer auf Kryofixierung wéhrend der Vorbereitung zur Transmissions-
elektronenmikroskopie (TEM) erheblich verbessert werden. Basierend auf Raster-TEM-
Tomografie wurde zudem die dreidimensionale Ultrastruktur der komplexen subzellulé-
ren Strukturen in Nephrozyten durch die Erzeugung eines 3D-Modells des peripheren
Netzwerks der Zellmembraneinstiilpungen weiter charakterisiert. Auflerdem wurde die
epitheliale Polaritdtsdeterminante Crumbs beispielhaft auf Epoxid-Ultradiinnschnitten
iiber einen indirekten Ansatz mittels GFP-Tag-Detektion nachgewiesen; eine Herange-
hensweise, die sich problemlos auch auf andere GFP-getaggte Transgene iibertragen lasst.

Interagieren Fufifortsitze eines Sdugetierpodozyten mit anderen FuBfortsidtzen dessel-
ben Podozyten? Diese Frage blieb bisher unbeantwortet, da in der konventionellen zwei-
dimensionalen Transmissionselektronenmikroskopie nur eine begrenzte Einschétzung der
rdumlichen Anordnungen von zelluldren Strukturen moéglich ist. Das zweite Manuskript
kommt zu dem Schluss, dass eine Interaktion ausschliellich zwischen Fuf3fortséitzen un-
terschiedlicher Podozyten mdoglich ist. Diese Erkenntnis basiert auf der griindlichen Un-
tersuchung des 3D-Modells eines vollstdndigen murinen Podozyten, von welchem mittels
der FIB-SEM-Technologie schrittweise diinne Schichten abgetragen und aufgenommen
wurden. Die Zell-Zell-Kontakte zwischen den Fuflfortsitzen wurden mit Hilfe von Zwei-
achsentomografie in menschlichen und murinen Podozyten, wie auch in Drosophila-Ne-
phrozyten, ndher untersucht. Arteniibergreifend wurde sowohl entlang des gesamten
Schlitzdurchmessers ein quasiplanares Schlitzdiaphragma gefunden, wie auch zahlreiche
zusétzliche punktuell-filamentose Kontakte. Zusétzliche Untersuchungen sind notwendig,
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um die Proteine zu identifizieren, aus denen diese zwei Arten der Zell-Zell-Kontakte auf-
gebaut sind.

Podozyzen sind hochkomplexe polarisierte Zellen. Fiir ein besseres Verstandnis der
molekularen Grundlagen von Entwicklung und Aufrechterhaltung der normalen podo-
zytaren Funktion wird im dritten Manuskript die Rolle von Palsl, eines Geriistproteins
und Schliisselfaktors wahrend der apikobasalen Polarisation in Epithelien, genauer be-
schrieben. Palsl kann demnach die Funktion eines essenziellen, spezifischen und dosis-
abhéngigen Regulators zugeschrieben werden, da gezeigt wurde, dass es in Méausen die
Hippo- und TGF-R-Signalwege negativ reguliert, was zusétzlich im Drosophila-Modell
bestétigt werden konnte. Diese Erkenntnisse deuten auf eine Verbindung zwischen Nie-
renkrankheiten, insbesondere in Verbindung mit Zystendefekten, und apikalen Polari-
tatsproteinen hin. Indem die durch Palsl regulierten Netzwerke in zukiinftigen Studien
weiter erforscht werden, kann die Pathogenese dieser Krankheiten besser verstanden wer-
den.

Im Laufe des vierten Projektes wurde sodann die Rolle von Drosophila Crumbs
(DmCrb) in Nephrozyten néher untersucht. DmCrb ist ein Interaktionspartner von
Stardust, dem Drosophila-Homolog von Palsl, und ein mafgeblicher Faktor apikobasaler
Polaritat. Es wurde nachgewiesen, dass es an der Regulation der frithen Endozytose be-
teiligt ist, indem es iiber seine C-terminale FERM-Bindedoméne mit Moesin interagiert.
Zudem trégt es iiber seine extrazellulare Doméne zur Assemblierung und Aufrechterhal-
tung des Nephrozytendiaphragmas bei. Die Funktionen seiner verschiedenen Proteindo-
ménen und evolutiondre Konservierung innerhalb der Crumbs-Proteinfamilie wurde un-
tersucht, indem eine Reihe von Rettungsexperimenten mit verschiedenen
Deletionskonstrukten von DmCrb, sowie auch seiner humanen Orthologe, durchgefiihrt
wurde. Es ist davon auszugehen, dass die hier beschriebenen Mechanismen von Nephro-
zytenentwicklung und -funktion in S&ugetierpodozyten konserviert sind.
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Summary

In modern industrialized nations, chronic non-communicable diseases have become the
main reason of mortality. During the last years, the global health burden of chronic
kidney diseases (CKD) has grown considerably and in many of these cases, no targeted
or personalized therapies are available. To keep up with the rising challenges, the under-
standing of the causes and mechanisms underlying CKD needs to be improved and novel
approaches must be found and refined to support and enrich conventional research meth-
ods. This dissertation encompasses four manuscripts concerned with various aspects of
utilizing Drosophila nephrocytes for modeling mammalian kidney function and disease
and contributing valuable insights, in addition to established kidney models, in a quick
and cost-effective way.

In general, the morphological characterization of a biological sample via electron mi-
croscopy strongly depends on the degree of sample preservation. In the first project, the
ultrastructural preservation of nephrocytes after preparation for transmission electron
microscopy could be greatly improved by using both an optimized dissection saline and
cryofixation techniques. Also, the initially challenging immunogold detection of endoge-
nous Crumbs protein could be realized by an indirect approach detecting GFP-tagged
Crumbs using an antibody directed against the tag. The 3D ultrastructure of the complex
subcellular structures in nephrocytes was further characterized by creating a 3D model
of the outlying network of cell membrane invaginations based upon STEM tomography
data.

In conventional two-dimensional TEM, only a limited assessment of the spatial ar-
rangement of cellular structures in possible. The question whether foot processes of mam-
malian podocytes interact with other foot processes of the same cell therefore remained
unanswered. The second manuscript arrives at the conclusion, that the interaction ex-
clusively happens between foot processes of different podocytes, by thorough investiga-
tion of a 3D model, which was based on a whole podocyte, sectioned and imaged using
FIB-SEM technology. The cell-cell contacts between foot processes were further charac-
terized via dual-axis tomography in human and mouse podocytes, as well as Drosophila
nephrocytes, leading to the realization that there is both one quasi-planar slit diaphragm
spanning the whole slit diameter between two processes and additionally several filamen-
tous contacts, which are locally limited. Additional studies are necessary to identify the
proteins these two types of cell-cell contacts are composed of.

Podocytes are highly complex polarized epithelial cells. For a better understanding of
the molecular fundamentals of development and maintenance of normal podocyte func-
tion, the role of Palsl, which acts as scaffolding protein and key factor necessary for
apicobasal polarization, was more closely investigated in podocytes in the third manu-
script. Therein, Palsl was found to be an essential, specific and dose-dependent regulator
of nephrogenesis, being a negative regulator of Hippo and TGF-f signaling in mouse,



which was then also confirmed in the Drosophila model. These findings indicate a con-
nection between renal diseases, especially renal cyst diseases, and apical polarity proteins.
The pathogenesis of these diseases needs to be better understood by studying the net-
works regulated by Palsl.

In the course of the last project, the role of Drosophila Crumbs (DmCrb) in nephro-
cytes was closer examined. DmCrb is an interaction partner of Stardust, the Drosophila
homolog of Palsl, and a key determinant of apicobasal polarity. It was found to be
involved in the regulation of early endocytosis via interaction with Moesin through its
FERM-binding domain, located on its C-terminus. It further contributes to nephrocyte
diaphragm assembly and maintenance via its extracellular domain. The functions of its
different protein domains and the evolutionary conservation within the Crumbs family
was examined by conducting a series of rescue experiments with various deletion con-
structs of DmCrb as well as its human orthologs. The herein describes mechanisms of

nephrocyte development and function are likely also conserved in mammalian podocytes.
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1 Introduction

1.1 Chronic kidney disease: a growing global health
burden

In most parts of our modern society, the distribution of disease and death has transitioned
from an “age of pestilence and famine” through a development of receding pandemics to
a predominant state determined by degenerative and man-made diseases, shifting the
major causes of death from acute and infectious diseases to chronic non-communicable
and degenerative diseases, like cardiovascular disease and cancer (Omran, 2005). Reasons
include the development of hygiene practices in the 19" century, the rising availability
of medical technologies to combat or prevent parasitic or infectious diseases as well as
the onset of antibiotics. Despite the re-emerging occurrence of infectious diseases and the
residual persistence of pestilence and famine predominantly in developing countries,
chronic non-communicable diseases (NCDs) have become the main reason of mortality
in industrialized nations (Mascie-Taylor and Karim, 2003). According to the World
Health Organization (2008), the four NCDs of greatest economic impact are cardiovas-
cular disease, cancer, diabetes and chronic respiratory disease.

In recent years, the global burden of chronic kidney disease (CKD) has increased
considerably, which in part depends on the widespread diabetes mellitus (DM) epidemic
(Mathers and Loncar, 2006). Even though CKD is currently not considered a separate
target of attention, it determines the poor health outcomes of cardiovascular disease and
diabetes (Li and Ma, 2017). An individual is diagnosed with CKD, when their kidney
structure or function is impaired for longer than three months, regarding markers like
abnormal composition of the urine (e.g. albuminuria or unusual electrolyte levels) or a
reduced glomerular filtration rate of <60 mL/min/1.73 m* (GFR; Levey et al., 2005).
The severity of kidney disease is further subdivided into five stages depending on the
degree of GFR reduction. One possible outcome of CKD is end-stage renal disease
(ESRD), which is defined by a GFR of less than 15 ml/min/1.73 m?® At this stage,
possible treatments are dialysis and kidney transplantation, but already in earlier stages,
patients are likely to suffer from secondary conditions like cardiovascular disease (CVD),
strongly contributing to a high all-cause mortality in dialysis patients of roughly 22% per
year in US patients around the last turn of the century (Eknoyan et al., 2004).

To further deepen the understanding of mechanisms and causes of CKD, novel meth-
ods of research are necessary to develop and refine targeted and personalized therapy for
patients. In the last two decades, more than 45 genetic mutations have been found in
patients suffering from hereditary steroid-resistant nephrotic syndrome (Machuca et al.,
2009; McCarthy and Saleem, 2011; Bierzynska et al., 2014; Akchurin and Reidy, 2015;
Chen and Liapis, 2015), strongly improving opportunities for personalized therapy for
patients with hereditary nephrotic syndrome based on a multitude of factors like genetic
constitution, age of onset and renal histology.
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1.2 The vertebrate kidney

1.2.1 General structure

The kidneys are bean-shaped pairwise organs,
located retroperitoneally on both sides of the

spine. They play a central role in regulating *™

renal

various processes in the vertebrate body, in-  foous papita

capsule
cluding the homeostasis of water and electro- o i
calyxes

lytes as well as keeping up the balance of the

renal
medulla
{renal
pyramids)

pH in the body fluids. They are essential for
the excretion of metabolic wastes by producing

arcuate

renal :
vein

urine. vein T
arcuate
artery

Macroscopically, the kidneys of large mam-  oeoaven

ureteric branch | |iFA

mals can be divided into several equal units, o ay

interlobular
arlery

called the Jobi renales, each made up of me- ™=

i Tl
i interlobular

vein

dulla and cortex. The medulla has a pyramid- e
like shape with a tapered tip (papilla), pro-
truding into a calyx of the renal pelvis. The
Figure 1.2-1 Kidney cross-section show-

renal cortex makes up a layer covering the base
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1.2.2 Blood filtrations occurs in the glomerulus of
the nephron

The essential functional unit of the kidney is the nephron. In rats, there are between
30,000 and 35,000 nephrons (Baines and Rouffignac, 1969), whereas each human kidney
contains around one million (Smith, 1951). Each nephron is made up of the renal cor-
puscle connected to an unbranched tubule, which eventually ends into a collecting duct.
Nephrons can be characterized as superficial, mid-cortical or juxtamedullary, depending
on the position of their corpuscle. Beginning at the glomerular capsule, the tubule consists
of a proximal stretch merging in a coiled convoluted part, followed by a straight part
approaching the medulla becoming the loop of Henle. Following a U-turn, this loop as-
cends back towards the cortex forming a distal convoluted tubule, which finally joins a
collecting duct. Each nephron filters blood, reabsorbs beneficial substances and excretes
wastes in form of urine.

Each renal corpuscle consists of Bowman’s capsule, the blind expanded end of a renal
tubule, and a central glomerulus of vessels, which is deeply invaginating the capsule, held
together by a delicate mesangial matrix and covered by the glomerular basement mem-
brane (GBM). The glomerulus is supplied by an afferent arteriole, entering the capsule
on the vascular pole and the efferent arteriole leaves the corpuscle at the same point.
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Figure 1.2-2 Depiction of a renal corpuscle located inside the renal cortex. Taken from

Encyclopzedia Britannica (2010).

On its outer (parietal) wall, Bowman’s capsule is covered by a squamous epithelium,
whereas it’s juxtacapillary (visceral) wall is composed by specialized epithelial podocytes.
The volume between these walls is described as Bowman’s space. Podocytes are highly
differentiated epithelial cells, which are characterized by a vastly branched three-dimen-
sional architecture and the formation of actin-dependent projections called foot processes
(FP; Quaggin and Kreidberg, 2008). Processes from adjacent podocytes interdigitate and
get into contact with slit diaphragms. Passing the fenestrae of the glomerular arteries,
blood is pushed through the glomerular filter, which can be defined as a perm-selective
multi-layered and -cellular barrier comprising the fenestrated endothelium, the glomeru-
lar basement membrane and the slit-diaphragm (Patrakka and Tryggvason, 2009). Dam-
age or dysfunction to any of these constituents leads to a functional loss of the charge-
and size-selective filtration and subsequently proteinuria (Brinkkoetter et al., 2013).

1.2.3 Nephrogenesis and podocyte differentiation

In vertebrates, three organizational kidney variants of rising complexity can be found:
pronephros, mesonephros and metanephros (Saxén and Sariola, 1987). During the em-
bryonic development of mammals, the pronephros emerges only as a transient state of
differentiation, eventually leading to a fully differentiated metanephric kidney, following
a highly complex sequence of morphologic and molecular transformation (Costantini and
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Kopan, 2010). During the process of glomerular maturation, one can observe four devel-
opmental stages: the renal vesicle stage, the S-shaped body stage, the capillary loop stage
and the mature glomerulus (Saxén and Sariola, 1987). Regarding cell polarity and struc-
ture, immature podocyte precursor cells are like classical epithelial cells. During the S-
shaped body stage, they exhibit a sub-apically localized junctional belt, are of cuboid
shape and show high mitotic activity, apparent from strong expression of the proliferation
marker PCNA (Nagata et al., 1993). Due to their high expression of Wilms’ Tumor 1
protein (WT1; Kreidberg 1996), they are distinguishable from the other epithelial cells
in the developing glomerulus.
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Figure 1.2-3 Nephrogenesis and podocyte development. (A) Kidney development in mammals
starts with the invasion of the ureteric bud out of the nephric duct into the metanephric mesenchyme.
(B and C) Branching of the ureteric bud commences inside the growing metanephric mesenchyme. (D)
Near the ureteric bud, the mesenchyme condenses creating the Six2-positive cap mesenchyme. (E) For-
mation of renal vesicles from the condensed cap mesenchyme. (F) Development of a cleft in the comma-
shaped bodies. (G) Attraction of angioblasts by podocyte progenitors in the s-shaped body. (H) Connec-
tion of the developing nephron with the collecting duct. Modified from Schell et al. (2014).

As differentiation progresses, the tight junctions of the podocyte progenitor descend
to the basolateral aspect of the cell and form a specialized junction type, the slit dia-
phragm, which still exhibits markers characteristic for tight junctions (e.g. Par3 [parti-
tioning defective 3] and ZO-1 [zonula occludens-1]), but also several slit diaphragm-spe-
cific proteins like Nephrin, Nephl and Podocin (Grahammer et al., 2013). Parallel to this
transition, podocytes start to expand their apical aspect and form primary and secondary
foot processes, which make up their basolateral aspect (Hartleben et al., 2012). Foot
processes alternatingly interdigitate with processes of an adjacent podocytes. Interest-
ingly, slit diaphragms are only formed as bridges to adjacent podocytes and not between
processes of the same cell, which will be described more elaborately in section 2.2.4.1.

The podocyte cytoskeleton is connected to the slit diaphragm proteins by adaptor
proteins and acts as a signaling hub to transport information from the foot process surface
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to the cytoplasm, thereby allowing for dynamic fine-tuning of podocyte structure (Simons
et al., 2009). Mutations of proteins involved in the organization of the actin cytoskeleton,
like Myosin le (Krendel et al., 2009; Mele et al., 2011), RhoGDIa (Gupta et al., 2013)
and Cdc42 (Scott et al., 2012), as well as adaptors linking the slit diaphragm to the
cytoskeleton, for example CD2-associated protein (Kim et al., 2003) and o-actinin-4
(Michaud et al., 2003) lead to GFR reduction, foot process effacement and proteinuria.

1.3 The podocyte: a polarized epithelial cell

The epithelium is defined as one of the four basic types of metazoan tissue, together with
muscle tissue, nervous tissue and connective tissue. It covers the complete body surface
and lines tubes, cavities and hollow organs (Campbell et al., 2003). In general, the or-
ganization of epithelial cells into tissues and the coordination of cell-cell communication
heavily depends on cell polarity. Epithelial polarization is characterized by an asymmetric
distribution of biomolecules enabling epithelia to form organized membrane subdomains
for specialized functions. By polarizing, each cell contributes to a higher order of organi-
zation in its tissue, which mainly occurs along two axes, leading to planar cell polarity
and apicobasal polarity.

Apicobasal polarity is established orthogonally to the plane of the epithelium and is
characterized by the formation of cell-cell junctions, i.e. tight and adherens junctions,
sealing off the organism from the exterior by creating a diffusion barrier, as well as the
subdivision of the plasma membrane into an apical domain, directed to the extracellular
lumen, and basolateral domain, facing the lateral side of neighboring cells and the extra-
cellular matrix below (ECM). (Bryant and Mostov, 2008; Roignot et al., 2013; Pocha
and Knust, 2013). To form and maintain a stable filtration barrier, podocytes strongly
rely on apicobasal polarity, which is initiated by three major polarity complexes: The
Crumbs and Par complexes defining the apical region of the lateral membrane, as well
as the Scribble complex, essential for basolateral identity.

1.3.1 The Crumbs protein complex

In most polarized epithelia, the Crumbs (Crb) complex is crucial for the determination
of the apical aspect of the plasma membrane (Rodriguez-Boulan and Macara, 2014). It
consists of four core components: the single-span transmembrane protein Crb, which was
first discovered in Drosophila melanogaster and the cytoplasmically localized proteins
Palsl (protein associated with Lin-7; Stardust[Sdt] in Drosophila), PATJ (Palsl associ-
ated tight junction protein) and Lin-7. It has been demonstrated in the fly that the
complex is established by physical interaction of the C-terminal ERLI motif of Crb with
the PDZ (PSD-95, Dlgl, ZO-1) domain of Sdt (Hong et al., 2001; Bachmann et al., 2001).
In addition, the two L27 domains of Sdt bind to the L27 domains of Lin-7 and PATJ
(Roh et al., 2002; Bulgakova et al., 2008).

In Drosophila epithelia, the Crb and Par protein complexes work together to define
the identity of the apical membrane domain and they are involved in counterbalancing
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the activity of the basolateral determinants Lgl (Lethal giant larvae), Dlg (Disc-large
homolog) and Scrib (Scribble) (Tepass, 2012), except of boundary cells in the hindgut
(Kumichel and Knust, 2014).

The scaffolding protein Stardust (Sdt, Palsl in mammals) is necessary to stabilize Crb
at the tight junction (or the homologous region in Drosophila) (Bachmann et al., 2001;
Hong et al., 2001; Makarova et al., 2003; Roh et al., 2003; Straight et al., 2004). Dro-
sophila PATJ is characterized by four PDZ domains and an N-terminal L27 domain
(Pielage et al., 2003) and is not required to stabilize Crb-Sdt in embryonic epidermis,
but it is necessary in photoreceptor cells and mammalian cell culture (Michel et al., 2005;
Shin et al., 2005; Pénalva and Mirouse, 2012; Zhou and Hong, 2012; Sen et al., 2012; Sen
et al., 2015).
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Figure 1.3-1 Scheme of the core components of the Drosophila Crumbs complex and its
proposed structure. The complex is made up of four core components: Crb, Sdt, PATJ and Lin-7.
AG, A-globulin. Taken from Bulgakova and Knust (2009).

1.3.2 Crumbs is an intermembrane protein with a

long extracellular domain

Crb was first shown to regulate epithelial polarity in Drosophila (Tepass et al., 1990;
Tepass and Knust, 1990), where it is expressed in most epithelia, in which it is not always
essential for establishment of cell polarity (Tepass et al., 1990; Pellikka et al., 2002;
Tanentzapf and Tepass, 2003; Campbell et al., 2009). The most prominent characteristics
of Crb family proteins are two highly conserved regions at the C-terminus, the FERM
(4.1 protein, Ezrin, Radixin, Moesin) and the PDZ binding domain, both located in its
intracellular portion and necessary for protein-protein interactions.

In mammals, there are three homologs of the Drosophila crumbs gene, called Crbi,
Crb2 and Crb3. The Crbl protein plays an important role in the retina and mutations
in its gene have been linked to degenerative diseases related to photoreceptors, like reti-
nitis pigmentosa (RP12) and Leber congenital amaurosis (LCAS8) (den Hollander et al.,
1999; den Hollander et al., 2001; Lotery et al., 2001). Crb2 is expressed in brain, retina
and kidney (van den Hurk et al., 2005) and acts in tandem with Crbl to ensure correct
development and maintenance of the retina (Alves et al., 2013; Pellissier et al., 2013). In
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zebrafish, loss of a Crb2 homolog causes strong defects in podocyte development. Fur-
thermore, experiments in Crb2-KO mice indicate that Crb2 is involved in the coordina-
tion of gastrulation (Xiao et al., 2011) and mutations in the human CRBZ2 gene cause
congenital nephrotic syndrome (Ebarasi et al., 2015; Slavotinek et al., 2015). The third
mammalian representative Crb3 shows strong expression in epithelia and constitutes the
main Crumbs isoform in renal tissues (Makarova et al., 2003). The knockout of its en-
coding gene causes postnatal lethality in mice (Whiteman et al., 2014).
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Figure 1.3-2 Scheme of Drosophila Crb and hCrb2 and hCrb3 proteins including a sequence
alignment of the intracellular domain. PBM, PDZ-binding motif; FERM, 4.1-protein-Ezrin—Ra-
dixin—Moesin. Taken from section 2.4.2.

Like Drosophila Crb (DmCrb), two of its mammalian isoforms, Crbl and Crb2, have
long extracellular domains with many EGF-like domains, whereas the two different splic-
ing variants of Crb3, a and b, only have very short extracellular domains lacking the
EGF-like domains (Makarova et al., 2003; for expression patterns, cf section 2.4.2) and
differ in the nature of their PDZ-domains. While Crb3a ends with an ERLI motif, Crb3b
ends with CLPI at the C-terminus (cf. Figure 1.3-1), resulting in its inability to interact
with Palsl (Fan et al., 2007). Crb3a also binds Par6 with its PDZ-motif, entailing a
direct interaction of the Crb complex with the Par complex (Hurd et al., 2003). In MDCK
cell culture, Crb3a was shown to be a key factor in the establishment of apicobasal
polarity and tight junction assembly (Roh et al., 2002; Fogg et al., 2005), whereas Crb3b
seems to be involved in ciliogenesis (Fan et al., 2007). Evolutionary relation of the
Crumbs orthologue and a functional characterization of its protein domains is closer
described in section 2.4.

1.3.3 Palsl: a MAGUK family scaffolding protein

Palsl belongs to the pd5-like subfamily of the membrane-associated guanylate kinase
(MAGUK) family and is encoded by the gene Mpp5 (membrane protein, palmitoylated
5) in human (Kamberov, 2000). It shows high expression levels in all kidney tissues, as
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well as in the placenta, and only weak presence in skeletal muscle, heart and brain. In
polarized epithelia, it localizes to the tight junction and has been shown to interact with
the transmembrane protein Crb via its PDZ domain. Also, it is the only member of the
Crb complex interacting with all other of its members. (Kamberov, 2000; Roh et al.,
2003; Straight et al., 2004; Weide et al., 2017).

Palsl also contains a PDZ domain, and additionally a characteristic guanylate kinase
(GUK) domain, which interestingly lacks kinase activity, but is assumed to be necessary
for protein-protein interactions (McGee et al., 2001; Tavares et al., 2001; Bulgakova et
al., 2008). Furthermore, it interacts with PATJ using its L27-domain and has orthologs
in Zebrafish (Nok; Wei and Malicki, 2002) and Drosophila (Stardust[Sdt]; Knust et al.,
1993). Knockdown of Pals 1 in epithelial cells causes a decrease of aPKC (atypical protein
kinase C) and PATJ at the tight junctions, indicating a key role in the formation and
maintenance of tight junctions (Straight et al., 2004). If Lin-7 and Crb3 are lost in mice,
Palsl gets destabilized and tight junctions show developmental defects (Whiteman et al.,
2014). In Drosophila, mutations in either Crb or Sdt cause polarity defects in epithelia
(Knust et al., 1993). Since proteins interacting with Palsl, namely Crb3 and Taz, have
been connected to renal cyst formation in mice, the role of Palsl in the polarization and
differentiation of kidney development will be further investigated in section 2.2.

1.3.4 PATJ: along PDZ domain containing protein

The third canonical member of the Crb complex, which was at first falsely annotated
Discs lost, is a large scaffolding protein called PATJ. It contains ten PDZ domains (Dro-
sophila PATJ: 4) and localizes to tight junctions in epithelia (Shin et al., 2005). Patj
binds to Palsl using its L27 domain (Figure 1.3-1, similar in mammals) and several of
its PDZ domains have been shown to bind various other proteins (Roh et al., 2002; Wells
et al., 2006; Ernkvist et al., 2009). Loss of Patj causes defects in directed cell migration
of epithelial cells (Shin et al., 2005).

1.3.5 The Crb complex and its interaction with the
Hippo pathway

In recent years, several indications have been found that the Crb complex acts upstream
of the Hippo signaling pathway, a highly conserved kinase cascade responsible for regu-
lation of organ size, tissue regeneration and cell proliferation (Chen et al., 2010; Grzeschik
et al., 2010; Robinson et al., 2010; Varelas et al., 2010). In Mammals, the two core
constituents of the Hippo pathway are Mstl/2 (mammalian STE20-like protein kinase 1
and 2 [Drosophila Hippo]) and Lats1/2 (large tumor suppressor homologs 1 and 2 [Dro-
sophila Warts). Together with their regulatory protein Salvador (Savl; Callus et al.,
2006), Mst1/2 facilitate the phosphorylation and activation of Latsl/2 (Chan et al.,
2005), with the support of the adaptor protein Mob1 (Mob kinase activator 1; Praskova
et al., 2008).
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The transcriptional coactivators Yap (Yes-associated protein) and Taz (transcrip-
tional coactivator with PDZ-binding motif, encoded by Wwi¢rl) play a key role in the
regulation of Hippo target genes. Upon activated signaling, Yap or Taz are phosphory-
lated by Latsl/2, thereby preventing their migration into the nucleus (Dong et al., 2007;
Zhao et al., 2007; Hao et al., 2008; Oka et al., 2008; Lei et al., 2008). In their unphos-
phorylated state, Yap/Taz can freely enter the nucleus and activate the expression of
target genes (Piccolo et al., 2014; Hansen et al., 2015), e.g. thereby also promoting TGF-
R-SMAD signaling (Varelas et al., 2010). The Hippo pathway has been researched exten-
sively in Drosophila, but the core constituents and downstream effectors are remarkably
conserved in mammals. By expressing human Mst2, Latsl, Mobl and Yap, the corre-
sponding Drosophila mutants can be fully rescued in vivo (Tao et al., 1999; Wu et al.,
2003; Huang et al., 2005; Lai et al., 2005).

Apart from its contribution to the formation of cell polarity via the PDZ binding motif
(PBM) at its C-terminus (Hong et al., 2001), Crb also directly regulates the Hippo path-
way by recruiting the upstream Hippo component Expanded to the apical membrane via
interaction of its FERM binding motif (FBM; Chen et al., 2010; Robinson et al., 2010;
Ling et al., 2010). Furthermore, the Crb complex directly interacts with Yap/Taz by
promoting phosphorylation, which leads to cytoplasmic retention of Yap/Taz and sup-
pression of Hippo target genes (Varelas et al., 2010). Knocking down Crb3 or Palsl
resulted in a shift of Yap/Taz localization towards the nucleus, leading to a deregulation
of the pathway and increased expression of target genes. Impairments of Hippo pathway
and consequently hyperactivation can also negatively influence cell polarity integrity.
Data from Latsl/2 double knockout mice showed that loss of cytoplasmic retention of
Yap/Taz leads to a loss of Crb3 and an impaired distribution of basolateral markers,
indicating a tendency towards a loss of epithelial characteristics in differentiating epithe-
lia that lack Lats function (McNeill and Reginensi, 2017).
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Figure 1.3-3 Schematic overview of a podocyte foot process and cross-section through a
glomerulus. (A) The glomerular filtration barrier is build up by the podocyte slit diaphragm, the
glomerular basement membrane (GBM) and the fenestrated endothelium. Podocytes are anchored to
the GBM by a3-B1 integrins. The slit diaphragm (SD) can be characterized as a bridge between different
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foot processes and shows both markers of tight junctions (ZO-1) and adherens junctions (p-catenin).
Unique components like Nephrin, Neph1l and Podocin make up the slit diaphragm and are necessary for
its integrity. Knockout of Podx1 leads to foot process effacement. Short description of the hippo path-
way: cf. section 1.3.5. (B) Cross sections of mouse kidney. Nephrin (podocyte marker) and laminin o4
(GBM marker) are next to each other, but do not colocalize. ZO-1 (SD marker) and Podxl (Podocalyxin,
marker for apical podocyte region) partially colocalize next to the SD. Scale bar and detail view 20pm.
Taken from (Michgehl et al., 2017).

1.4 Drosophila melanogaster is suited as a cost- and
time-efficient organism for modeling podocyte
biology and pathophysiology

The mouse represents the most successful model organism used for glomerular develop-
ment and disease. Due to its close phylogenetic similarity with human, it provides rele-
vant insights into several ultrastructural and molecular topics of interest. Nevertheless,
the long generation times of mice and their low number of progeny are making research
time-consuming and expensive. Among vertebrates, zebrafish has been established as an
additional model to research kidney development and function, partly alleviating the
limitations. The in vitro approach was also problematic at first, since podocytes do not
differentiate readily in cell culture, thereby lacking their characteristic 3D architecture.
Notwithstanding the initial difficulties, Yaoita et al. (2017) induced podocyte differenti-
ation 7n vitro using special culturing conditions, finding ultrastructural phenotypes rem-
iniscent of 7in vivo conditions, thereby opening up another promising avenue of research.

In the past decade, several groups successfully utilized the fruit fly Drosophila mela-
nogaster as a model for kidney disease, by harnessing the vast genetic potential of the
most thoroughly studied organisms in biological research. Drosophila has been subject of
biological studies for over a hundred years and offers convincing advantages compared
to mammalian systems. They are easy to culture and offer short generation times of less
than ten days at room temperature. Combined with their plentiful offspring, a female
lays up to 100 eggs a day and over a thousand during a lifetime of more than 60 days
(Reeve and Black, 2001), extensive data can be collected from the offspring produced by
one single mating. Its genome is fully sequenced since 2000 (Adams, 2000) and according
to a systematic blast analysis (Reiter et al., 2001), more than 75% of known human
disease genes can be matched to genes in the fruit fly genome, demonstrating a high
degree of homology to the human genome regardless of its superficial phylogenetic dis-
tance.

Having access to the genetic resources available for Drosophila, one can easily find
homologs to human genes and knock them down using RNA-interference stocks available
in extensive libraries (Dietzl et al., 2007) or edit the genome via CRISPR/Cas9 utilizing
guide RNAs injected into the fly embryo (Bassett et al., 2013). Gene expression can be
triggered ubiquitously, restricted to specific tissues/cells or time span dependent via the
UAS/GAL4 system (Brand and Perrimon, 1993).
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1.4.1 The Drosophila nephrocyte

At first glance, the excretory system of invertebrates is not organized in nephrons, yet
several analogous elements, like cells conducting filtration and tubular structures modi-
fying the organism’s body liquid, can be found. The role of the proximal part of the
mammalian nephron, comprising glomerulus and proximal tubule, responsible for filtra-
tion and reabsorption, is performed by the nephrocytes, acting as “fly podocytes” showing
remarkable similarities regarding ultra-structural, molecular and functional characteris-
tics (Weavers et al., 2009; Zhuang et al., 2009; Tutor et al., 2014; Na et al., 2015).

The renal tubular system of the fly, on the other hand, is physically separated from
the nephrocytes. It presumably works independently of them and is, as in mammals,
responsible for osmoregulation and the production of urine, which is then excreted into
the intestinal lumen of the fly (Denholm and Skaer, 2009). These so-called Malpighian
tubules have been successfully utilized to study conserved transport proteins, ion chan-
nels, as well as to model the development and morphogenesis of mammalian renal tubules
(Dow and Romero, 2010). Notably, the filtrate of the nephrocytes is not relayed to the
Malpighian tubules in any way but stored and metabolized instead (Figure 1.4-1C).

There are two populations of nephrocytes in Drosophila, which are immersed in he-
molymph, the insect body fluid. These include the mono-nucleated pericardial nephro-
cytes, located alongside the dorsal heart, and the bi-nucleated garland nephrocytes, mes-
oderm-derived cells, which are attached to the anterior end of the proventriculus and
undergo a fusion event mostly between the embryonic developmental stages 13 and 16
(Zhuang et al., 2009, Figure 1.4-1A and B). During nephrocyte differentiation, the tran-
scription factor KIf15 is indispensable (Ivy et al., 2015), which is also the case in podocyte
development (Mallipattu et al., 2012).

1.4.2 The nephrocyte filtration barrier

Nephrocytes are able to accumulate wastes and toxins from the hemolymph in a size-
and charge-selective manner (Weavers et al., 2009) and exhibit a filtration barrier remi-
niscent to the one found in mammalian glomeruli (Figure 1.4-2A and B). Both nephrocyte
populations are strategically located next to pulsating organs, effectively increasing he-
molymph throughput, thereby improving filtration efficiency. During differentiation,
nephrocytes form plasma membrane infoldings, flanked by protrusions resembling podo-
cyte foot processes, which are connected to each other by nephrocyte diaphragms at their
peripheral ends (Figure 1.4-2B, cf. Figure 2.4-2G). The thusly created compartment is
then further differentiated to a strongly interconnected channel network spanning the
cell periphery, maximizing membrane surface area and thereby filtrate endocytosis per-
formance (Figure 1.4-1D, cf. section 2.1.3.4).
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Figure 1.4-1 Location and ultra-structure of Drosophila nephrocytes. (A) Schematic drawing
showing the position of pericardial nephrocytes (PN), garland nephrocytes (GN) and Malpighian tubules
(blue) in the late embryo/larva. The digestive system is depicted in grey. (B) Pericardial nephrocytes
from third instar larva (green; stained with anti-Sns antibody) lining the dorsal heart (red; phalloidin
staining against actin cytoskeleton). (C) Scheme of nephrocyte describing filtration of hemolymph across
filtration barrier. Particles (green spheres) pass the glomerular basement membrane (thick grey line)
and the slit diaphragm (thin grey line) and enter the lacunar system. Subsequently, endocytosis takes
place (small circle) and the material is metabolized and/or stored (large circle). (D) Detailed depiction
of the nephrocyte periphery. Endocytosis takes place inside the lacunae as well as on foot process tips.
Located inside the cytoplasm are vacuoles of different type (alpha, beta and gamma). Taken from
(Denholm and Skaer, 2009).

On its way into the cell, the first barrier the hemolymph passes, is a basement mem-
brane. It completely surrounds the nephrocyte, contains collagen IV and performs an
initial charge- and size-specific selection of the filtered substances (Weavers et al., 2009).
The next checkpoint is a nephrocyte diaphragm, which is made up of protein homologs
known from the mammalian slit diaphragm (e.g. Nephrin and NEPH1; Figure 1.4-2C),
which were shown to be associated with proteinuria and kidney failure in human patients
(Kestila et al., 1998; D'Agati et al., 2011). It could further be demonstrated, that the
filtration cutoff of the nephrocyte diaphragm is located between 60 and 88 kDa for he-
molymph proteins, which is similar to the mammalian slit diaphragm (Hamano et al.,
2002; Hermle et al., 2017).

Correct development of the nephrocyte diaphragm is impeded by loss or depletion of
Sns and Kirre, the orthologs of the mammalian SD constituents Nephrin and Nephl
(Weavers et al., 2009), which interact in a heterophilic manner (Fischbach et al., 2009)
and correct localization of one of them is lost upon reduction of the other (Hermle et al.,
2017), leading to phenotypes resembling foot process effacement. Interestingly, agents
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known to induce this phenotype, like puromycin aminonucleoside or protamine sulfate,
produce similar results in both nephrocytes and podocytes (Tutor et al., 2014; Hermle et
al., 2017).
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Figure 1.4-2 Schematic comparison of the filtration barrier in mammals and Drosophila.
(a) Mammalian filtration barrier characterized by three layers: slit diaphragm (SD), glomerular base-
ment membrane (BM) and fenestrated endothelial membrane (FM). On top are two foot processes of
two different podocytes (P). After entering the tubule, the filtrate is modified and excreted. (b) Nephro-
cyte filtration barrier made up of the nephrocyte diaphragm (ND), between adjacent compartments of
the cell membrane, and the basement membrane (BM). Filtration and reabsorption are conducted by
the nephrocytes, which are spatially separated from the tubular system of the fly. (¢) Schematic magni-
fication of the human and the Drosophila slit diaphragm with conserved molecular components. Nephrin
and Nephl in the slit diaphragm are homologous to Sns and Kirre. The interacting proteins ZO-1,
CD2AP and Podocin do have fly homologs designated Pyd, Cinrd and Mac2, respectively. Taken from
Helmstédter and Simons (2017).

1.4.3 Large scale endocytosis as a special means of

excretion

Nephrocytes act as storage kidneys by taking up wastes and harmful substances from the
hemolymph, thereby modulating its composition and effectively maintaining proper func-
tionality of certain tissues elsewhere in the body (Hartley et al., 2016). By passing the
filtration barrier, the primary filtrate enters the labyrinthine channel system. Due to the
complex interconnectedness of the lacunae, the surface of the plasma membrane and thus
the possible endocytosis performance of the cell is vastly increased. The mechanisms of



Introduction 22

uptake have been characterized as dynamin-independent for colloid particles via a Ru-
dhira-dependent macropinocytotic pathway and dynamin-dependent for macromolecules
(Das et al., 2008). Based on experiments with dextran tracers, Hermle et al. (2017) sug-
gested a receptor mediated endocytosis rather than fluid-phase endocytosis, since they
found both the uptake process to be dose-dependently saturable and exhibiting receptor
competition. Depletion of the orthologs of Cubilin and Amnionless, which were previously
shown to be necessary for the function of both nephrocyte populations (Zhang et al.,
2013a; Gleixner et al., 2014), effectively abolished tracer uptake, indicating a mechanism
dependent on a proximal tubule-like Cubilin/Amnionless receptor machinery. Large dex-
trans (500 kDa), which are not able to pass the filtration barrier, are taken up at a slower
rate, presumably at the outer tips of foot processes, and are not affected by protamine
sulfate treatment (Hermle et al., 2017).

Following a chronological order, particles taken up from the primary filtrate enter
Rabb-positive early endosomes, which are located in a confined peripheral belt in the
cytoplasm, and then progress to Rab7-positive late endosomes, before they are finally
degraded in lysosomes located in the vicinity of the nucleus (Bechtel et al., 2013; Lérincz
et al., 2016; see also Figure 1.4-3).

. "'Mérge
+ DAPI

Figure 1.4-3 Immunostaining of garland nephrocytes with characteristic early (Rab5) and
late (Rab7) endosomal markers. Secreted RFP-tracer accumulated by control garland nephrocytes

both colocalizing with endosomal markers. Scale bars: (a) 5 pm; (a’) 1.5 pm. Taken from section 2.4.4.6.

1.4.4 Established nephrocyte essays and read-outs

In recent years, nephrocyte research has made remarkable advances. Several manu-
scripts were published utilizing tracer-based functional approaches combined with local-
ization studies as well as morphological insights gained from electron microscopy. To
characterize nephrocytes of a certain genotype, functional tracer assays offer swift im-
pressions on the overall performance of the cells, regarding filtration and/or endocytosis,
hence allowing for screens of large numbers of candidate genes for abnormalities. How-
ever, it is necessary to substantiate the available data by more detailed examination of
the ultra-structure, to assess diaphragm integrity or foot process effacement.

1.4.4.1 ANP-RFP endogenous tracer assay

In 2013, Zhang et al. published two manuscripts, in which they proposed an in vivo
functional assay using endogenous tracer expression. Instead of feeding the tracer to the
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larvae or injecting it into the body fluid, they induced the tracer synthesis in the myo-
cardial and somatic muscle tissue, as well as its subsequent secretion into the hemolymph.
This was facilitated via a transgenic fusion protein, which combines red fluorescent pro-
tein (RFP) and atrial natriuretic peptide (ANP) from rat, under the control of the myosin
heavy chain (MHC) promoter. In a healthy larva, the secreted fusion protein is endocy-
tosed by both nephrocyte populations, which are then imaged transcutaneously to assess
the (Figure 1.4-4B-F’). Depletion of proteins necessary for proper filtration and endocy-
tosis leads to a reduction of fluorophore accumulation in the nephrocytes (Figure 1.4-4G).

For the projects included in this thesis, a similar approach was employed. In contrast
to their transcutaneous measurements, we micro-dissected nephrocytes in hemolymph-
like medium, to avoid undesirable effects like signal weakening by the larval cuticle or
measurement deviations due to undesirable movement, while keeping the cells in a quasi-
native environment (cf. section 2.1.3.1).
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Figure 1.4-4 Drosophila nephrocytes take up endogenous fusion proteins after secretion by
muscle tissue. (A-B”; G-G”) Dorsal view on mid-section of a stage 3 larva. (A-A”) MHC-RFP expres-
sion restricted to muscle tissue visible in red. Nephrocyte-specific GFP reporter displayed in green. No
accumulation of RFP signal in nephrocytes visible. (B-B”) Pericardial nephrocytes accumulate secreted
MHC-ANP-RFP, co-localization with GFP reporter. (C-C”) Same phenotype is visible in adult flies.
(D-F’) Garland nephrocytes accumulate secreted MHC-ANP-RFP. (G-G”) Nephrocyte-specific knock-
down of sns causing loss of tracer accumulation. ANF: atrial natriuretic factor; RFP: red fluorescent
protein; GFP: green fluorescent protein; MHC: myosin heavy chain; Taken from (Zhang et al., 2013b)
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1.4.4.2 Ultrastructural assessments of nephrocytes using transmission
electron microscopy

The ultrastructure of a cell is inseparably connected to its function. In nephrocytes,
morphological properties like an intact labyrinthine channel system or correctly devel-
oped diaphragms are paramount to the overall functional capability of the cell. Trans-
mission electron microscopy (TEM) has contributed a great deal of high resolution ultra-
structural data to the field, which originally made it possible to identify the similarity to
vertebrate podocytes (Weavers et al., 2009). Conventional sample preparation for TEM
is a complex process, which involves either chemical or cryo-fixation, dehydration in
ethanol or acetone, and finally embedding in a plastic resin. To reduce the formation of
artifacts, these profound changes need to be applied to the sample with care (Kellenberger
et al., 1992). The published TEM data on nephrocytes are based on chemically fixed
samples, which are chemically crosslinked by an aldehyde or a mixture of aldehydes.
Depending on the fixation process employed, the fixative reaches some areas of the sam-
ple later than others, which may lead to a varying degree of fixation uniformity.

In the last decades, cryofixation emerged as a worthwhile alternative to chemical fix-
ation, offering superior quality of fine structure preservation. With high-pressure freezing
(HPF), a biological sample of limited thickness up to approx. 200 pm is frozen with a
cryogen at high pressure of around 2048 bar (Studer et al., 2008), physically immobilizing
all its contents in milliseconds, regardless of diffusion barriers like cell walls, while sim-
ultaneously suppressing a damaging volume increase caused by growing ice crystals
(Dubochet, 2007). Depending on the research goal in question, HPF samples can be
treated in different ways after cryofixation. During freeze-substitution, the water inside
the sample is exchanged with an organic solvent like methanol or acetone at low temper-
atures between -90 and -78°C, with fixatives already present in the substitution mix.
During a gradual warming, the chemical agents in the mixture can evenly distribute
throughout the sample and become increasingly chemically active at rising temperatures
(McDonald, 1999). Thus, shrinkage known from conventionally fixed specimens is pre-
vented. Possible applications of these techniques on nephrocytes are further discussed in
chapter 2.1.

1.5 Research objectives

In this thesis, the suitability of Drosophila nephrocytes as a worthwhile approach to
research nephropathies is investigated from different perspectives. The fly model offers
unique advantages to the vertebrate system and has contributed numerous insights to
the big picture of kidney research within the last decade.

For a reliable understanding of the morphology of a certain sample, a fine preservation
close to its living state is a mandatory prerequisite. This topic is examined in the first
manuscript (chapter 2.1), in which both the importance of a hemolymph-like medium
during micro-dissection of nephrocytes and the potential of optimized sample preparation
techniques, involving cryofixation and -embedding, are illustrated, leading to a clear in-
crease in ultra-structural preservation. Furthermore, a custom protein localization tech-
nique is discussed, involving immunogold detection of a GFP-tag on ultrathin epoxy resin
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sections, combining preservation of intricate morphological details with detectable anti-
genicity. Also, the nephrocyte periphery with its complexly branched lacunae was sub-
jected to STEM-tomography to study its three-dimensional ultrastructure.

In the second manuscript (chapter 2.2), focused ion beam-scanning electron micros-
copy (FIB-SEM) was used to examine, whether vertebrate podocyte slit diaphragms are
assembled between the foot processes of the same or different podocytes. Moreover, high-
resolution data was acquired via comparative dual-axis electron tomography of human,
mouse podocytes as well as fly nephrocytes, to better understand the fine structure of
the diaphragm and its evolutionary similarity across the species.

The third manuscript (chapter 2.3) deals with the role of Palsl in the nephron, which
is of interest, because Palsl-interacting proteins were linked to renal abnormalities in
mice before. In this work, it was found that the loss of one Palsl allele lead to a severe
phenotype including cyst formation, an impairment of the filtration barrier and prema-
ture death in mice. Here, the fruit-fly model was used to substantiate the evidence: se-
lective knock-down of the Palsl orthologue (Stardust) lead to similar developmental de-
fects in nephrocytes. Further investigation concentrated on the relation of Palsl to target
genes of Hippo- and TGF-R signaling pathways, suggesting a connection between apico-
basal polarity and renal diseases.

Within the last manuscript included into this thesis (chapter 2.4), the role of Dro-
sophila Crumbs, a key apicobasal polarity determinant, and its orthologues in cellular
morphogenesis, nephrocyte diaphragm development and endocytosis was investigated.
Rescue experiments were performed to assess cross-species conservation of the
orthologues and specific functions of the different Crumbs protein domains. Interactions
with the Hippo pathway could be found, since Crumbs depletion can be partly rescued
by simultaneous Moesin overexpression. The extracellular domain of Crumbs, on the
other hand, seems to be necessary for the assembly and maintenance of nephrocyte dia-
phragms.
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2.1.1 Abstract

Due to its structural and molecular similarities to mammalian podocytes, the Drosophila
nephrocyte emerged as a model system to study podocyte development and associated
diseases. Similar to podocytes, nephrocytes establish a slit diaphragm between “foot pro-
cess-like” structures in order to filtrate the hemolymph. One major obstacle is the distinct
visualization of this subcellular structure to assess its integrity.

Therefore, we developed a specialized dissection protocol, including high-pressure
freezing and freeze-substitution techniques, to improve the preservation of the intricate
ultrastructural details necessary for electron microscopic assessment. By means of scan-
ning transmission electron microscopy (STEM) tomography, a three-dimensional dataset
was generated to further understand the complex architecture of the nephrocyte channel
system. Moreover, a staining protocol for immunolabeling of ultrathin sections of Epon-
embedded nephrocytes is discussed, which allows a reliable detection of GFP-tagged fu-
sion proteins combined with superior sample preservation. Due to the growing number
of available GFP-trap fly lines, this approach is widely applicable for high resolution
localization studies.

2.1.2 Introduction

In the vertebrate kidney, podocytes play a key role in the formation and the maintenance
of the renal filtration barrier. They make up the visceral layer of Bowman's capsule and
develop a complex structure of emanating foot processes, which wrap around the glomer-
ular capillaries and interdigitate with foot processes of neighboring cells. These foot pro-
cesses are connected to each other by slit diaphragms (SD), which form pores of approx.
40 nm diameter (D'Agati et al., 2011; Burghardt et al., 2015). Damage or breakdown of
this barrier leads to proteinuria and eventually kidney failure (Patrakka et al., 2000).
Nowadays, most in vivo studies of podocyte related diseases rely on mammalian models.
The preferred model organism to study nephropathies is the mouse. Unfortunately, ef-
fective research is currently limited, due to the long generation time of the mice and their
comparatively expensive husbandry.

In recent years, the Drosophila nephrocyte arose as a model system to study podocyte-
related diseases. Even though the excretory system of insects is not organized in func-
tional units like vertebrate nephrons, remarkable similarities in cell morphology and pro-
tein expression suggest an evolutionary relation (Weavers et al., 2009; Zhuang et al.,
2009). Being physically separated from the Malpighian tubules, which emerge from the
insect midgut and play a role in osmoregulation and removal of nitrogenous wastes from
the hemolymph (Campbell et al., 2003), two populations of nephrocytes exist. The gar-
land cell nephrocytes (GCN) are located near the esophagus, whereas the pericardial
nephrocytes line up alongside the heart. Nephrocytes seem to be important to adjust the
contents of the hemolymph by filtration of potentially toxic substances, which are sub-
sequently endocytosed and lifelong stored (Denholm and Skaer, 2009).

During embryogenesis and early larval instar stages, the plasma membrane of nephro-
cytes invaginates, forming lacunae that are flanked by foot process-like structures, even-
tually creating a complex channel system. This channel system is separated from the
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outside with ~30-nm slit pores equipped with the so called nephrocyte diaphragm, remi-
niscent of the vertebrate slit diaphragm (SD; Aggarwal and King, 1967). In combination
with the basement membrane, which completely surrounds the nephrocyte, the nephro-
cyte diaphragm constitutes a charge- and size-selective barrier for the filtration of the
Drosophila hemolymph. After entering the channel system, wastes, proteins and other
particles are endocytosed for modification, degradation and/or storage (Denholm and
Skaer, 2009).

Recent studies are substantiating the suitability of Drosophila nephrocytes as a model
for various renal diseases. For steroid-resistant nephrotic syndrome (SRNS), a frequent
cause of kidney failure, more than 50 different genes were identified as a monogenetic
cause (Lovric et al., 2016; Bierzynska et al., 2017). In extensive studies, Drosophila
orthologs for these genes were subjected to protein and heavy metal uptake assays, lead-
ing to more than 60% of aforementioned genes showing significant functional impairments
(Hermle et al., 2017; Fu et al., 2017b). Several studies involved in identification of the
corresponding genes employed nephrocyte assays to substantiate their genetic results
(Gee et al., 2013; Ashraf et al., 2013; Gee et al., 2015; Lovric et al., 2017). In addition,
nephrocytes are suited as a model for diabetic nephropathy. In animals fed high dietary
sucrose, nephrocyte function was disrupted and levels of the nephrin ortholog Sns were
downregulated (Na et al., 2015). This was shown to be caused by transcriptional down-
regulation of sns caused by a pathway including Knot, which is the ortholog of mamma-
lian EBF2 which could subsequently be confirmed in mouse models. In sub-Saharan
ancestry population, two alleles of the APOLI gene increase the risk to develop chronic
and end-stage kidney disease, while granting protection against special subsets of African
sleeping sickness at the same time (Thomson et al., 2014). APOLI was transgenically
expressed in Drosophila nephrocytes, which is necessary due to low conservation across
the animal kingdom and hence lack in most model organisms. It caused abnormal accu-
mulation of hemolymph proteins and cell death in later life, with even stronger pheno-
types upon expression of the risk alleles (Kruzel-Davila et al., 2017). The effect increased
with age and could be connected to conserved endosomal trafficking processes. The re-
sults were later confirmed in mice (Beckerman et al., 2017). Furthermore, the orthologs
of Cubilin and Amnionless, whose mutations cause Imerslund-Gréasbeck syndrome, were
shown to be expressed in nephrocytes fulfilling similar functions (Zhang et al., 2013a).
Lastly, loss of nephrocytes led to cardiomyopathy, which was caused due to increased
levels of a secreted protein (SPARC), which is connected to cardiac aging in humans
(Hartley et al., 2016).

Compared to mammalian blood, insect hemolymph differs regarding content and func-
tion in several aspects. It is not involved in oxygen transport and serves as a sink of
considerable amounts of CO,. The ionic composition of its plasma is highly variable
throughout the class of insects (Nation, 2016) and in addition, it acts as a depot for the
disaccharide trehalose, the major blood sugar for flight energy in insects (Wyatt, 1957),
which is neither synthesized nor stored by vertebrates (Argiielles, 2014). To guarantee
optimal sample preservation of Drosophila nephrocytes, micro-dissection must be con-
ducted in an environment mimicking the insect hemolymph’s osmotic and chemical char-
acteristics. The choice of the initial sample fixation method therefore determines and
limits the achievable ultrastructural preservation.
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Initially confronted with poor sample preservation, we compared two different dissec-
tion salines regarding their capacity to preserve cell ultrastructure in general and the
intricate channel network in the cell periphery. Both sample groups were chemically
crosslinked using 2% glutardialdehyde prior to dehydration and subsequent embedding
in epoxy resin. After optimizing dissection conditions, we investigated the potential of
high-pressure freezing (HPF) and freeze-substitution (FS) to further improve our sample
preservation. To gain more insight into the three-dimensional properties of the highly
branched and complex channel system in the nephrocyte periphery, we employed STEM
tomography and created a three-dimensional dataset.

In addition to ultrastructural insights, determination of the distinct localization of
certain proteins in nephrocytes contribute valuable information to developmental and
disease-related studies. Fluorophores are commonly used as protein markers, but confocal
laser microscopy is limited at certain physically determined magnification barriers. For
high-resolution applications, immunogold antibody detection in the electron microscope
is the method of choice. Unfortunately, many antibodies do not give satisfying results in
both, immunolabeling and preservation of ultrastructure. Recently, our group success-
fully employed an indirect immunodetection approach on sections of larval garland
nephrocytes (Hochapfel et al., 2017), using a fly line with a GFP-tagged protein and a
commercially available anti-GFP antibody, which has been shown to facilitate reliable
detection on epoxy resin, therefore enabling detection of the fusion protein at endogenous
expression levels. Considering the rising number of commercially available GFP-trap fly
lines (Morin et al., 2001; Kelso et al., 2004; Buszczak et al., 2007; Nagarkar-Jaiswal et
al., 2015a; Nagarkar-Jaiswal et al., 2015b; Sarov et al., 2016), a reliable protocol for the
immunodetection of GFP-tagged proteins greatly improves our tool box in nephrocyte
research.

2.1.3 Results

2.1.3.1 Micro-dissection in hemolymph-like saline increases sample

preservation of Drosophila garland cell nephrocytes (CGNs)

after chemical fixation and microwave assisted embedding
Nephrocytes are part of the insect renal system and regulate hemolymph composition by
filtration and subsequent endocytosis. To fulfill their function, the fragile peripheral chan-
nel system as well as the abundant cellular compartments corresponding to their high
endocytic activity need to be kept in careful balance. For a sensitive analysis of nephro-
cyte defects, ultrastructural details need to be preserved throughout preparation.

In the third instar larva of Drosophila, the GCNs are attached to the anterior end of
the proventriculus. Since GCNs are too small for direct manipulation with forceps, the
removal of the surrounding digestive tract is the method of choice for preparation. Due
to their unique architecture, GCNs are particularly vulnerable to osmotic stress caused
by inadequate preparation media, after removal from the larval hemolymph. We com-
pared two different preparation salines and their influence on ultrastructural preserva-
tion, followed by glutardialdehyde (GAD) fixation, agarose embedding and automatic
microwave tissue processing.
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Initially, we conducted the dissection in phosphate buffered saline (PBS), which is
widely used during sample preparation for electron microscopy. It is considered isotonic
and non-toxic, since it matches the ion concentration and osmolarity of the human body.
For preparation of GCNs, however, the use of PBS resulted in poor ultrastructural preser-
vation (Figure 1A). Boundaries and structure of organelles are lost and the intricate
channel system in the peripheral area is not clearly distinguishable, suggesting osmotic
stress or pH disequilibrium. Borders of vesicles are of ragged quality and their content
appears washed out (Figure 1A’). Higher magnification reveals a regular distribution of
nephrocyte diaphragms on the outmost edge of the cell and to some extent visible invag-
inations between foot processes (Figure 1A”; arrows/white asterisks). However, ultra-
structural preservation strongly declines further towards the center of the cell. Early
endosomes, late endosomes (a-vacuoles) and electron-dense lysosomes (B-vacuoles) can-
not be clearly located (Figure 1A’ and A”).

Figure 2.1-1. Micro-dissection in hemolymph like (HL) saline 3.1 improves sample preser-

vation of Drosophila garland nephrocytes for electron microscopy preparation. Transmission
electron micrographs of wild-type third instar garland nephrocytes dissected in phosphate buffered saline
(PBS; A) or hemolymph-like (HL) saline 3.1 (Feng et al., 2004; B), chemically fixed in 2% glutaraldehyde
with subsequent microwave-assisted embedding. (A, B) Overview containing nucleus (nu), endoplasmic
reticulum (er), as well as bright a-vacuoles (late endosomes). (A’, B’) Magnification additionally showing
electron-dense B-vacuoles (lysosomes). (A”, B”’) Higher magnifications showing the periphery with
nephrocyte diaphragms (arrows), lacunae/invaginations (*) and vesicles (v). Scale bars: (A, B) 5pm;
(A’, B’) 2pm; (A7, B”) 500 nm.

By performing micro-dissection in HL3.1 saline, which mimics the hemolymph com-
position of the Drosophilalarva (Feng et al., 2004), sample preservation could be strongly
improved (Figure 2.1-1B). The cytoplasm appears more coherent and membrane com-
partments are sharper demarcated. In contrast to the PBS preparation, one can easily
recognize endosomes and lysosomes (indicated as a- and B-vacuoles). At higher magnifi-
cation, regularly distributed nephrocyte diaphragms can be observed (Figure 2.1-1B”;
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arrows) and the frequent invaginations (black asterisks) between the foot processes can
in most cases be easily distinguished from the cytoplasm of the foot processes, in which
a high number of vesicles can be observed.

2.1.3.2 High-pressure freezing (HPF) and subsequent freeze-substitu-
tion (FS) offers superior sample preservation compared to
chemical fixation and microwave assisted embedding
During classical chemical fixation, tissues are, depending on size and organization, im-
mersed in or transfused with a chemical crosslinking agent to immobilize and retain
cellular and subcellular structure. Depending on the fixative nature and concentration,
as well as the delay until the reactions are completed, the sample may show varying
degrees of fixation uniformity. Likewise, for immunodetection the antigenicity of distinct
proteins is reduced due to obstructed antibody binding with rising fixation times and
increasing amounts of fixative.

Despite the improvements due to the optimized saline, the cytoplasm of the chemically
fixed sample appears grainy and details are lost at higher magnifications. Moreover, the
membranes are often blurry (Figure 2.1-2B”’; white arrowheads) and the content of ves-
icles do not strongly contrast from the cytoplasm.

To minimize introduction of structural artifacts during preparation and to keep the
sample as close to its living state as possible, we employed a combination of HPF /FS.
By freezing the sample in only 20 milliseconds at high pressure to -196°C, the containing
water turns to amorphous ice without destroying intracellular structures by an increase
of volume, or allowing considerable change of the cell contents after the point of dissec-
tion.

With this strategy, sample preservation could be strikingly increased. The cryofixed
sample appears clear, demonstrating that the nephrocyte cytoplasm harbors many dif-
ferent vesicles with well distinguishable details regarding content density as well as form.
Membrane borders are finely demarcated, which can be seen in particular at the edges of
the foot processes (Figure 2.1-2B”").
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Figure 2.1-2. High-pressure freezing and freeze-substitution further improves sample

preservation of Drosophila garland nephrocytes compared to chemical fixation and micro-
wave assisted embedding for electron microscopy preparation. Transmission electron micro-
graphs of wild-type third instar garland nephrocytes dissected in hemolymph-like (HL) saline 3.1, chem-
ically fixed in 2% glutaraldehyde with subsequent microwave-assisted embedding (A) compared to high-
pressure freezing and freeze-substitution (B). Overview containing nucleus (nu), endoplasmic reticulum
(er), as well as bright o-vacuoles (late endosomes). (A’, B’) Magnification additionally showing electron-
dense B-vacuoles (lysosomes). (A, B”) Higher magnifications showing the periphery with nephrocyte
diaphragms (arrows), lacunae/invaginations (*) and the basement membrane (bm). In the cytoplasm,
white arrowheads indicate sharply demarcated boundaries around lacunae. Scale bars: (A, B) 5um; (A,
B’) 2pm; (A7, B”) 500 nm.

2.1.3.3 STEM tomography of HPF garland nephrocytes offers valua-
ble insights into the 3D structure of the peripheral channel

system
Assessing the characteristics of a biological sample by traditional transmission electron
microscopy of an ultra-thin section offers high resolution of a flat area, but is associated
with a severe loss of information when it comes to objects with complex three-dimensional
structures, e.g. the ultrastructural architecture of the nephrocyte channel system. Only
examining a thin section makes the resulting shapes and characteristics difficult to inter-
pret.

Taking our previous insights of sample preparation conditions into account, we sub-
jected an 800 nm nephrocyte section to a STEM tomography, and reconstructed the
obtained information into a three-dimensional dataset.

With the additional information of multiple layers, one can interpret the progression
of shapes along the Z-axis. In Figure 2.1-3C, lacuna 1 and 2 do not seem to be connected.
17 nm further in Z-direction (Figure 2.1-3B), the separation grows faint and additional
25 nm further (Figure 2.1-3A), corridor 1 is fully established, which generates a direct
connection between lacuna 1 and 2. Similarly, lacuna 5 is only in Figure 2.1-3A clearly
connected to lacuna 4, but disappears in 3B and is no longer detectable in 3C and D. In
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the upper half of the area, a quasi-spherical form seems to bud off from lacuna 4 (aster-
isk). Following the Z-axis by 65 nm, it is clear, that the resulting form is not tube-shaped,
but its circumference is reduced to a spot, indicative of a vesicle. Within the range of
Fig.3, lacunae 3 and 4 are not connected. Were the observed volume of greater size, a
connection could presumably be observed. One round structure (T) can be found in all
four Z-layers, which apparently has a tubular structure in the third dimension. Through-
out the distance, virtually parallel to the Z-axis, five nephrocyte diaphragms are visible
without interruption, indicating an elongated slit, rather than a round filtration “pore”.

Figure 2.1-3. Multiple sections of a 3D reconstruction provide additional insights into

nephrocyte channel system. Successive Z-layers taken from a 3D reconstruction of wild-type third
instar garland nephrocytes dissected in HL3.1 saline, high pressure frozen and freeze substituted. Net
specimen thickness:700 nm. Reconstructed from STEM tomography recorded in tilt angles from 60° to
-60° degrees at 23k magnification. Snapshots taken 81 nm (A), 56 nm (B), 39 nm (C), 16 nm (D) along
the Z-axis. Annotated are vesicle pinching off from lacunar space into foot process (*), connections
between different lacunae (c1/c2), which are either separate or connected in different Z-layers, different
lacunae (L1-5), tube-shaped lacuna (T); vesicle with dark cargo (v) and nephrocyte diaphragms (ND).
Scale bars: 300 nm.

The limitations of two-dimensional sections become obvious, when additional 3D data
is available. A structure that appears round in a two-dimensional section may belong to
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a sphere, a straight tube or the tip of a curve. Subcellular organization in nephrocytes is
determined by its high endocytic activity as well as the highly branched lacunar network
and is thus very complex and produces a lot of different shapes. Taking a closer look at
a large vesicle with electron-dense cargo next to a mitochondrion (Figure 2.1-4A) reveals
a round shape in the XY-plane, as well in the XZ-plane, the YZ-section, however, has an
elongated shape, demonstrating how incomplete the true shape of a 3D object is por-
trayed with a two-dimensional section.

Additionally, double secluded vesicles could be observed (Figure 2.1-4B), carrying
electron-dense cargo, which is evenly covered by roughly 50nm thick layer of less dense
material. The structure begins to appear around 310nm, has its maximum extent around
260nm and begins to exhibit a protrusion around 229nm and 21 nm later, it gets lost
except for the narrow tube emerging from the protrusion reaching beyond the dataset.
In the range of the dataset, we could also examine several Golgi cisternae and pinching
off transport vesicle (Figure 2.1-4C). The trans face of the Golgi apparatus is fused to
election dense transport vesicles, which extend towards the lacunae and presumably un-
load their cargo into the channel system.
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Figure 2.1-4. 3D reconstruction offers unique insights into sub-cellular dynamics of nephro-
cytes. Successive Z-sections taken from a 3D reconstruction of wild-type third instar garland nephro-
cytes. (A) Demarcated spheroid vesicle with electron-dense cargo bordering mitochondrion (m), lacunae
nearby (L). Actual form depicted in XY-, ZY- and XZ plane aligned to the center of the structure
(yellow cross). (B) Double-secluded vesicle (dv) transitioning between 229nm and 208nm into a narrow
tube (black arrow) beyond position 123nm until the end of the dataset. (C) Golgi apparatus (black
bracket) fused with electron dense transport vesicle (dv) at 280nm, vesicle separated from Golgi cistern
at 259nm, connection to other vesicle still intact (white arrowhead), vesicle section appears round along
Z-axis until presumptive secretion of content into nearby lacuna (black arrowhead). (B, C) Snapshot Z-
distance described in panels. Scale bars: 200 nm.
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2.1.3.4 A sectioned 3D model indicates that most lacunae in the pe-

riphery of garland nephrocytes are interconnected
To find out, to what extent the different lacunae are interconnected and to get a better
overview of the channel system, we manually segmented the reconstructed dataset of the
nephrocyte periphery, which resulted in a three-dimensional representation of lacunar
space, limited by the cell membrane delineating the cytoplasm of the cell, and the nephro-
cyte diaphragms on the outer edge facing the extracellular space. Notably, most compo-
nents of the channel system are interconnected, and lacunar identity is depicted in dif-
ferently colored materials (Figure 2.1-5). Many lacunae either belong to the blue or the
yellow material, whereas in other areas, the interconnection cannot be assessed due to
the limited size of the analyzed section (orange, pink and cyan materials). In addition,
we marked a mitochondrion (red material) and a cistern of the cell’s Golgi apparatus
(green material) in the reconstruction. Pockets filled with electron dense material, are
signified as black material. Since the cell volume analyzed in the previous paragraph can
also be found in Figure 2.1-5, nomenclature is adopted from Figure 2.1-4.

Generally, lacunae are often not tubular, but resemble flat caverns (Figure 2.1-5C),
which stretch along the Z-axis and often form a projection of the corresponding nephro-
cyte diaphragm. The size of the sectioned dataset is sufficient to show that lacunae 3 and
4 are in fact connected to each other (Figure 2.1-5A). Also, the quasi-spherical form
budding off from lacuna 4 interestingly spreads out into both directions along the Z-axis
(Figure 2.1-5C; asterisk), an insight that could not have been taken from a single ultra-
thin section. For greater understanding of the sectioned model, see Supplemental Videos
1-3.
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Figure 2.1-5. Sectioned lacunar system from 3D reconstruction of wild-type third instar

garland nephrocyte. Three-dimensional model of the lacunar space in the periphery of wild-type third
instar garland nephrocytes dissected in HL3.1 saline, high pressure frozen and freeze substituted. Net
specimen thickness: 700 nm. Reconstructed from STEM tomography recorded in tilt angles from 60° to
-60° degrees at 23k magnification. Color code resembles lacunar identity depending on direct connection
or separation. (A, B) Frontal and rear view, with same nomenclature as in Fig.3. Annotated are vesicle
pinching off from lacunar space into foot process (*), connections between different lacunae (cl/c2),
which are either separate or connected in different Z-layers, different lacunae (L1-5), tube-shaped lacuna
(T); vesicle (v) and nephrocyte diaphragms (white arrowheads). Scale bars: 500 nm.

2.1.3.5 Immunostaining of endogenous GFP-tagged Crumbs in epoxy
resin

Depending on the nature of the biological sample and the protein of interest, finding a
good compromise between ultrastructural preservation and antigenicity for immunode-
tection can be difficult.

Mlustrated with Drosophila Crumbs, a transmembrane protein required for epithelial
polarity and morphogenesis, we achieved specific protein detection in third instar garland
nephrocytes using an indirect approach via a fly line with an EGFP tagged version of
Crumbs (Klose et al., 2013) in immuno-electron-microscopy (Hochapfel et al., 2017).
Samples were dissected in optimized saline and subsequently cryofixed with HPF /FS.
Subsequently, 70nm thick sections were labeled using a goat-a-GFP antibody, which has
previously been shown to detect over-expressed GFP on Epon sections (Peschke et al.,
2013). Due to the comparably low abundance of the Crumbs fusion protein at endogenous
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expression levels, we tested the dilutions 1:20 and 1:100 and 6nm gold rabbit-o- goat
IgGs (diluted 1:20).

The results indicate that Crumbs is predominantly localized at the membranes of
vesicles and lacunae, as well as near filtration slits (Figure 2.1-6A). Consistently, at a
lower antibody concentration, less signal can be detected, which is also mainly located
around membranes (Figure 2.1-6B). Unspecific binding of the secondary antibody can be
excluded, since there is no signal visible in the negative control (Fig.5C).

Figure 2.1-6. Immuno labeling of genomic Crumbs-GFP on ultrathin sections of Epon-

embedded Drosophila nephrocytes. (A-C) Primary AB: goat-anti-GFP in different dilutions. Sec-
ondary AB IgG RAG diluted 1:20.; (A) Prim. AB diluted 1:20. (B) Prim. AB diluted 1:100. (C) Sec-
ondary AB only. Magnification 50,000x. Scalebar: (A-C) 400nm, (A-C*) 200 nm.
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2.1.4 Discussion

In recent years, the Drosophila garland nephrocyte turned out to be a valuable model for
kidney diseases, both exhibiting characteristics of podocytes and proximal tubular cells
(Zhuang et al., 2009; Weavers et al., 2009; Helmstadter et al., 2012; Zhang et al., 2013b;
Zhang et al., 2013a; Tutor et al., 2014; Ivy et al., 2015; Na et al., 2015; Kruzel-Davila et
al., 2017; Hermle et al., 2017; Fu et al., 2017b; Fu et al., 2017a; Fu et al., 2017¢) as well
as for endocytosis and vesicle trafficking (Das et al., 2008; Bechtel et al., 2013; Lérincz
et al., 2016; Hochapfel et al., 2017; Fu et al., 2017¢c). Large parts of the published data
are either based on the analysis of subcellular morphology via electron microscopy or
localization of proteins, which are homologous to mammalian counterparts involved in
important developmental processes or (potentially) connected to diseases. The natural
environment of nephrocytes exhibits a composition optimized for the special needs of a
small ectothermic flying insect with an open circulatory system. For effective analysis,
salines and protocols that are specifically optimized for the organism’s characteristics are
indispensable to achieve results that closely reflect the in vivo situation.

We demonstrated, that the choice of the preparation saline greatly influences the
quality of the resulting data. Once removed from the organism, nephrocytes are particu-
larly vulnerable to damage by osmotic stress or altered pH conditions, because their
peripheral channel system is openly accessible to the surrounding liquid.

Equally important for sample preparation is the choice of the fixation method. Here
we found that cryofixation in combination with freeze-substitution offers superior preser-
vation quality. Within milliseconds, all subcellular structures in the sample are simulta-
neously immobilized by quickly freezing the cytoplasmic water under conditions inhibit-
ing the formation of disruptive ice crystals. Gentle dehydration and infusion with resin
at low temperatures minimizes destabilization of sensitive structures and the introduction
of artifacts. Due to the limited size of the specimen carrier, it was not feasible to freeze
the whole fly. Thus, the best possible option is an isolated preparation in a de facto
native environment. Compared to chemical fixation, we demonstrated that HPF/FS
preparation is suited to keep Drosophila nephrocytes very close to their natural state,
increases the level of detail at higher magnifications, permits improved characterization
of cytoplasmic structures and membrane structures, allowing for sensitive screens and
subsequent characterization of potential disease-associated genes (Burghardt et al., 2015;
Hochapfel et al., 2017; Weide et al., 2017).

Cells are three-dimensional objects, so their internal organization can only be fully
understood by taking its spatial distribution into account. To gain access to this infor-
mation, electron tomography (ET) is a resourceful technique. By collecting multiple pro-
jections of a static sample from different angles, specialized software can be employed to
reconstruct a three-dimensional dataset via mathematical models. To get representative
results, the sample needs to be well-preserved and the accumulated electron dose needs
to be limited to reduce damage to the sample during repeated exposure (Frank et al.,
2002). It turned out that scanning transmission electron microscopy (STEM) is the
method of choice for tomography of thick specimens at relatively low induction of unnec-
essary damage (Aoyama et al., 2008). Unlike conventional transmission electron micros-
copy (CTEM), in which the electron beam evenly passes through the entire observed
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area of the specimen, effectively limiting the sample thickness to around 300 nm, STEM
uses a focused electron beam, which scans the specimen line by line along a rectangular
grid. This permits ET of 1pm thick samples, even though the electron beam must pass
through almost twice this distance at high tilt angles.

Existing literature on nephrocytes or homologous cells mainly relies on two-dimen-
sional CTEM imaging or SEM. Tomography has been conducted by the team of Kok-
kinopoulou et al. (2014), who created a segmented CTEM tomography of chemically
fixed rhogocytes from the red-blooded freshwater snail Biomphalaria glabrata, and by
Burghardt et al. (2015), who prepared Drosophila nephrocytes with cryofixation and
freeze-substitution and performed a segmented CTEM tomography as well. The datasets
of both groups were around 200-300 nm thick. To our knowledge, we created the first
STEM tomography of a Drosophila nephrocyte, prepared with optimal techniques. Due
to the high sample thickness, we could demonstrate, that most of the lacunae within
reach of the dataset were interconnected, and provided an insight to the complex organ-
ization of the nephrocyte periphery.

In future studies, however, a 3D model of a complete nephrocyte should be generated,
to fully understand nephrocyte organization. Even though the maximum sample thick-
ness for a STEM tomography surpasses that of a CTEM setup, this is still not sufficient
to cover a whole nephrocyte with a usual diameter of approximately 20 pm. In general,
a 3D model of thicker samples can be created by reconstructed serial sections of resin-
embedded samples. Here, the resolution in Z-direction is limited by the mean thickness
of the single sections. By utilizing focused ion beam-scanning electron microscopy (FIB-
SEM), this can be facilitated at higher resolutions.

Depending on the nature of the biological sample, finding a good compromise between
ultrastructural preservation and antigenicity for immunodetection can be difficult. In
comparison to acrylic resins like Lowicryl or LR-White, epoxy resins offer superior preser-
vation of ultrastructural details but lower antigenicity. In the past, we were not able to
directly detect the polarity protein Crumbs in Epon-embedded samples using an anti-
Crumbs antibody (data not shown). Indirect detection using Crumbs-GFP expressed
under the endogenous promoter, however, could be successfully achieved. In view of the
abundance of GFP-fusion proteins (Morin et al., 2001; Kelso et al., 2004; Buszczak et al.,
2007; Nagarkar-Jaiswal et al., 2015a; Nagarkar-Jaiswal et al., 2015b; Sarov et al., 2016),
the described standardized detection method can be employed to detect a whole list of
proteins of interest, e.g. to examine the specific nature of the different vesicle types ob-
served in the nephrocyte cytoplasm. Immunostainings could be performed, regarding ves-
icle coatings, e.g. caveolin stainings, or concerning vesicle cargo, e.g. glycocalyx material
transported to and secreted at the outer cell membrane. Moreover, crossing in GFP-
labelled transgenes (e.g. slit diaphragm markers) into mutant alleles provides a valuable
tool to investigate defects (e.g. of the slit diaphragms or foot-processes architecture) on
an ultrastructural level.
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2.1.5 Materials and Methods

2.1.5.1 Drosophila stocks and genetics

Fly stocks were cultured on standard cornmeal agar food and maintained at 25°C.

2.1.5.2 Sample preparation for electron microscopy

For ultrastructural studies in microwave processed tissue, garland cell nephrocytes from
wandering third instar larvae were micro-dissected in PBS or HL3.1 saline (70mM NaCl,
5mM KCI, 10mM NaHCO;, 1.5mM CaCl,, 4mM MgCl,, 115 mM Sucrose, 5mM Tra-
halose, 5mM HEPES, pH 7.1; Feng et al., 2004), chemically fixed for 1h in 2% glutardi-
aldehyde in the respective buffer, and subsequently processed with acetone / 0.5% OsOy,
embedded and polymerized in Epon (EM AMW, Leica, Wetzlar, Germany). Alterna-
tively, dissected nephrocytes were high pressure frozen (EM-PACT2, Leica, Wetzlar,
Germany), freeze-substituted in acetone / 2% OsOs / 5% H,O / 0.25% uranyl acetate
(AFS2, Leica, Wetzlar, Germany) and embedded in Epon. After polymerization, 70nm
thick sections were cut using a diamond knife (Diatome, Biel, Switzerland) with an ul-
tramicrotome (Leica UC6 or UC7, Wetzlar, Germany). For tilt series, 800nm thick
HPF/FS sections were used.

2.1.5.3 Transmission electron microscopy and tomography
Transmission electron microscopy (TEM) was performed with an 80 kV TEM-902 mi-
croscope (ZEISS, Jena, Germany) equipped with a cooled CCD digital camera (TRS
Trondle Restlichtverstarkersysteme). Tilt series were taken on a JEM-2100F transmis-
sion electron microscope (JEOL Ltd., Tokyo, Japan) operating at 200 kV with a nominal
magnification of 23k. Digital images were acquired using a TVIPS F416 CMOS camera
with an effective pixel size of 0.54nm. The series were recorded from -66° to +66° with
an angular increment of 1°. The 3D reconstructions were performed using IMOD (Kremer
et al., 1996). Images were pre-processed, binned and aligned using randomly distributed
10 nm gold particles as fiducial markers. The generation of tomograms was performed by
the simultaneous iterative reconstruction technique (SIRT). Lacunae and cell organelles
were outlined and color-coded for each Z-layer using AMIRA 5.6 (Visage Imaging, Berlin,
Germany). The final 3D model was smoothened, to reduce the ridges between the indi-
vidual sections and supplemental videos were created using the movie maker feature.

2.1.5.4 Immunostaining

The immunogold labeling technique was derived from Rachel et al. (2010). Micro-dis-
sected nephrocytes were high pressure frozen (EM-PACT?2, Leica, Wetzlar, Germany),
freeze substituted in acetone / 0.2% OsO. / 5% H,O / 0.25% uranyl acetate and embed-
ded in Epon. Grids with fresh 70nm sections were incubated stepwise on drops of different
solutions on the surface of parafilm. The antibody solutions were always prepared freshly.
The GFP fusion protein was stained using the primary antibody goat-o-GFP (1:20, 600-
101-215, Rockland) and a 6-nm gold-coupled secondary rabbit-o-goat IgG (1:20,
AU25224, Aurion). Each was incubated for 30 min. As a negative control, additional
ultrathin sections were treated with PBS-BSA 0.1 % as a substitute for the primary
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antibody. Stained sections were imaged with a TEM-902 transmission electron micro-
scope (ZEISS, Jena, Germany) operating at 80 kV.
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2.2.1 Abstract

Podocytes constitute the outer layer of the glomerular filtration barrier, where they form
an intricate network of interdigitating foot processes which are connected by slit dia-
phragms. A hitherto unanswered puzzle concerns the question of whether slit diaphragms
are established between foot processes of the same podocyte or between foot processes of
different podocytes. By employing focused ion beam-scanning electron microscopy (FIB-
SEM), we provide unequivocal evidence that slit diaphragms are formed between foot
processes of different podocytes. We extended our investigations of the filtration slit by
using dual-axis electron tomography of human and mouse podocytes as well as of Dro-
sophila melanogaster nephrocytes. Using this technique, we not only find a single slit
diaphragm which spans the filtration slit around the whole periphery of the foot processes
but additional punctate filamentous contacts between adjacent foot processes. Future
work will be necessary to determine the proteins constituting the two types of cell-cell
contacts.

2.2.2 Introduction

Podocytes represent the outermost cell layer of the glomerular filtration barrier. Based
on results obtained with conventional imaging techniques, the current model pictures the
podocyte cell body as floating in Bowman's space while being anchored to the glomerular
basement membrane via its arborizing cellular extensions. The finest branches, the foot
processes, are arranged in an interdigitating pattern on the outer surface of the basement
membrane (Rodewald and Karnovsky, 1974). Neighboring foot processes are connected
by a slit diaphragm which supposedly contains the integral membrane proteins nephrin,
Nephl, FAT-1, and P-cadherin. These proteins are linked to the actin cytoskeleton
through the adapter proteins podocin, CD2AP, and zonula occludens (ZO)-1 (Tryggva-
son et al., 2006). It has been suggested that the urinary space between the podocyte and
the glomerular basement membrane, the subpodocyte space, impedes the flow of the
primary filtrate into Bowman's space and that therefore the subpodocyte space contrib-
utes to the filtration properties of the renal glomerulus (Neal et al., 2005; Neal et al.,
2007; Salmon et al., 2007). Hereditary and acquired podocytopathies lead to the destruc-
tion of the intricate cytoarchitecture of podocytes and consequently to a failure of the
renal filter. The hallmark of such podocytopathies is the disappearance of foot processes
and ultimately a detachment of affected podocytes into the urine, thus causing albumi-
nuria (Shankland, 2006; Kriz et al., 2013).

The current view on the structural basis of the renal filtration barrier was derived
from classic transmission and scanning electron microscopy. While these techniques have
provided valuable information, they also suffer from intrinsic limitations and therefore
leave open fundamental questions: 1) What is the dimension of a single podocyte? 2)
How are podocytes arranged on the glomerular basement membrane? and 3) Does a
podocyte form slit diaphragms between its own foot processes? To answer these ques-
tions, we applied novel electron microscopic techniques, i.e., focused ion beam-scanning
electron microscopy and dual-axis electron tomography, to podocytes from several spe-
cies. This made it possible to obtain detailed information on the spatial arrangement of
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an entire podocyte in its intact environment including visualization of the subpodocyte
space.

2.2.3 Materials and methods

2.2.3.1 Scanning electron microscopy.

Preparation of the kidneys for scanning electron microscopy was done according to
Tanaka et al. (1989) with modifications. Mice were perfusion-fixed with 4% paraformal-
dehyde/1x PBS through the distal abdominal aorta for 3 min. Kidneys were cut in half
and incubated for 2 h in 2% glutaraldehyde/0.1 M Na cacodylate, pH 7.4, followed by
overnight impregnation in 30% dimethylformamide at 4°C. Freeze fracturing was per-
formed with a cold knife under liquid nitrogen followed by immersion in dimethylforma-
mide at room temperature for 2 h. Finally, image data were acquired on a Zeiss LEO
1530 Gemini scanning electron microscope using the SE2 detector (Carl Zeiss Microscopy,
Oberkochen, Germany).

2.2.3.2 Focused ion beam-scanning electron microscopy.
Perfusion-fixation of adult mice was done as described for scanning electron microscopy.
Kidneys were stored at 4°C in 2% glutaraldehyde/0.1 M Na cacodylate, pH 7.4, over-
night. Then, the tissues were incubated with 0.1 M cacodylate-buffered 1% OsO, for 4 h,
followed by dehydration in an ethanol series at room temperature and Epon embedding.

Acquisition of tomographic data sets was performed on a Zeiss Auriga 60 dual-beam
workstation (Carl Zeiss Microscopy). Slicing of the Epon block was set to a step size of
15 nm and a focused ion beam milling current of 1 nA with a Ga-emitter voltage at 30
kV. Scanning electron microscopic data were recorded in the high-current mode at 1.5
kV of the in-lens EsB detector with an aperture of 60 um. The dimensions of the recorded
images were 2,048 x 1,536 pixels, with a pixel size of 15 nm. The slice and view process
was repeated 1,652 times to obtain the 3-dimensional dataset. Raw data were binned and
aligned using the open source software package ImageJ (Schneider et al., 2012). Segmen-
tation was performed manually using AMIRA (Visage Imaging, Berlin, Germany). The
segmentation was smoothened by applying the “smooth labels” feature in the Label Field.
One kidney was chosen for further analysis.

2.2.3.3 Tissue preparation.

Perfusion fixation of murine kidneys was performed as described above. Mouse kidney
biopsies were high pressure frozen (EM-PACT?2, Leica, Wetzlar, Germany) and freeze-
substituted in acetone/2% 0s04/5% H>0/0.25% uranyl acetate (AFS2, Leica). Finally,
samples were embedded in Epon. Fine needle biopsies of human kidneys were fixed with
4% buffered formaldehyde and embedded in Araldite R. Stocks of Drosophila melano-
gaster were cultured on standard cornmeal agar and maintained at 25°C. Garland nephro-
cytes from wandering third instar larvae were microdissected in HL3.1 saline, high-pres-
sure frozen, freeze-substituted, and embedded in Epon. Treatment of mice was conducted
in accordance with the German Animal Protection Law and was approved by the local



Results 46

government. The use of human kidney biopsies was approved by the ethics committee of
the University of Heidelberg.

2.2.3.4 Electron tomography.

For the tilt series, 200- to 300-nm thick sections were cut using a diamond knife (Diatome,
Biel, Switzerland) with an ultramicrotome (UC6 or UC7, Leica). The thickness of the
sections was determined on the reconstructed three-dimensional volume (see below). The
tilt series was recorded on a JEM-2100F transmission electron microscope (JEOL, Tokyo,
Japan) operating at 200 kV with a nominal magnification of 20,000. Digital images were
collected by a TVIPS F416 CMOS camera with an effective pixel size of 0.54 nm. The
tilt series was recorded from —65° to +65° with an angular increment of 1°. The three-
dimensional reconstructions were calculated using IMOD (Kremer et al., 1996). Images
were preprocessed, binned, and aligned using randomly distributed 10-nm gold particles
as fiducial markers. The generation of tomograms was performed by the simultaneous
iterative reconstruction technique (SIRT).

2.2.4 Results

2.2.4.1 Foot processes of the same podocyte do not interdigitate with
each other.

A regular scanning electron micrograph of a murine glomerulus shows the fine interdigi-
tating foot processes of podocytes (Figure 2.3-1). From these pictures, however, it is
impossible to determine whether foot processes of the same podocyte interact with each
other. To answer this long-standing question, we decided to reconstruct a complete mu-
rine podocyte based on focused ion beam-scanning electron microscopy (FIB-SEM). In
FIB-SEM, a gallium beam mills off 10- to 20-nm-thick layers of a plastic-embedded tissue
sample, which is followed by scanning electron microscopy of the surface after each round
of milling.

Figure 2.2-1 Scanning electron micrograph of a normal glomerulus. The micrograph was
taken from the glomerulus of a 3-mo-old C57BL/6 mouse. It shows the intricate pattern of podocyte
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processes and illustrates that it is impossible by this technique to determine whether foot processes
of the same podocyte do or do not interact with each other. Bars = 10 pm (A4) and 2 uym (B and O).

This way, large zstacks of the desired objects can be created. In our analysis of a
murine podocyte, we have created a 29.6 x 22.3 x 24.0-um three-dimensional stack at
15-nm intervals. In portraying our results, we define primary processes as branches orig-
inating directly from the podocyte cell body without interdigitating with other processes,
secondary processes as branches originating from primary processes without interdigitat-
ing with other processes, tertiary processes as branches originating from secondary pro-
cesses without interdigitating with other processes, and foot processes as protrusions
interdigitating with other foot processes (Figure 2.2-1). Foot processes may originate
from all kinds of other processes and even from the cell body (Figure 2.2-2). The podocyte
at the center of our 3-dimensional analysis elaborates 12 primary processes and 44 sec-
ondary processes; it spreads out over several capillaries (Figure 2.2-2 and Figure 2.2-3).
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Figure 2.2-2 Three-dimensional reconstruction of a murine podocyte. On this side of the
reconstructed cell, the primary (1°), secondary (2°), tertiary (3°), and foot processes (FP) can be seen.
The capillaries are shown in grey.

The space between podocytes and the underlying glomerular basement membrane,
i.e., the subpodocyte space, has gained recent attention because it may represent an
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additional mechanism regulating the flow of the primary filtrate (Neal et al., 2007;
Salmon et al., 2007). Our three-dimensional reconstruction shows an elaborate labyrinth
below the podocyte cell body (Figure 2.2-4A4) with narrow exit sites flanked by the cell
body and the adjacent processes (Figure 2.2-4, B-D). As has been suggested before by
conventional transmission electron microscopy, the cell body of the podocyte does not sit
broadly on the glomerular basement membrane.

120°

Figure 2.2-3 Three-dimensional reconstruction of a murine podocyte. The same podocyte
as in Fig. 2 is shown. It was rotated in 60° intervals to better demonstrate its extensive processes.
The cell body is shown in blue, processes extending sideways in green, and processes extending from
the basal surface of the cell body in red; the capillaries are shown in grey. The letters a—fwere inserted
for better orientation and do not reflect the processes.

However, contrary to what has been called the freely floating cell body of the podocyte,
we detected a number of processes extending directly from the basal surface, thus an-
choring the podocyte cell body to the glomerular basement membrane (Figure 2.2-44).
Furthermore, the major processes are also anchored to the basement membrane. When
viewed from the glomerular basement membrane, we were able to see the ridge-like prom-
inences which have recently been described in rat podocytes (Ichimura et al., 2015).
These ridges lie in an intimate spatial relationship with the glomerular basement mem-

brane and may help to anchor the major processes to the extracellular matrix (Figure
2.2-4, F-H).
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Figure 2.2-4 Illustration of the subpodocyte space and of the ridge-like prominences. The
same podocyte as in Figure 2.2-2 is shown. Its cell body is shown in blue, processes extending sideways
in green, and processes extending from the basal surface of the cell body in red; the capillaries are
shown in grey. A: top view of the podocyte with the cell body made semitransparent demonstrates
the many processes extending from the basal side of the cell body to the glomerular basement mem-
brane. B: a second podocyte shown in yellow is added (view from Bowman's space). White rectangles
indicate the exit sites from the subpodocyte space, which are shown as ¢ and d. C'and D: view from
the subpodocyte space into Bowman's space demonstrates the narrow exit sites (asterisks) from the
subpodocyte space into Bowman's space. F-H: top view of one podocyte branch shown without (£)
and with (#) the glomerular basement membrane illustrated in grey. A bottom view of the same
branch demonstrates the ridge-like prominence (dotted line in G) which leaves an imprint in the
glomerular basement membrane (#), thus demonstrating the close spatial relationship between the 2
structures. Arrowheads and small and large arrows have been inserted for better orientation.

One crucial issue in podocyte biology concerns the question of whether slit diaphragms
form between foot processes of the same podocyte or between foot processes of different
podocytes. Our analysis clearly demonstrates that foot processes of the same podocyte
do not interdigitate which each other and therefore slit diaphragms only connect foot

processes of different podocytes (Figure 2.2-5).
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Figure 2.2-5 Pattern of interdigitating foot processes. Shown in blue is the same podocyte as
in Fig. 2 (for reasons of clarity both the cell body and the processes are shown in blue; the capillaries
are shown in grey). In A, only the “blue” podocyte is illustrated, whereas in B a second “yellow”
podocyte is inserted. The spaces between the blue foot processes are filled by the foot processes of the
yellow podocyte, thus demonstrating the heterophilic interaction of podocyte foot processes. Red

rectangles indicate the regions which are shown at more detail in the panels on the right.
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2.2.4.2 Electron tomographic characterization of connections between
neighboring foot processes.

In previous publications, more than one cell-cell contact has been described between
adjacent foot processes (Wartiovaara et al., 2004; Kramer-Zucker et al., 2005); these
contacts have been interpreted as multiple layers of the slit diaphragm. Indeed, we were
able to recapitulate by conventional electron microscopy that multiple cell-cell contacts
existed between foot processes of murine and human podocytes, and this was true as well
for nephrocytes of the fly D. melanogaster. As a matter of fact, only in a minority of
filtration slits a single cell-cell contact was seen (~20% of filtration slits in the mouse,
~10% of filtration slits in human and the fly) (Figure 2.2-64). Since some of the filtration
slits were not represented in their entirety in our sections, it is likely that the frequency
of filtration slits with only a single cell-cell contact is even lower. We would like to
emphasize that the three specimens were generated by very different protocols. The
mouse kidneys were perfusion-fixed, high-pressure frozen, and freeze-substituted. In the
case of the human kidneys, needle biopsies were taken, and the biopsies were immersion-
fixed and further processed at room temperature. Last, the fly nephrocytes were micro-
dissected, high-pressure frozen, and freeze-substituted. Therefore, we consider it unlikely
that the protocols for processing the tissues and cells, or that species differences account
for the observed phenomenon.

However, due to the fact that conventional electron microscopic pictures originate
from ultrathin sections of only 40-to 80-nm thickness it is impossible to be sure of the
three-dimensional nature of the underlying cell-cell contacts. We therefore took a closer
look at podocytes and nephrocytes by dual-axis electron tomography. Employing this
technique, we were surprised to find two different categories of cell-cell contacts between
neighboring foot processes. One layer (we never observed more than one) of the conven-
tional slit diaphragm surrounded the whole periphery of foot processes, which is con-
sistent with conventional thinking (Figure 2.2-6, B-F). In addition, we detected multiple
punctate filamentous cell-cell contacts both below and above the slit diaphragm of podo-
cytes (Figure 2.2-6, B-D), and above the slit diaphragm of nephrocytes (Figure 2.2-6E).
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Figure 2.2-6 Neighboring foot processes are connected by 2 types of cell-cell contacts. A:
bar graph demonstrates the occurrence of filtration slits with single or multiple cell-cell contacts of
murine and human podocytes and Drosophila melanogaster nephrocytes. B: example of a 2-layered
cell-cell contact in a human specimen. The panels on the far left and far right show only a single
contact, whereas the 2 panels in the middle show two cell-cell contacts. The numbers listed in the
individual panels correspond to the level in the section, meaning that for example the first 2 pictures
lie 4 nm apart. Bar = 100 nm. C-E: 3-dimensional view of the filtration slits from the 3 species. The
slit diaphragms are shown in red, the filamentous cell-cell contacts above the slit diaphragm in yellow,
and the filamentous cell-cell contacts below the slit diaphragm in blue. In D, it appears as if there is
a break in the slit diaphragm when viewed from the top or the bottom. We cannot, however, rule out
that this is a technical artifact.
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2.2.5 Discussion

Our data provide novel insight into the peculiar ultrastructure of podocytes by extending
the conventional two-dimensional electron microscopic analysis into a third dimension.
One long-standing puzzle in the podocyte field concerns the question of whether foot
processes of the same podocyte can interact with each other. Very recent light micro-
scopic investigations have suggested that this is not the case (Hackl et al., 2013; Hohne
et al., 2013), but it has to be kept in mind that neighboring foot processes are separated
by a slit with a width of only 40 nm, well below the resolution of conventional light
microscopes. While this manuscript was prepared for submission, an article was published
in which FIB-SEM tomography was used for the partial reconstruction of rat podocytes
(Ichimura et al., 2015). Regrettably, however, the authors did not pay special attention
to the question and therefore did not present any unequivocal evidence whether slit dia-
phragms form between foot processes of the same podocyte or between foot processes of
different podocytes. Our ultrastructural reconstruction of a complete podocyte from an
adult mouse clearly demonstrates that foot processes of the same podocyte do not form
slit diaphragms between each other. This is very surprising and obviously raises the
question of why such an arrangement is necessary and how it is achieved. If the foot
processes of an individual podocyte would interact with each other (homophilic interac-
tion), then podocytes would only be able to gather information locally. Through the
interaction of foot processes originating from different podocytes (heterophilic interac-
tion), the podocyte layer in essence would form a network covering the capillaries
whereby podocytes could collect information such as capillary pressure over large dis-
tances.

How can it be achieved that slit diaphragms form exclusively between foot processes
of different podocytes? One possibility is that podocytes are not a homogeneous popula-
tion of cells but that podocytes exist in distinct “flavors.” These populations would differ
from each other by expressing different cell adhesion proteins which would not be able
to establish homophilic interactions, i.e., foot processes of type “A” podocytes could not
establish slit diaphragms between each other, and neither could foot processes of type
“B” podocytes; instead, slit diaphragms would only form between type A and type B
podocytes. Such a scenario is not completely unlikely because nephrin and Nephl, two
integral membrane proteins of the slit diaphragm, preferentially interact in a heterophilic
fashion (Dworak et al., 2001). Regrettably, our attempts to stain kidney sections for
nephrin and Nephl to subject them to high-resolution stimulated emission depletion
(STED) light microscopy failed, and we therefore were not able to determine whether
nephrin and Nephl are located in a mutually exclusive pattern on foot processes. Fur-
thermore, it has been pointed out that a given podocyte not only interacts with one, but
at least two other podocytes, which in such a model would require at least three different
types of podocytes (see for example Fig. 1 in [Ichimura et al., 2015]).

A more straightforward explanation comes from the pioneering work of Farquhar and
colleagues (Reeves et al., 1978). In their characterization of the morphological events
underlying podocyte differentiation, they have described the transition of podocytes from
simple columnar cells to extensively arborized cells. Already the columnar epithelial cells
are connected to each other by tight junctions; due to their shape, these cells can only
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form tight junctions with neighboring cells and not with themselves. Upon differentiation,
the prospective podocytes first elaborate rather coarse extensions which finally develop
into the fine branches of the mature podocytes. During this process, cell-cell contacts
apparently are maintained: the tight junctions move down from an apical to a basal
location and are transformed into slit diaphragms. Since during this differentiation pro-
cess a single podocyte never loses the cell-cell contacts with its neighbors, it follows
automatically that slit diaphragms only form between neighboring cells. In principle,
there is no reason why slit diaphragms cannot be established between foot processes of
the same podocyte, and indeed this is true for Drosophila, where each nephrocyte is
surrounded by its own basement membrane and nephrocytes do not interact with each
other.

One other surprising result was the identification of two different types of cell-cell
contacts between foot processes. Previous publications have described the occasional ap-
pearance of a supposedly two-layered slit diaphragm in human, rat, murine (Wartiovaara
et al., 2004), and zebrafish glomeruli (Kramer-Zucker et al., 2005). In contrast, our data
reveal the presence of only one layer of planar cell-cell contacts, i.e., the slit diaphragm,
and of several additional punctate filamentous cell-cell contacts. Obviously, the misinter-
pretation in the previous publications was caused by looking only at conventional two-
dimensional electron microscopic pictures. At present, we can only speculate on the na-
ture and function of this novel type of contact. One rather trivial explanation would be
that the filamentous cell-cell contacts represent transition states of the slit diaphragm,
be it newly forming slit diaphragms or remnants of old slit diaphragms. Speaking against
this hypothesis is the observation that despite the complete absence of slit diaphragms
in patients suffering from mutations in the NPHS1 gene, both regularly spaced filtration
slits and altered filtrations slits were seen in the glomeruli of those patients (Ruotsalainen
et al., 2000). In a model in which the slit diaphragm is required to establish the regular
spacing of foot processes, one has to wonder how normal appearing filtrations slits are
generated when a slit diaphragm is not present at any time during kidney development.
The authors of that publication (Ruotsalainen et al., 2000) only mention “fuzzy cell
surface material” between foot processes. It is quite feasible that the filamentous struc-
tures we describe in our current study have been missed in the patients' kidney sections
because conventional electron microscopy was performed, and the kidney samples were
not optimally preserved (kidney samples were obtained from aborted fetuses). We suggest
that the filamentous cell-cell contacts we describe here are required to elaborate regularly
spaced foot processes whereas the slit diaphragm would serve a sieving function and may
possibly also be responsible for the formation of heterophilic cell-cell contacts.

The integral membrane proteins nephrin, Nephl, FAT-1, and P-cadherin are believed
to be components of the slit diaphragm. These molecules belong to different families of
cell-cell adhesion molecules: nephrin and Nephl contain immunoglobulin-like domains,
whereas FAT-1 and P-cadherin are members of the cadherin superfamily. Typically, only
adhesion molecules of the same family are present in one type of cell-cell contacts, such
as cadherins in adherens junctions. If all those different molecules contribute to the for-
mation of slit diaphragms, they would have to interact in one form or another to maintain
a tight slit diaphragm. So far, this has not been demonstrated. We also would like to
point out that all of them have been located by immunogold electron microscopy to the
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filtration slit, a technique which interferes quite drastically with the preservation of the
specimens and does not yield the necessary spatial resolution to precisely determine the
location of the respective proteins. We speculate that the protein composition of the two
types of cell-cell contacts described in our present study only partially overlaps or may
even be distinct from each other, so that there are different sets of proteins which belong
to one type of cell-cell contact or another.
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2.3.1 Abstract

The nephron is the basic physiologic subunit of the mammalian kidney and is made up
of several apicobasally polarized epithelial cell types. The process of apicobasal polariza-
tion in animal cells is controlled by the evolutionarily conserved Crumbs (CRB), Parti-
tioning-defective, and Scribble protein complexes. Here, we investigated the role of pro-
tein associated with LIN-7 1 (Pals1, also known as Mpp5), a core component of the apical
membrane—determining CRB complex in the nephron. Pals] interacting proteins, includ-
ing Crb3 and Wwtrl/Taz, have been linked to renal cyst formation in mice before.

Immunohistologic analysis revealed Palsl expression in renal tubular cells and podo-
cytes of human kidneys. Mice lacking one Palsl allele (functionally haploid for Palsl) in
nephrons developed a fully penetrant phenotype, characterized by cyst formation and
severe defects in renal barrier function, which led to death within 6-8 weeks. In Drosoph-
ila nephrocytes, deficiency of the Palsl ortholog caused alterations in slit-diaphragm-like
structures.

Additional studies in epithelial cell culture models revealed that Palsl functions as a
dose-dependent upstream regulator of the crosstalk between Hippo- and TGF-a—medi-
ated signaling. Furthermore, Palsl haploinsufficiency in mouse kidneys associated with
the upregulation of Hippo pathway target genes and marker genes of TGF-g signaling,
including biomarkers of renal diseases. These findings support a link between apical po-
larity proteins and renal diseases, especially renal cyst diseases. Further investigation of
the Palsl-linked networks is required to decipher the mechanisms underlying the patho-
genesis of these diseases.

2.3.2 Introduction

During nephrogenesis, renal epithelial tissues undergo constant growth and differentia-
tion, including functional diversification of the various segments of the tubule (tubu-
logenesis) and formation of the glomerular filtration barrier. The complex balance be-
tween proliferation and apoptosis that controls nephron maturation and kidney size is
organized by several signal transduction systems, including those activated by Hippo and
TGF-p (Kobayashi et al., 2008; Costantini and Kopan, 2010; Bernascone and Martin-
Belmonte, 2013; Krause et al., 2015).

Apicobasal epithelial cell polarization begins early during the renal vesicle stage and
continues during tubulo- and glomerulogenesis until mature nephrons are formed (Koba-
yashi et al., 2008; Costantini and Kopan, 2010; Krause et al., 2015). Cell polarity is
organized by evolutionarily conserved complexes assembled around the proteins CRB
(Crumbs), PAR (Partitioning-defective), and SCRIB (Scribble), respectively. The CRB
complex, which consists of Crumbs 3, Lin7c (lin-7 homolog C), Palsl (protein associated
with Lin7), and Patj (Palsl-associated tight junction protein), plays a central role in the
determination of apical membranes in epithelial cells (Pieczynski and Margolis, 2011;
Rodriguez-Boulan and Macara, 2014).

Palsl is a member of the evolutionarily conserved membrane-associated guanylate
kinase (MAGUK) family (Kamberov, 2000). It is encoded by the gene Mpp5 (membrane
protein, palmitoylated 5) and its orthologs in Drosophila and zebrafish are referred to as
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Stardust (Sdt) in Drosophila and Nagie Oko (Nok) (Knust et al., 1993; Wei and Malicki,
2002). Palsl is the only apical polarity protein that interacts with all other components
of the CRB complex (Kamberov, 2000; Roh et al., 2002; Roh et al., 2003). Moreover,
Palsl is also able to mediate binding between CRB and PAR complexes, because it
interacts directly with the PAR component Par6 (Hurd et al., 2003). Knockdown studies
in cell culture also revealed an essential role of Palsl in the formation of tight and ad-
herens junctions, indicating that cell junction assembly is closely linked to cell polariza-
tion in epithelial cells (Straight et al., 2004; Wang et al., 2007).

More recent studies suggest that the CRB complex acts upstream of the Hippo sig-
naling pathway, which controls tissue growth and organ size (Chen et al., 2010; Varelas
et al., 2010; Grzeschik et al., 2010; Robinson et al., 2010). Key proteins involved in the
response to Hippo signaling are the transcriptional coactivators Yap (Yes-associated pro-
tein) and Taz (transcriptional coactivator with PDZ-binding motif, gene: Wwtrl). Active
Hippo signaling results in the phosphorylation of Yap or Taz by the large tumor sup-
pressor kinase (Lats kinase), which prevents their nuclear localization. By contrast, non-
phosphorylated Yap/Taz can enter the nucleus to activate the expression of Hippo target
genes (Piccolo et al., 2014; Hansen et al., 2015).

Because polarization and differentiation are highly coordinated during kidney devel-
opment, we have investigated the role of Palsl in these processes.

2.3.3 Results

2.3.3.1 Palsl Haploinsufficiency in Nephrons Induces Early Cell

Death, Proteinuria, and Renal Cyst Formation
[HC staining of a human kidney specimen revealed a high level of expression of Palsl in
all renal epithelia, including tubulus cells and podocytes (Figure 2.3-1A). In order to
address the role of Palsl in the kidney, we examined the in vivo function of Palsl in the
entire nephron. Because Six2-positive cap-mesenchymal cells are precursors of all nephron
epithelia, including podocytes as well as cells of the proximal and distal tubuli, we took
advantage of a Cre-driver mouse line which expresses an EGFP-Cre fusion protein under
the control of the Six2 promoter (Kobayashi et al., 2008). Crosses between the Six2-Cre
driver strain and homozygous conditional Palsl knockout mice (Pals1"") (Kim et al.,
2010) resulted in heterozygous progeny (Pals1*"/%), of which 50% were Cre-positive (Six2-
Cre+) and 50% Cre-negative (Six2-Cre—) (Figure 2.3-1B). When we compared 4-week-
old Six2-Cre+ mice with their Cre-negative littermate controls, we discovered that the
Six2-Cre+ mice, lacking only one of the two Palsl alleles in the nephron, were signifi-
cantly smaller in size and weight (Figure 2.3-1, C and D) and died within the first 45
days (Figure 2.3-1E).
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Figure 2.3-1 Palsl expression is important for the mammalian kidney. (A) Immunohisto-
chemical analysis of human kidney sections revealed high levels of expression of Palsl (red) in both
tubular and glomerular regions of the organ. Left: Overview of Palsl staining in a control biopsy
specimen from a tumor-free human kidney. Scale bar, 200 pm. Middle: In glomeruli, Palsl is predom-
inantly expressed in podocytes. Right: Palsl could also be localized in the apical membrane of renal
tubular cells. Scale bar, 50 pm. (B) Scheme: Crosses between Six2-Cre strain and mice homozygous
for a conditional Palsl knockout allele (Pals1fl/fl) resulted in heterozygous F1 progeny (Palslwt/fl),
half of which are expected to carry the Cre recombinase gene (Six2-Cre+; Palslwt/fl), whereas half
are not (Six2-Cre—; Palslwt/fl). These genotypes are hereafter referred to as Six2-Cre+ and Six2-
Cre—, respectively. (C) A Six2-Cre+ mouse and a Six2-Cre— control photographed 4 weeks after
birth. Note that Six2-Cre+ mice were smaller than their littermate controls. (D) Bodyweight analysis
of Six2-Cre— and Six2-Cre+ mice. (E) Kaplan—-Meyer analysis of Six2-Cre+ and Six2-Cre— mice.

2.3.3.2 Palsl Haploinsufficiency Is Accompanied by the Formation of
Glomerular and Tubular Cysts

Kidneys derived from these mice were poorly perfused with blood (Figure 2.3-2A) and
formed multiple cysts of varying size and morphology (Figure 2.3-2, B-E), which were
completely absent in the littermate control (Figure 2.3-2, B and C). Moreover, Six2-Cre-+
mice of both sexes developed proteinuria, starting 2 weeks after birth and increasing in
severity over the following weeks (Figure 2.3-2F). This suggests that Palsl expression is
crucial for the formation and function of the renal filtration barrier (Figure 2.3-9).
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Figure 2.3-2 Palsl is essential for the nephron function. (A) Bright-field microscopy of kidney
sections from Pals wt/flox-Six2Cre+ (Six2-Cre+) and control mice (Six2-Cre—) shows that Six2-Cre+
kidneys are characterized by cyst-filled and bloodless tissues. (B-D) Periodic acid—Schiff staining of
Six2-Cre+ and Six2-Cre— kidney sections shows the formation of multiple cysts in Six2-Cre+ kidneys.
(C) Littermate control, higher magnification. (D) Palsl-depleted Six2-Cre+ kidney sections, higher
magnification. Numbers mark different cysts, details on the right (d1-4). Scale bar, 50 zm. (E) Dis-
tribution of cyst numbers (left) and sizes (right) in Six2-Cre— and Six2-Cre+ kidneys. (F) SDS-PAGE

analysis of urine from Six2 Cre— and Six2 Cre+ mice reveals proteinuria in Palsl-depleted mice.
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Palsl is expressed along the entire nephron (Figure 2.3-3, Figure 2.3-10). In tubular
cysts, the overall apicobasal polarization of cyst-lining cells was preserved, as Palsl was
predominantly localized at the luminal side in the cysts, indicating that cyst formation
was not necessarily linked to an unpolarized distribution of Palsl. Interestingly, staining
for Pals1 of specimens obtained from patients with autosomal dominant polycystic kidney
disease (ADPKD) confirmed that cyst-lining cells, even in strongly proliferating epithelia,
maintained a predominantly apical Palsl distribution (Figure 2.3-11).
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Figure 2.3-3 Reduced Palsl expression during nephrogenesis results in the formation of
cysts. Immunofluorescence staining of Palsl and costaining with diverse tubulus markers in Six2-
Cre+ kidneys shows that remaining Palsl is located to the apical membrane of all tubular cysts.
Costaining of Palsl with Megalin (proximal tubule marker, [A]), Tamm-Horsfall protein (thick as-

cending limb of the loop of Henle, [B]), 118-HSD (distal tubules, [C]), and AQP2 (collecting duct,
[D]). Scale bar, 50 zm.
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Cysts are formed in various segments of the nephron (Figure 2.3-3, Figure 2.3-10,
Figure 2.3-12), namely in the glomeruli (glomerulocysts), in the proximal tubules (Meg-
alin- and PNA-positive), in distal tubules (113-HSD and PHA positive), and in the col-
lecting duct (AQP2-positive). No cysts were observed in the thick ascending limb of the
loop of Henle (Tamm-Horsfall-positive structures), although Palsl is also expressed in
this nephron segment. The presence of cysts even in regions that still contain both Palsl
alleles indicated the formation of secondary cysts, e.g., in the collecting duct (Figure
2.3-3D, Figure 2.3-12B-D).

2.3.3.3 Palsl Reduction Leads to an Elevated Expression of Hippo
Signaling Target Genes and Nuclear Accumulation of Taz and
Yap in Cyst-Lining Cells
Mice lacking Taz develop a cystic-kidney—like phenotype (Hossain et al., 2007; Tian et
al., 2007; Makita et al., 2008), whereas Yap knockout mice die as embryos (Morin-Ken-
sicki et al., 2006). In Palsl-deficient kidneys, levels of Yap and Taz were strongly reduced
(Figure 2.3-4A). Real-time PCR analyses showed a significant increase in the expression
of Hippo signaling target genes (Ctgf, Birc2, and Cyr61; Figure 2.3-4B) in Pals1-deficient
kidneys, whereas basal expression of Hippo pathway genes ( Yap, Taz/Wwtrl, members
of the Amot and Lats families) and expression of apical polarity genes (with the exception
of Palsl) remained unchanged (Figure 2.3-13). Cryo-immunofluorescence staining using
antibodies with high preference against Yap or Taz (see also Figure 2.3-14) showed a

predominant nuclear distribution of Yap and Taz in cyst-lining cells (Figure 2.3-4, C and
D).
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Figure 2.3-4 Reduced Palsl expression results in altered Hippo signaling. (A) Western
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blot analysis revealed that Palsl, Taz, and Yap, but not actin (loading control), are downregulated
in Palsl-depleted (Six2-Cre+) mice (2=3). (B) Real-time PCR analysis showed increased expression
of the Hippo target genes Citgf, Birc2, Birch, and Cyr61 in Six2-Cre+ mice (data are shown as
mean+SD of at least three independent experiments). (C-D) Colocalization of Yap or Taz with the
DNA-specific dye DAPI confirmed the nuclear accumulation of Yap and Taz in Six2-Cre+ cyst-lining
cells. Asterisks mark cysts and arrows cyst-lining cells. All data shown in (A-D) were obtained from

4-week-old mice.
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2.3.3.4 Stardust Knockdown Causes Dysfunctional Nephrocytes in
Drosophila
Drosophila nephrocytes control the filtration of the hemolymph by means of a podocyte-
like slit-diaphragm (Weavers et al., 2009; Zhuang et al., 2009) and show high reabsorp-
tion and endocytotic activity (Zhang et al., 2013b), thus exhibiting remarkable functional
similarities with mammalian nephrons. Indeed, selective RNAi knockdown of Star-
dust/Sdt (by Sdt RNAi 111/+ or Sdt RNAi 69/+), the Drosophila ortholog of Palsl,
reduced the uptake efficiency of nephrocytes (Figure 2.3-5A) and was accompanied by
the appearance of malformed slit-diaphragm-like structures (Figure 2.3-5, B and C and
details). These uptake defects were rescued by simultaneous downregulation of Yorkie
(Yki RNAi), which is the Drosophila counterpart of both Yap and Taz (Figure 2.3-5D).
This finding indicated that defects in Sdt-depleted nephrocytes were linked to increased
activation of Yki-dependent gene expression. Taken together, our data indicate that an
imbalance in the relative levels of Sdt and Yki cause defects in the architecture of slit-

diaphragm-like structures and function in endocytosis of fly nephrocytes.
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Figure 2.3-5 Stardust (Sdt) knockdown in Drosophila results in dysfunctional nephro-
cytes. (A) In comparison to the control strain (mCherry RNAi/+), depletion of Stardust (Sdt RNAi
111/+4 and Sdt RNAi 69/+) led to strongly reduced filtration rates in RFP accumulation assays.
CTCEF, corrected total cell fluorescence. (B—C) Transmission electron microscopy analysis of wildtype
(B) and Sdt-depleted nephrocytes (C) demonstrated that the defects in RFP endocytosis are accom-
panied by malformation of slit-diaphragm-like structures in Sdt RNAi nephrocytes ([C] and details
in c1—¢2; scale bars, 3 zm, 700 nm, and 300 nm, respectively) compared with the wildtype control
([B], details in b1-2; scale bars, 3 gm, 1 zm, and 500 nm, respectively). (D) Parallel downregulation
of Yki in Sdt RNAi nephrocytes (Std RNAi/+ Yki RNAi/+) completely rescued the defect in RFP
filtration shown in (A). For each genotype, >50 nephrocytes from at least six individuals were scored.

2.3.3.5 Reduced Palsl Expression Results in an Inactivation of Hippo

Signaling In Vitro
To explore the functional consequences of relative loss of Palsl in more detail, we gener-
ated stable Palsl MDCK and HEK293T knockdown cell lines. Introduction of the short
hairpin RNAs shl and sh2 led to a 50%-70% reduction of endogenous Palsl expression
(Figure 2.3-6, Figure 2.3-16).
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Figure 2.3-6 Palsl controls Hippo signaling in vitro. (A) Knockdown of Palsl in MDCK cells
(shl and sh2) decreased expression of Taz and phosphorylation of Yap, relative to control cells.
Expression level of Yap was not affected. Actin served as loading control. (B) Quantification of (A).
(C) Analysis of confluent cells by immunofluorescence microscopy revealed a reduction in the expres-
sion and an increased nuclear localization of Taz (red) in Palsl KD cells. (C-E) We used the 8xGTIIC
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reporter gene system, which expresses luciferase only when Yap/Taz is present in the nucleus, to
analyze inactivation of Hippo signaling. The results of the 8xGTIIC-Lux reporter gene assay showed
that Palsl knockdown significantly enhances Yap/Taz-dependent transcriptional activity (data are
presented as mean+SD and normalized to lane 1). (F) Conversely, Palsl overexpression suppressed
the enhanced Yap/Taz-dependent transcriptional activity in Palsl KD cells. MDCK cells were trans-
fected with myc-Palsl or the empty vector. The data were normalized to the respective lane without
Palsl overexpression. (G) Expression of the Hippo target genes CYR61 and BIRC? is increased in
Palsl KD cells (RT-PCR data are shown as mean+SD of at least three independent experiments).

In MDCK Palsl KD cell lines, Taz expression and Yap phosphorylation (p-Yap S127)
was significantly reduced, whereas Yap levels remained nearly unchanged (Figure 2.3-6,
A and B) indicating that Hippo signaling, which triggers phosphorylation and cytoplas-
mic retention of Yap/Taz, is at least partially inactivated in the knockdown lines. This
is supported by immunofluorescence analysis with Taz and Yap showing a predominant
nuclear distribution in Palsl KD cells (Figure 2.3-6, C and D). Increasing confluence of
MDCK cells resulted in a stepwise export of Yap into the cytoplasm and cell junctions.
By contrast, in Palsl KD cells Taz/Yap kept a predominant nuclear localization even in
confluent cells (Figure 2.3-15).

We further tested whether the altered Yap/Taz localization in Palsl KD cells was
linked to enhanced expression of Yap/Taz target genes. We took advantage of the
8xGTIIC reporter gene system, which expresses luciferase only when Yap/Taz is present
in the nucleus, to analyze inactivation of Hippo signaling (Dupont et al., 2011). We found
that reduced Palsl expression resulted in a significant increase of luciferase activity in
MDCK and HEK293T Palsl KD cell lines (Figure 2.3-6E, Supplemental Figure 8B).
Ectopically expressed Palsl, which compensates the reduced endogenous Palsl expression
in MDCK Palsl KD cell lines, was able to reduce the 8xGTIIC reporter gene activity
(Figure 2.3-6F). Real-time PCR revealed significant upregulation of Hippo target genes
CYR61 and BIRC?in Palsl KD cell lines, indicating again (see also Figure 2.3-4B) that
decreased Palsl expression levels correlate with an activation of Yap/Taz-dependent gene
expression (Figure 2.3-6G, Figure 2.3-16C).

2.3.3.6 Cell Junction Dissociation Leads to Inactivation of Hippo Sig-
naling In Vitro

Knockdown studies in cell culture revealed an essential role of Palsl in the formation of
tight and adherens junctions, indicating that junction assembly is closely linked to cell
polarization in epithelial cells (Straight et al., 2004; Wang et al., 2007). In order to
analyze if the dissociation of cell-cell contacts influences Hippo signaling, monolayers of
MDCK wildtype cells were cultivated under low Ca’" conditions. Ca*" depletion leads to
disassembly of E-Cadherin—positive adherens junctions and ZO-1-positive tight junctions
(Figure 2.3-7TA), which results in a change of Yap and Taz localization (Figure 2.3-7B)
accompanied by an increased expression of Yap/Taz target genes (Figure 2.3-7C).
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Figure 2.3-7 Disassembly of cell-cell contacts inactivates Hippo signaling. (A) Disassembly of
cell-cell contacts in MDCK cells (wildtype) cultivated with Ca2+ (upper panel) and without Ca2+
(lower panel) stained for E-Cadherin (adherens junctions), ZO-1 (tight junctions), and actin cytoskeleton
(Phalloidin). Scale bar, 20 pm. (B) Disassembly of cell-cell contacts by Ca2+ depletion in confluent
wildtype MDCK cells increased nuclear localization of Taz (green) and Yap (red). Scale bars, 20 pm.
(C) Ca2+ depletion resulted in an increased expression of Yap/Taz target genes CYR61 and BIRC2.
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2.3.3.7 Palsl Depletion Results in an Increase in Responsiveness to
TGF-p

Similar to Ca*"-depleted MDCK cells, Pals1 KD cells showed a reduced formation of cell-
cell contacts (Figure 2.3-8, Figure 2.3-15). Previous studies have pointed to a link be-
tween Hippo- and TGF-B—mediated signaling where disruption of the CRB complex en-
hances signaling by TGF-8 and promotes EMT (Varelas et al., 2010). In order to test
whether Palsl depletion in MDCK cells has an effect on TGF-8 signaling, or TGF-p
responsiveness, we used the 3TP-lux reporter gene system (Wrana et al., 1992). We
treated Palsl KD and control cell lines with SB431542, an inhibitor of the TGF-3 recep-
tor, to completely block the endogenous basal activity of the receptor.

Untreated Palsl KD cells showed increased reporter gene activity relative to the un-
treated control cells. Administration of TGF-3 (100 pM) led to a five-fold increase in the
control, but to an 11- to 15-fold increase in reporter gene activity in Palsl KD cells
(Figure 2.3-8B), indicating that Palsl serves as negative regulator of TGF-g-linked sig-
naling. To confirm this, we analyzed expression levels of the TGF-8 target gene Pai-1
(Figure 2.3-8C). The basal level of Pai-1 expression was found to be higher in Palsl KD
cell lines. After treatment with TGF-8, Pai-1 expression increased much more strongly
than in the Palsl KD cell lines. Thus, Palsl depletion results in elevated responsiveness
to TGF-g.
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Figure 2.3-8 Palsl depletion increases responsiveness to TGF-B. (A) In Palsl KD cells, the
junction proteins E-cadherin and ZO-1 are more diffusely distributed and larger fractions of both
remain in the cytoplasm. Instead of showing the normal cortical localization of actin, the knockdown
cells form many stress fibers. MDCK cells were grown to high density, and E-cadherin, ZO-1, and
actin were detected by immunofluorescence microscopy. Scale bars, 20 gm. (B) Palsl knockdown
resulted in an increased luciferase activity in the TGF-B-responsive 3TP-Lux luciferase reporter gene
assay. Twenty-six hours after transfection with p3TP-Lux, control and Palsl KD cells were treated
with the TGF-B receptor antagonist SB431542 (10 zM), TGF-B (100 pM), or the corresponding
solvent controls for 20 hours. 3TP-Lux reporter activity is presented as mean+SD and normalized to
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the value for the respective inhibitor-treated sample. (C) MDCK cells were grown to high density and
treated with TGF-B (500 pM) or control solvent for 2 hours. Real-time PCR analysis revealed in-
creased expression of the TGF-B target gene Pai-1 even under basal conditions, and the gene was

highly induced upon TGF-g treatment.

2.3.3.8 Target Genes of the Hippo Pathway and Marker Genes of
TGF-B Signaling Are Upregulated in Palsl-Depleted Kidneys

Next, we performed microarray analysis and compared the gene expression profile of
kidneys of 4-week-old Six2-Cre+ mice with their corresponding Six2-Cre— littermate
controls. The analyses showed, as expected, a 50% reduction in Pals1 expression in Six2-
Cre+ kidneys.

The data set for each group (each n=3, Figure 2.3-17A) was homogenous, therefore
permitting the gene expression profiles of control (Six2-Cre—) and Palsl-depleted (Six2-
Cre+) kidneys to be compared. By using the Palsl regulation value (+1.5-fold) as thresh-
old for further analysis, we found 1412 transcripts to be differentially expressed (Six2-
Cre+ versus Six2-Cre— littermate controls, see Figure 2.3-17), of which 624 were up- and
788 were downregulated.

Similar to our in vitro results (Figure 2.3-6 and 8), target genes of the Hippo pathway,
but also marker genes of TGF-3 signaling, were significantly upregulated in Palsl-de-
pleted kidneys (Figure 2.3-17, Table 1 Expression of Hippo pathway—associated genes in
Palsl-deficient kidneys compared with the littermate controls. Target genes of the Hippo
signaling pathway and of genes that are affected by crosstalk between the Hippo and
Wnt or Hippo and TGF-B are differentially regulated in Six2-Cre+ kidneys. The table
lists a selection of genes that are significantly (see P value) upregulated in Pals1-deficient
kidneys (Six2-Cre+) and are given in fold-change compared with the littermate controls
(Six2-Cre—). Details of the microarray analysis are summarized in the Supplemental
Material.). Moreover, many of the most highly upregulated genes were biomarkers of
renal diseases, including marker genes for tubular-intestinal (e.g., Kim-1/Haverl,
Ngal/Len2, Endl) and glomerular injury (Zaginl/2; Nphsl/2, Podxl), as well as for fi-
brosis and inflammation (Cc/2/Mcp-1, Gpnmb/Osteoactivin; Supplementary Material,
Table 2).
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Table 1 Expression of Hippo pathway—associated genes in Palsl-deficient kidneys compared

with the littermate controls. Target genes of the Hippo signaling pathway and of genes that are

affected by crosstalk between the Hippo and Wnt or Hippo and TGF-p3 are differentially regulated in

Six2-Cre+ kidneys. The table lists a selection of genes that are significantly (see P value) upregulated

in Palsl-deficient kidneys (Six2-Cre+) and are given in fold-change compared with the littermate con-

trols (Six2-Cre—). Details of the microarray analysis are summarized in the Supplemental Material.

Signaling
Gene Name Pathway Six Cre2- versus Six2-Cre+
Fold Change P Value

Myc myelocytomatosis on- Hippo 3.94 1.31E-04
cogene

Ctgf connective tissue Hippo 2.52 4.01E-04
growth factor

Cyr61 cysteine rich protein Hippo 2.48 5.28E-03
61

Axl AXL receptor tyrosine  Hippo 2.04 6.85E-03
kinase

Birc2 baculoviral IAP re- Hippo 1.87 3.86E-03
peat-containing 2

Runx2 Runt-related transcrip- Hippo 1.54 9.33E-03
tion factor 2

Sox4 SRY (sex-determining  Hippo 2.33 6.34E-05
region Y)-box 4

Teadl TEA domain family Hippo 1.59 9.94E-04
member 1

Serpinel Serine/cysteine pepti-  Hippo/TGF-8 8.60 3.56E-04
dase inhibitor, clade E,
member 1 (Pai-1)

Runx1 Runt-related transcrip- Hippo/TGF-3 4.72 1.95E-04
tion factor 1

Cdknla cyclin-dependent ki- Hippo/TGF-B 2.98 6.59E-05
nase inhibitor 1A

Collal collagen, type I, alpha  Hippo/TGF-3 2.81 6.20E-03
1

Tgfbi TGF, B induced Hippo/TGF-B 2.61 3.55E-03

Colla2 collagen, type I, o 2 Hippo/TGF-8 2.47 7.88E-03

Tgfbl TGF, g 1 Hippo/TGF-B 2.20 3.59E-03

Fos FBJ osteosarcoma on-  Hippo/TGF-g 2.04 1.25E-02

cogene
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Signaling
Gene Name Pathway Six Cre2- versus Six2-Cre+
Fold Change P Value
Junb jun B proto-oncogene Hippo/TGF-B 2.30 2.34E-05
Thbsl thrombospondin 1 Hippo/TGF-8 2.06 1.17E-02
Tefb3 TCF, 8 3 Hippo/TGF-5 190 2.96E-02
Tsc22d1 TSC22 domain family, Hippo/TGF-g 1.78 2.60E-03
member 1
Den decorin Hippo/TGF-g  1.92 2.86E-02
Ifrdl IFN-related develop- Hippo/TGF-B 1.63 3.29E-03

mental regulator 1

2.3.4 Discussion

In this study, we identified Palsl as an essential regulator of renal epithelial morphogen-
esis. Intriguingly, heterozygous mice lacking one Palsl (Mpp5) allele in the nephron de-
veloped a severe proteinuria, showed glomerular and tubular cysts, and died within 2
months of birth. The fact that even a partial reduction in Palsl expression was sufficient
to cause this complex renal phenotype is particularly interesting, given that other murine
models lacking apical polarity proteins, such as Crb3 (Whiteman et al., 2014; Szymaniak
et al., 2015; Charrier et al., 2015) or Lin7c knockout mice (Olsen et al., 2007), showed
milder phenotype in the kidney, which moreover requires the loss of both alleles. These
findings strongly support an essential, specific, and dose-dependent function for Palsl in
the nephron, especially during nephrogenesis.

Previous studies in the cerebral cortex and the retina have shown that partial removal
of Palsl causes severe cortical malformations in the brain and in retinal precursor cells,
respectively (Kim et al., 2010; Cho et al., 2012). This is in line with our data, as it
emphasizes that the level of Palsl expression is crucial for the proper development of
complex tissues. The defects seen at the renal filtration barrier in mice indicate that
podocyte injury is a main factor for the severe proteinuria, suggesting that Pals1-defi-
ciency affects podocytes during glomerulogenesis. The loss of the slit-diaphragm-like
structures in Sdt-depleted nephrocytes, which are the fly model for glomerular podocytes,
confirmed the important role of Palsl at the renal filtration barrier. Moreover, our studies
in nephrocytes confirmed the role of Palsl as an upstream regulator of Hippo signaling,
as the defects caused by knockdown of the Palsl ortholog Sdt were rescued by a simul-
taneous knockdown of Yki. These data extend recent findings that have pointed to a
tight link between polarity proteins and Hippo signaling (Chen et al., 2010; Varelas et
al., 2010; Robinson et al., 2010; Grzeschik et al., 2010).

Despite the evolutionarily conserved role of Palsl and Sdt in controlling Hippo signal-
ing, the presence of two Yki orthologs in mammals, Yap and Taz, argues for tissue-
specific roles of the two proteins in mammalian systems. Indeed, loss of Taz is linked to
pronounced formation of glomerular (Hossain et al., 2007) and tubular cysts (Tian et al.,
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2007; Makita et al., 2008) in several mice models, whereas Yap knockout mice die at
early embryonic stages (Morin-Kensicki et al., 2006). Distinct roles for Yap and Taz in
the kidney have also been shown by Reginensi et al. (2013). These authors generated
mice lacking either Taz, Yap, or both in the nephron and found that only Taz depletion
is linked to a cystic-kidney-like phenotype (Reginensi et al., 2013). Palsl KD cells might
therefore—at least in part—reflect the kidney phenotype seen in Taz knockout mice
(Tian et al., 2007; Hossain et al., 2007; Makita et al., 2008; Reginensi et al., 2013).

Although the overall expression of the cotranscriptional factors Yap and Taz in the
nephron was downregulated in Palsl-deficient kidneys, we observed an increase in the
expression of Yap/Taz target genes. This change is associated with a shift of Yap/Taz
from the cytoplasm into the nucleus in cyst-lining cells. This is also seen in our in vitro
model, in which Taz and Yap show mainly nuclear localization. Consequently, partial
loss of Palsl leads to incomplete inactivation of the Hippo pathway. Our data are in
agreement with findings of Happé et al. who investigated the localization of Yap in mice
models of polycystic kidney disease, as well as in renal tissues from patients with ADPKD
and autosomal recessive polycystic kidney disease (2011). They did not only observe an
upregulation of Yap target genes in an ADPKD mouse model, but also found increased
nuclear localization of Yap in cystic epithelia of renal tissues from patients with ADPKD
and autosomal recessive polycystic kidney disease.

Margolis and colleagues have shown that a loss of Palsl delays the formation of tight
junctions, and is accompanied by a decrease in the transepithelial electrical resistance
(Straight et al., 2004; Wang et al., 2007). These data in turn imply that defects in the
formation of cell-cell contacts prevent the establishment of a tight lateral diffusion barrier
in epithelial cells, which is essential for the separation of apical and basolateral trans-
membrane proteins within the plasma membranes. In this study, we observed that both
Ca’" as well as Palsl depletion triggers Yap/Taz-dependent gene expression, suggesting
that the tightness of junctions is a crucial factor in the control of Hippo signaling. Thus,
our in vitro data probably supports the hypothesis that a reduced Palsl level in vivo
results in a reduced tightness of the various renal epithelia of the nephron, leading to a
more inactivated Hippo signaling pathway in Palsl knockout animals compared with
control animals. However, these conclusions need further confirmation by further in vivo
and 7n vitro studies.

Intriguingly, it was recently shown that failure to establish mature cell-cell contacts
prevents correct basolateral distribution of TGF-3 receptors, and leads to the accumula-
tion of TGF-g receptors at the apical membrane accompanied by a concomitant increase
in the expression of TGF-3 target genes. This observation suggests that delays in the
formation of cell-cell junctions make epithelial cells more susceptible to TGF-g-linked
signaling processes (Varelas et al., 2010; Narimatsu et al., 2015). Indeed, gene expression
analyses of Palsl-deficient kidneys and Palsl KD cell lines revealed an upregulation of
target genes of the TGF-B pathway. Thus, our data are compatible with a model in
which Palsl, beyond its function as a crucial polarity protein, plays a key role as up-
stream regulator of Hippo- and TGF-B-mediated signaling in the nephron. Whether al-
tered TGF-g signaling is linked to CRB complex—dependent cell-density sensing in a
Hippo signaling—dependent (Varelas et al., 2010; Narimatsu et al., 2015) or —independent
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manner (Nallet-Staub et al., 2015) is currently a matter of debate. In any case, imbal-
ances between Hippo and TGF-8 signaling may result in a “signaling catastrophe,” trig-
gering cyst formation due to incomplete inactivation of the Hippo pathway accompanied
by highly increased susceptibility to pathogenic TGF-g signaling. Numerous studies
showed the contribution of impaired TGF-g signaling on glomerular diseases (Tossidou
and Schiffer, 2012; Herman-Edelstein et al., 2013; Edeling et al., 2016). Moreover, it has
been reported that TGF-B signaling contributes to cyst progression and fibrogenesis
(Norman, 2011; Malgorzewicz et al., 2013). Thus, both processes, inactivation of Hippo
and activation of TGF-g signaling, contribute to the injury of glomerular and tubular
nephron epithelia and cyst progression in the nephron.

So far, no mutations in Palsl gene (MPP5) have been associated with renal, and in
particular renal-cystic diseases in humans. The severity of the phenotypes observed in
Palsl-deficient mice emphasizes the central role of this protein in the brain and the
kidney. The fact that Palsl haploinsufficiency causes lethal phenotypes in mice underlines
the importance of Palsl, and makes it unlikely that Palsl/MPP5 itself could be a target
gene for rare inherited diseases. However, Palsl-interacting proteins have been linked to
renal cyst formation in mice (Crb3, Lin7c, and Taz) (Hossain et al., 2007; Olsen et al.,
2007; Tian et al., 2007; Makita et al., 2008; Reginensi et al., 2013; Whiteman et al., 2014;
Szymaniak et al., 2015; Charrier et al., 2015) and to certain kinds of nephronophthisis
(nephrocystin-1 and -4), a human inherited cystic disease of childhood (Delous et al.,
2009). These findings support the hypothesis that apical polarity complexes (CRB and
PAR) are directly or indirectly linked to renal diseases, especially renal cyst diseases.

In summary, our data provide initial insights that Pals] is a negative regulator of the
Hippo and TGF-pB signaling pathways, and is thus directly involved in the process of
nephrogenesis. Future studies should therefore target the Palsl-linked networks, as well
as factors that might control the intracellular turnover and stability of these proteins, in
order to decipher the mechanisms underlying pathogenesis.

2.3.5 Concise Methods

2.3.5.1 Mouse Strains and Genotyping

The Palsi/Mpp5 cKO (conditional knockout, in a C56Bl/6 background) mouse was de-
scribed earlier (Kim et al., 2010). Transgenic Six2-Cre mice were purchased from JAX
(Kobayashi et al., 2008). To provide for EGFP-labeling of Cre-expressing cells and quan-
tification of Cre penetrance in the Palsl cKO mice, we included the double fluorescence
mTomato/mGFP (mT/mG) reporter mouse in our studies (Muzumdar et al., 2007). For
DNA isolation and genotyping, tissue was incubated in lysis buffer (50 mM KCIl, 1.5 mM
MgCly, 10 mM Tris/HCI pHS8.3, 0.45% NP-40 0,45% Tween 20) containing 0.05 g/l
proteinase K (Peqlab Biotechnology, Erlangen, Germany) at 55°C overnight. The pro-
teinase K was then inactivated by incubation at 95°C for 10 minutes, the sample was
centrifuged, and the DNA-containing supernatant was used for genotyping. Cre-positive
mice were identified by PCR, using the primers Cre for (5' GCATTAC-
CGTCGATGCAACGAGTGATGAG 3') and Cre rev (5" GAGTGAACGAAC-
CTGGTCGAAATCAGTGCG 3"), which results in a 450-bp PCR product. Palsl mice
were genotyped as previously described (Kim et al., 2010).
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2.3.5.2 Tissue Preparation and Histologic Analyses

Blocks of cortical tissue were processed by standard procedures for paraffin sections (2
2m) and stained with periodic acid—Schiff.

2.3.5.3 Immunohistologic Analyses

Characterization of Palsl protein expression was done in kidneys from Six-Cre2—
(wildtype) and Six2-Cre+ mice (2=2-3 each) using immunofluorescence microscopy. Par-
affin-embedded formalin-fixed sections (2 zm) were deparaffinized and rehydrated using
standard protocols. Kidney sections were blocked for 45 minutes with 1% (wt/vol) skim
milk (Bio-Rad Laboratories, Munich, Germany) followed by incubation with primary
antibodies (see Table 1) overnight at room temperature and subsequent washing in Tris
buffer (50 mM Tris pH 7.4 supplemented with 0.05% [vol/vol] Tween 20; three times 5
minutes).

Afterwards, the secondary fluorescence-labeled antibodies (see Table 3) were applied
for 30 minutes followed by subsequent washing. For double staining of Palsl with Aqua-
porin 2 the protocol was modified. Sections were stained for Palsl followed by blocking
first with 10% (vol/vol) rabbit serum diluted in Tris buffer and second with donkey anti-
rabbit Fab fragments (1:50 in Tris buffer) for 30 minutes each and interrupted by inten-
sive washing in Tris buffer. DAPI was used to stain nuclei (1:1000 in distilled water for
5 minutes) followed by rinsing in Tris buffer (three times 5 minutes). Finally, sections
were covered with mowiol mounting medium (Calbiochem, La Jolla) and analyzed using
laser scanning confocal microscopy (LSM Zeiss 710 and Zen software; Zeiss GmbH, Jena,
Germany).

2.3.5.4 Cryo-Sections

After explantation, kidney tissue was directly embedded in Tissue-Tek (Sakura Finetek
BV, Leiden, The Netherlands), and frozen sections (4-5 zm) were cut in a cryostat and
mounted on slides. The slides were fixed with methanol/10% H,O, at —20°C for 10
minutes, washed three times with PBS and incubated with 0.1% Triton-X-100 for 10
minutes at room temperature. For staining, the slides were first treated with blocking
solution (5% BSA) for 20 minutes, then incubated with the first antibody solution (in
1% BSA) overnight at room temperature. After washing with PBS, the slides were incu-
bated with the secondary antibody solution (in 1% BSA) for 45 minutes at room tem-
perature. After further repeated washing the nuclei were stained for 5 minutes with DAPI
and embedded in Fluoromount (Sigma-Aldrich) for microscopy.

We analyzed the number and size of glomeruli per kidney section as well as the dis-
tance between visceral and parietal epithelial cells in each glomerulus, and the size and
number of cysts. Kidneys of six littermates (Six2-Cre+ versus Six2-Cre—) and one section
of each kidney were used for quantification purposes. The number of glomeruli represents
the total amount of glomeruli seen per kidney section (whole slides). The size of glomeruli
and the distance between visceral and parietal cells were measured using panoramic
viewer (3DHISTECH). We defined “cysts” as epithelium-lined fluid-filled cavities larger
than approximately 35 zm in diameter and 1000 zan? in area. The total number of cysts
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per kidney section was taken into account. To determine the mean area of cysts per
section, the cysts were treated as circles (A = m?). The diameter was measured with

panoramic viewer, and the area of the cyst (A = mr?) was calculated.

2.3.5.5 Fly Stocks and RFP Accumulation Assay

Drosophila melanogaster stocks were cultured on standard cornmeal-agar food and main-
tained at 25°C. RFP filtration assays were performed at 29°C. Briefly, secreted RFP
(ANP-RFP) is filtrated and taken up by garland nephrocytes, in which protein expression
was downregulated using the nephrocyte-specific UAS/GAL4 driver line sns-GCN:GAL4
(Zhuang et al., 2009) and the following responder lines: UAS::mCherry-RNAi (negative
control, #35778; Bloomington Stock Center, Bloomington, BL), UAS::Sdt-RNAi-111
(#37510; BL), and UAS::Sdt-RNAi-69 (#15342R-2; National Institute of Genetics, Shi-
zuoka, Japan). For rescue experiments, sns-GCN::GAL4, ANP-RFP was recombined
with UAS::Sdt-RNAi-111 and crossed to UAS::Yki-RNAi (#40497; Vienna Drosophila
Resource Center, Austria) and UAS::Yki-S168A (Oh and Irvine, 2009). Garland nephro-
cytes were isolated from wandering third-instar larvae by microdissection in HL3.1 saline
(Feng et al., 2004), fixed in 4% PFA in PBS for 1 hour, stained with DAPI for 20 minutes,
washed with PBS, and mounted in Mowiol. Samples were imaged using an LSM-510
confocal microscope (ZEISS, Jena, Germany) and RFP accumulation in garland nephro-
cytes was subsequently analyzed using ImageJ. For each genotype, >50 nephrocytes from
at least six individuals were scored.

Evaluation of nephrocyte ultrastructure was done by transmission electron micros-
copy. Briefly, garland nephrocytes were microdissected in HL3.1 saline, high-pressure
frozen (EM-PACT2; Leica, Wetzlar, Germany), freeze-substituted in acetone/2%
0s0.4/5% H»0/0.25% uranyl acetate (AFS2; Leica, Wetzlar, Germany), and finally em-
bedded in Epon. For transmission electron microscopy, 70-nm-thick sections were cut
using a diamond knife (Diatome, Biel, Switzerland) with an ultramicrotome (Leica UC6
or UCT; Wetzlar, Germany). Samples were subsequently imaged with a TEM-902 trans-
mission electron microscope (ZEISS, Jena, Germany).

2.3.5.6 Cell Culture and Generation of Stable Cell Lines

MDCK and HEK293T cells were grown in standard DMEM medium (Life Technologies)
supplemented with glutamine and antibiotics (37°C and 5% CO.) as described previously
(Schulze et al., 2014; Wennmann et al., 2014). For Ca*" depletion experiments, MDCK
cells were cultivated in Ca?"-free DMEM (Life Technologies) for 16 hours. Stable knock-
downs of endogenous canine Palsl in MDCK cells were generated using pSuperior-Puro
(Oligoengine) according to the manufacturer’s instructions. The short hairpin sequences
used for silencing of endogenous canine Palsl in MDCK cells were 5'-GCATGGTAC-
GCTGACATTTGT-3" (cPALS1-shl) and 5'-AGAGGATAGTAGACAAGTTCT-3'
for (cPALS1-sh2), and for endogenous human Palsl in HEK293T cells 5'-GCCAG-
TTCATCATAAGGAAGG-3' (hPals1-shl), and 5'-GCTACAGTTCG-
TAATGAAATG-3' (hPalsl-sh2), and 5'-CCTAAGGTTAAGTCGCCCTCG-3' for the
sh control. Selection of pSuperior-Puro—containing cells was done with 1 zg/ml puromy-

cin.
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2.3.5.7 Luciferase Assays

Luciferase assays were performed in MDCK cells to measure Yap/Taz-dependent
(8xGTHC-Lux system) or TGF-p signaling—dependent (3TP-Lux system) gene expres-
sion as described earlier (Varelas et al., 2010; Dupont et al., 2011). To normalize trans-
fection, luciferase reporter genes were cotransfected with pCMV-g gal plasmids. All trans-
fections were done with Lipofectamin 2000 (Life Technologies) according to the
manufacturer’s instructions.

2.3.5.8 Preparation of Cell and Tissue Lysates and Western Blot

Kidneys were homogenized using an ULTRA-TURRAX (IKA) high-performance
disperser in 1x Laemmli buffer (4% SDS, 5% 2-mercaptoethanol, 10% glycerol,
0.002% bromophenol blue, 0.0625 M Tris-HCI; pH 6.8). Cells grown on dishes
were lysed in 1x Laemmli. After boiling for 5 minutes, the sample was pushed
through a 20-gauge needle and equal volumes of lysates were fractionated on 8%—
15% SDS-PAGE gels (Biorad, Munich, Germany) and analyzed by western blot
as described previously (Schulze et al., 2014; Wennmann et al., 2014). Nonspecific
binding of antibodies to unoccupied areas of the PVDF membrane was prevented
by preincubation in blocking solution (5% BSA in TBS-T) for 1 hour. Afterwards,
the membranes were incubated with primary antibodies overnight at 4°C. After
washing the membrane several times in TBS-T, the secondary antibody was ap-
plied for 30 minutes at room temperature and the membrane was washed three
times before incubating with Lumi-Light (Roche) to visualize the specific antigens.

2.3.5.9 Antibodies

The antibodies used for western blot analyses or immunofluorescence studies are listed
in Table 3.

2.3.5.10 Real-Time PCR Analysis and Evaluation

Total RNA was isolated from cells and from mouse tissues using the Mammalian Total
RNA Miniprep Kit (Sigma-Aldrich). To verify the quality of RNA obtained from mouse
tissue samples, the RNA integrity number (RIN) was determined using the RNA 6000
Nano LabChip technology (Agilent Technologies, Santa Clara). Only RNA with RIN>6.7
was used for further analysis. RNA purity values (260/280 and 260/230) were above 1.99,
and 1.8, respectively. The Agilent Bioanalyzer RIN values of the samples indicated no
interfering degradation. Aliquots (1-3 zg) of total RNA were converted into cDNA using
the SuperScript III Reverse Transcription Kit (Invitrogen, Darmstadt, Germany) accord-
ing to the manufacturer’s instructions.

Real-time PCR was performed using the SYBR Green PCR Master Mix (Life Tech-
nologies), the Biorad CFX384 Touch (Bio-Rad Laboratories GmbH, Munich), and Bio-
Rad CFX Manager v3.0 software. Relative expression levels of genes of interest were
calculated as ACt values normalized to the GAPDH control. Sequences of the primers

used are listed in the Supplemental Material.
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2.3.5.11 DN A Microarrays

RNA concentration and purity were measured using a Nanodrop spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA). RNA integrity was checked using an
Agilent Bioanalyzer (software version B.02.07.51532) on an RNA Nano Chip (both Ag-
ilent Technologies Inc., Santa Clara, CA). Probing of Affymetrix GeneChip Mouse Gene
2.0 ST microarrays (Affymetrix UK Ltd., High Wycombe, UK) was performed as de-
scribed in the manufacturer’s protocols. The probes were prepared from 100-ng aliquots
of total RNA in accordance with the instructions supplied with the Affymetrix WT PLUS
Reagent Kit. After hybridization, the arrays were washed and stained using the Affy-
metrix GeneChip Fluidics Station 450 and scanned using the Affymetrix GeneChip Scan-
ner 3000 7G.

2.3.5.12 Microarray Data Analyses

Microarray data quality was checked as recommended by the manufacturer and quanti-
fied using the quality metrics in the Partek Genomics Suite software (Partek Inc., St.
Louis, MO). Statistical analyses of microarray data were performed using the Partek
Genomics Suite. CEL-files (containing raw expression measurements) were imported into
Partek GS. The robust multiarray average algorithm was used for normalization. The
array data were quantile-normalized and log-2—transformed. For each probe, a one-way
ANOVA was performed: Yij = u + Groupi + ¢ij, where Yij represents the jth observation
on the ith group and u is the common effect for the whole experiment. ¢ij represents the
random error present in the jth observation on the ith group. The errors &ij are assumed
to be normally and independently distributed with mean 0 and SD & for all measurements
(Eisenhart, 1947). For each probe, the Fisher least significant difference was tested to
statistically compare the difference between the means of the groups’ expression meas-
urements. An FDR value <0.05 was used as the threshold for significance (Klipper-
Aurbach et al., 1995). Only genes with a fold-change of +1.4 were regarded as signifi-
cantly changed in expression. Microarray raw data will be available through Gene Ex-

pression Omnibus accession number GSE77628.

2.3.5.13 Statistical Analyses

The evaluation was done using GraphPad prism (Graph Pad software). All data show
SD of at least three independent experiments and were analyzed using paired ¢ test. *
P<0.05; ** P<0.01; *** P<0.001.
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2.3.9 Supplementary material

2.3.9.1 Palsl expression during nephrogenesis is crucial for formation
of a functional renal filtration barrier

Palsl expression is crucial for the function of the renal filtration barrier. Numbers of
glomeruli were reduced in 4-week-old Six2-Cre; Palslwt/fl mice (Figure 2.3-9A). Fur-
thermore, in these mice the average distance between the glomerulus and Bowman s
capsule was much larger than in control littermates (Figure 2.3-9B). In contrast to o-
actinin 4 and GAPDH, expression of the slit-diaphragm proteins nephrin and podocin
was strongly reduced in Palsl-deficient kidneys (Figure 2.3-9C). In addition, the nephrin-
like distribution of Palsl (Figure 2.3-9D, upper panel) was clearly altered in injured
glomeruli (Figure 2.3-9D, lower panel).

Examination of Six2-Cre; Palslwt/fl kidneys by light microscopy (Figure 2.3-9E) and
transmission electron microscopy revealed advanced stages of glomerular injury (Figure
2.3-9F, G) and an expansion of the mesangio-capillary area, with podocyte detachment
from the glomerular basement membrane leaving large areas of the GBM bare. In some
areas detached podocytes assembled into clusters that formed crescent-like bridges be-
tween the tuft and Bowman‘s capsule. In early stages of glomerular degeneration podo-
cytes exhibiting widespread foot-process loss and cytoplasm shedding were observed (Fig-
ure 2.3-9G).
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Figure 2.3-9 Palsl expression during nephrogenesis is crucial for formation of a functional
renal filtration barrier. Analysis of the glomerular phenotype of the Six2-Cre; Palslwt/fl (Six2-Cre+)
mutant at 4 weeks of age in comparison with the Palslwt/fl (Six2-Cre-) control. A: Distribution of
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glomerular numbers in Six2-Cre+ and Six2-Cre- mice. B: Distribution of intraglomerular distances (glo-
merulocyst formation) in Palsl-depleted (Six2-Cre+) and control versus (Six2-Cre-) kidneys. C: Western
blot analysis of expression of Palsl, the slit-diaphragm-specific proteins nephrin and podocin, and o-
actinin 4 and GAPDH (loading controls) in independent samples from three Six2-Cre+ and three Six2-
Cre- mice. D: IF analysis of glomeruli derived from Six2-Cre+ and Six2-Cre- mice stained for Palsl (red)
and nephrin (green). Arrows mark areas shown in detail on the right, asterisks mark the glomerulocyst
in the Six2-Cre+ glomerulus. Scale bar: 20 pm. E: Advanced stage of glomerular degeneration: Glomer-
ular profile with massive expansion of the mesangio-capillary area (1), but with only a few clearly defined
capillaries (asterisks). Podocytes have lost contact with the GBM over wide areas, leaving behind ex-
tensive bare tracts of GBM (2). At other sites (3), detaching podocytes with many pseudocysts have
assembled into clusters that form bridges between the tuft and Bowman‘s capsule. LM, Scale bar: 5 pm.
F: Advanced stage of glomerular degeneration: The glomerular basement membrane (GBM) is outlined
in yellow, the parietal basement membrane (PBM) in orange. Glomerular profile containing two lobules
(1 and 2) with podocytes that are in the process of detaching or have already detached from the GBM.
The mesangio-capillary area (enclosed by the GBM) is massively expanded but contains only very few
obvious capillaries (star). The detaching podocytes form a cell cluster floating within Bowman‘s space
(star). The lower-left side of lobule 2 is covered by a huge crescent consisting of fully or partially detached
podocytes that connect the tuft to Bowman'‘s capsule. A similar but smaller crescent is seen at the upper
side of lobule 1; TEM. Scale bar: 20 pm. G: Comparatively early stage of glomerular degeneration:
Glomerular lobule with podocytes that are severely damaged, characterized by widespread loss of foot
processes, pseudocysts (stars) and cytoplasm shedding (arrowheads). Bare areas of GBM are seen at a
few sites (arrows). Major damage is also seen in the GBM (outlined in yellow). Empty spaces in the
mesangium (asterisks) seem to coalesce with remnants of capillaries that contain a trapped erythrocyte
at two sites. TEM. Scale bar: 10 pm.

For TEM analysis small cortical tissue blocks were fixed overnight in Sorensen’s
buffer containing 2.5% glutaraldehyde. Blocks were then treated with 4% OsO4 and
embedded in Epon. Thin sections (1 um) were stained with methylene blue and stud-
ied by light microscopy. Ultrathin sections were stained with uranyl acetate and
studied by transmission electron microscopy (Kriz et al., 2014).
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2.3.9.2 Palsl is expressed in the nephron

s
*

20 um

Figure 2.3-10 Immunofluorescence staining of Palsl and co-staining with diverse tubulus
markers in wildtype mice (6 months). Co-staining of Palsl with Megalin (proximal tubule marker,
A), Tamm-Horsfall Protein (thick ascending limb of the loop of Henle, B), 113-HSD (distal tubules, C)
and AQP2 (collecting duct, D). Scale bar: 50 pm.
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Figure 2.3-11 In cyst-lining cells of ADPKD biopsies, Palsl polarization is only occasionally
perturbed. A, B: Overview of Palsl staining (red) in tumor-free kidney controls shows Palsl-positive
staining in glomeruli and tubular cells. Scale bars: 500 pm (A) and 200 pm (B). C-E: Overview of Palsl
staining (red) in biopsies from ADPKD patients showed Palsl-positive staining in glomeruli (g) and
tubular cells and cyst-lining cells (arrowheads, D-E). Scale bar: 500 ym (C-E). F-J: In ADPKD patients
Palsl is expressed in glomerular podocytes (F, scale bar: 200 nm, detail in G, scale bar: 30 pm), and
predominantly in the apical membrane of dilated cystic tubuli (H, J, arrowheads, Scale bars: 50 pm). In
addition, low levels of Palsl are detectable in the cytoplasm of dilated cystic tubular cells (I, J). K-L:
The overall impression is that Palsl is strongly found in the apical membrane of cyst lining cells. How-
ever, in some cyst lining-cells, Palsl staining is diffuse and not strongly polarized apically (scale bar: 50
pm). Thus, in ADPKD it seems that the hyperproliferative cysts show more diffuse staining. M-O:
Diffuse Palsl staining is detectable in infiltrating cells of ADPKD biopsies. The region marked by the
arrowhead in N is shown at higher magnification in O. Scale bars: 200 pm (M, N) and 50 pm (O). P:
Semi-quantitative evaluation of glomerular Palsl staining in ADPKD compared to tumor-free controls.
Q: Semi-quantitative evaluation of tubular Palsl staining in ADPKD compared to tumor-free controls;
*p<0.002.

2.3.9.3.1 Source of human renal tissue

Archival tissues from core needle biopsies performed between 2003 and 2012 at the De-
partment of Nephropathology (Erlangen, Germany) were used for this study (n = 28).
The morphological diagnosis of focal segmental glomerulosclerosis (FSGS; n=10) was
made by the local pathologist. In addition, Palsl expression was evaluated in 9 biopsies
from patients with autosomal dominant polycystic renal disease (ADPKD). Control tis-
sues without evidence of renal disease (n = 9) were obtained from distant portions of
kidneys that were surgically excised because of the presence of a localized neoplasm. The
use of tissue specimens was approved by the Ethics Committee of the Medical Faculty
of the University of Erlangen.

2.3.9.3.2 Evaluation of Palsl/MPP5 expression in human renal biopsies

To determine the localization and expression level of MPP5 in the healthy and diseased
kidney immunostaining of paraformaldehyde-fixed, paraffin-embedded biopsies was per-
formed. A rabbit anti-Palsl/Mpp5 purchased from Sigma-Aldrich (HPA000993) was used
as the primary antibody. After deparaffination, rehydration and blocking of endogenous
peroxidase, antigens were retrieved in target retrieval solution (DAKO diagnostics, Ham-
burg, Germany) by heating for 1 minute in a pressure cooker. Bound anti-MPP5 antibody
was detected by incubation with biotinylated donkey anti-rabbit antibody and horserad-
ish-conjugated avidin (ZytoChem-Plus AP Polymer kit, Zytomed Systems GmbH, Berlin,
Germany) following the manufacturer’s instructions and using Fast red as substrate.
Negative controls for immunostaining included either omission of the primary antibody
or its substitution with equivalent concentrations of an irrelevant pre-immune rabbit
IgG.

2.3.9.4 Analysis of tubular cyst development



Results 87

Figure 2.3-12 Analysis of tubular cyst development. A-D: Cysts in Palsldepleted kidneys (Six2-

Cre+) were positive for proximal (PNA, red) and distal (PHA, green) tubular markers (A). Some cysts
were positive for the collecting duct marker AQP2 (B). C, D: Crossing of Six2-Cre+ mice (Palslwt/flox
x Six2-Cre+) with the double fluorescence mTomato/mGFP reporter line allows one to visualize Cre-
positive cells (green) in Palsl-deficient kidneys. Cysts showed a green (Cre+) (C), red (Cre-) or a mixed
green-red (D) fluorescence, indicating secondary cyst formation in tubular regions that retain both Palsl
alleles. Asterisks mark cysts, arrowheads cyst-lining regions; Scale bars: 20 pm.

The different sizes and morphologies (Figure 2.3-12B, b1-b3) suggested that cysts devel-
oped from various sections of the nephron. We addressed this by staining with the lectins
PHA (phytoheme agglutinin) and PNA (peanut agglutinin), which specifically mark re-
gions of the proximal and distal tubular parts of the nephron, respectively. Most cysts
could be labeled with PHA or PLA (Figure 2.3-12A). However, some cysts were positive
for the collecting duct marker Aquaporin 2 (Figure 2.3-12B). Since Six2-positive cells are
progenitors of proximal and distal tubules, but not of the collecting duct, this result
argued for progressive cyst formation in nephron sections of non-cap-mesenchymal origin.

To further address this issue, we made use of a genetic approach. Crossing the Six2-
Cre driver with mT/mG reporter mice results in a Cre-dependent fluorescence switch
from red (mTomato) to green (mGFP) fluorescence in all Cre-expressing cells (Muzumdar
et al., 2007; Kao et al., 2012). Therefore, we generated Six2-Cre; mT/mG mice and
crossed them with homozygous conditional Palsl knockout mice to obtain triple trans-
genic Six2-Cre; mT/mG x Palslwt/fl progeny. These animals developed a strong kidney
phenotype similar to that seen in Six2-Cre; Palslwt/fl mice (not shown). As expected,
most of the cyst-lining cells showed green fluorescence (Figure 2.3-12C). However, some
cysts displayed a red or a mixed green-red fluorescence (Figure 2.3-12D), confirming the
occurrence of secondary cyst formation in tubular regions that carry two wild-type Palsl
alleles.
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2.3.9.5 Relative expression levels of target genes of the Hippo path-

way and apical polarity genes
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Figure 2.3-13 Relative expression levels of target genes of the Hippo pathway and apical
polarity genes. A: Real-time PCR analysis revealed no significant differences in expression of targets
of the Hippo pathway in Palsl-deficient kidneys (Six2-Cre+) relative to controls (Six2-Cre-). B: In Pals1-
deficient kidneys (Six2-Cre+) decreased gene expression of Palsl was confirmed. Expression of other
polarity genes was not significantly altered. All data are shown as mean + SD of at least three inde-
pendent experiments.
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2.3.9.6 Immunohistology staining using Taz-/- tissue

Taz knockout Taz wildtype
(Wwtr1 -/-) (Wwitr1 +/+)

¥
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Figure 2.3-14 Immunohistology staining using Taz-/- tissue. The validation of the anti-Taz
antibody from Cell Signaling (#4883) on Taz-/- tissues (kindly provided by T. Benzing and B.
Schermer), indicates a high preference of this antibody for Taz. This antibody has also been used by
Gandhirajan et al. (2016).
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2.3.9.7 Nuclear export of Yap is delayed in Palsl1 KD MDCK cells
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Figure 2.3-15 Nuclear export of Yap is delayed in Palsl1 KD MDCK cells. Immunostaining
analysis of Yap (red) and the junctional marker ZO-1 (green) in control and Palsl KD cells. Increasing
confluence is associated with increasing export of Yap from the nuclei to the cytoplasm in control cells.
In Palsl KD cells (shl), export of YAP from the nucleus is delayed. Even in almost confluent cells (90-
100% confluence) YAP remains predominantly localized in the nuclear compartment. In comparison
with the control, ZO-1 shows a more diffuse distribution, and significant amounts of the protein remain

in the cytoplasm. Scale bars: 50 pm.

2.3.9.8 Reduced Palsl expression in HEK293T cells results in altered
Hippo signaling.
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Figure 2.3-16 Reduced Palsl expression in HEK293T cells results in altered Hippo signal-
ing. A: Knockdown of Palsl in HEK293T cells (shl and sh2) has no influence on Taz and Yap expres-
sion. Actin served as loading control. B: Expression of the Hippo target genes CTGF and CYRG61 is
increased in Palsl KD cells (RT-PCR data are shown as mean + SD of at least three independent
experiments). C: The results of the 8xGTIIC-Lux reporter gene assay showed that Palsl knockdown
significantly enhances Yap/Taz-dependent transcriptional activity (data are presented as mean + SD

and normalized to lane 1).
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2.3.9.9 Gene expression analysis in Palsl-depleted mice versus litter-

mate controls.
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Figure 2.3-17 Gene expression analysis in Palsl-depleted mice versus littermate controls.

Microarray experiments were performed to compare the gene expression profiles of Palsl-depleted Six2-
Cre, Palslwt/fl (Six2-Cre+) mice and their littermate controls Palslwt/fl (Six2-Cre-). A: HEAT map
showing the hierarchical clustering of differentially expressed genes. The data set (each N=3) was ho-

mogenous, allowing the different gene expression profiles to be compared. B: KEGG pathway diagram:

Several target genes of the Hippo pathway, but also genes that respond to TGFp signaling were up-

(green) or downregulated (red) in Palsl-depleted kidneys.
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2.3.9.10 Reduced Palsl expression results in an increased expression of

renal injury marker genes.

Table 2 Reduced Palsl expression results in an increased expression of renal injury marker genes. In

Palsl-deficient kidneys (Six2-Cre+) renal injury marker genes are highly upregulated (selection). The

complete list of differentially expressed genes is given in the suppl. data files SD2 and SD3.

Fold
Gene Alias / Protein change  p-Value  Reference*
Haverl Kidney injury molecule -1 (Kim-1) 29.37 1.03 E-03 Fassett et al., 2011
Lcn2 Lipocalin-2; Neutrophil gelatinase- 12.98 1.16 E-05 Fassett et al., 2011
associated lipocalin (Ngal)
Ednl Endothelin 1 (Et-1) 8.21 9.01 E-06 Kohan and Barton, 2014
C3 Complement component 3 7.46 5.76 E-04 Caliskan and Kiryluk,
2014
Ser- Serine/cysteine peptidase inhibitor, 8.60 3.56 E-04 Malgorzewicz et al., 2013
pinel clade E, member 1 Plasminogen ac-
tivator inhibitor type 1 (Pai-1)
Ltbp2 Latent transforming growth factor 8.67 5.92 E-03 Haase et al., 2014
beta binding protein 2
Gpnmb  Glycoprotein(transmembrane) Nmb  8.74 5.33 E-04 Pahl et al., 2010; Patel-
(HGFIN, Osteoactivin) Chamberlin et al., 2011
MmpT7 Matrix metallopeptidase 7 (Matri- 7.81 1.01 E-04 Surendran et al., 2004
lysin)
Ccl2 CC-chemokine ligand 2; Monocyte 8,93 2.56 E-04 Urbschat et al., 2011
chemoattractant protein-1 (Mcp-1)
Tagln Transgelin 1 (SM22) 7.17 2.24 E-03 Ogawa et al., 2007; Mar-
shall et al., 2011
Tagln2 Transgelin 2 8.93 2.56 E-04 Ogawa et al., 2007; Mar-

shall et al., 2011

*) References or reviews (with reference therein) that previously linked these genes to renal injury.
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2.3.9.11 Extended methods, details of antibodies and primer
Table 3 Antibodies used in the study.
Antigen Species Company Cat # Dilution Dilution
Western Blot IF, IHC
Palsl/Mpp5 rabbit ProteinTech 17710-1-AP 1:1000 1:50
o-Actinin-4 rabbit Alexis ALX-210-356 1:1000
GAPDH mouse Covance Inc. MMS-5808 1:2000
Nephrin guinea pig  Acris BP5030 1:500 1:100
Podocin rabbit Sigma-Aldrich P0372 1:1200
Actin rabbit Sigma-Aldrich A2066 1:1000
E-Cadherin mouse BD Transduction 610182 - 1:100
Z0-1 mouse Invitrogen 61-7300 - 1:50
Yap rabbit Cell signaling tech- XP #14074 1:1000 1:100
nology (CST)
pYap S-127 rabbit CST #4911 1:1000
Taz rabbit CST #4883 1:1000 1:100
Aquaporin2 rabbit Sigma Aldich SAB5200110 1:50
(AQP2)
11-beta-Hydroxysteroid sheep Millipore AB1296 1:100
Dehydrogenase Type 11
(11beta HSD2)
Tamm-Horsefall Protein mouse Santa Cruz labora-  sc-71022 1:50
tories
Megalin mouse Acris DM3613P 1:100
Alexa Fluor 594 Phalloidin - Invitrogen - 1:200
DAPI - Roche - 1:1000
HRP-conjugated secondary Dianova 1:2500
antibodies
Alexa coupled 2nd Abs for - Life technologies 1:1000
IF
Rabbit serum rabbit Dianova 011-000-120 10% in Tris
Anti-rabbit IgG Alexa647 donkey Life technologies A31573 1:200
Anti-rabbit IgG Alexa568 donkey Life technologies A10042 1:200
Anti-mouse IgG Alexa488 donkey Life technologies A21202 1:200
Anti-sheep IgG Alexa568 donkey Life technologies A21099 1:200 1:200
Anti-rabbit Fab fragment donkey Jackson Immuno 711-007-003 1:50

research

Table 4 Primers used for SYBR Green RT-qPCR in mice.
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Target Species Direction Sequence (5°-37)

Amot mouse forward CAGCCAGGGCAACACAGG

Amot mouse reverse GACAGGTGAGCAGAGTGGTC
AmotL1 mouse forward GGGAAAAGCGTAGAGGACCC
AmotL1 mouse reverse TTGAGTGAGGGTTTCCGTGG
AmotL2 mouse forward GGACACCCTCTCTGGACTCT
AmotL2 mouse reverse CATGCACCAAGGCATCACTG
Birc2 mouse forward TGAGCAGCTGTTGTCCACTT
Birc2 mouse reverse GAACCGTCTGTCTCACCAGG
Birch mouse forward GAACCCGATGACAACCCGAT
Birch mouse reverse TGGTCTCCTTTGCAATTTTGTTCT
Ccl2 mouse forward AGCTGTAGTTTTTGTCACCAAGC
Ccl2 mouse reverse TGCTTGAGGTGGTTGTGGAA
Crb3 mouse forward GAGCCTAACAGCACCGGAC

Crb3 mouse reverse CCCGAAGTTTTCGCATGAGC

Ctgf mouse forward GTGTGCACTGCCAAAGATGG
Ctgf mouse reverse ATTTCCCAGGCAGCTTGACC
Cyr61 mouse forward CACTGAAGAGGCTTCCTGTCTT
Cyr61 mouse reverse GATCCGGGTCTCTTTCACCA
GAPDH mouse forward TGGCCTTCCGTGTTCCTACC
GAPDH mouse reverse GGTCCTCAGTGTAGCCCAAGATG
Haverl mouse forward GCATCTCTAAGCGTGGTTGC
Haverl mouse reverse TGCAGCTGGAAGAACCAACA
Latsl mouse forward TGAGAAGAGTGCGGACAGTG
Latsl mouse reverse TGAGATAATCCAACCCGCATCAT
Lats2 mouse forward GCAAGAGATTCGAGAGGGGC
Lats2 mouse reverse CCATCTCCTGGTCACATCCC
Len2 mouse forward ACGGACTACAACCAGTTCGC
Len2 mouse reverse AATGCATTGGTCGGTGGGG

LinTc mouse forward AATGGAGTGAGTGTTGAAGGGG
LinT7c mouse reverse TACAATCACTGGCGTGGAGG

Pals1/Mpp5b

mouse

forward

TCAGGCACTTTTACTGGCCC
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Target Species Direction Sequence (5°-37)

Pals1/Mpp5h mouse reverse AACTGTGGCACCCAATGGAA
Pard3 mouse forward GATGTAACGAGCTGCGGTCT
Pard3 mouse reverse ACCCATTATCCTGCTCAGTGC
Pard6a mouse forward CAGAAACGGGCAGAAGGTGA
Pard6a mouse reverse TGAACCATGTTTGTGCAGCC
Patj mouse forward TATCCTGCAGGTTGTGGCAG
Patj mouse reverse TTCCAGGGTCTCGCCATTTC
Prkez mouse forward TCCGTCTGAAGGCGCAC

Prkez mouse reverse ACAAGGGTCACCTTCACTGTC
Tagln mouse forward TTATGAAGAAAGCCCAGGAGCA
Tagln mouse reverse TTTGTGAGGCAGGCTAAGCA
Taz/Wwtrl mouse forward CTGAGTCCACAGAACCACCC
Taz/Wwtrl nmouse reverse GGGCCCTCCATTGAGGAAAG
Yapl mouse forward CCCTCGTTTTGCCATGAACC
Yapl mouse reverse TGCTCCAGTGTAGGCAACTG

Table 5 Primers used for SYBR Green RT-qPCR in MDCK cell lines.

Target Species Direction Sequence (5’-3°)

Birc2 dog/MDCK  forward GGCCGCGATTAACAGAGGG
Birc2 dog/MDCK  reverse CCTTGCCTGTTTTGGCATGT
Cyr61 dog/MDCK  forward CTGGTCAAAGTTACCGGCCA
Cyr61 dog/MDCK  reverse CCGTTCCAAAAACTGGGAGG
Pai-1 /Serpine 1 dog/MDCK  forward AACCTGGCGGACTTCTCAAG
Pai-1 /Serpine 1  dog/MDCK  reverse ACTGTTCCTGTGGGGTTGTG
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2.4.1 Abstract

Mammalian podocytes, the key determinants of the kidney’s filtration barrier, differenti-
ate from columnar epithelial cells and several key determinants of apical-basal polarity
in the conventional epithelia have been shown to regulate podocyte morphogenesis and
function. However, little is known about the role of Crumbs, a conserved polarity regu-
lator in many epithelia, for slit-diaphragm formation and podocyte function.

In this study, we used Drosophila nephrocytes as model system for mammalian podo-
cytes and identified a conserved function of Crumbs proteins for cellular morphogenesis,
nephrocyte diaphragm assembly/maintenance, and endocytosis. Nephrocyte-specific
knock-down of Crumbs results in disturbed nephrocyte diaphragm assembly/mainte-
nance and decreased endocytosis, which can be rescued by Drosophila Crumbs as well as
human Crumbs2 and Crumbs3, which were both expressed in human podocytes. In con-
trast to the extracellular domain, which facilitates nephrocyte diaphragm assem-
bly /maintenance, the intracellular FERM-interaction motif of Crumbs is essential for
regulating endocytosis. Moreover, Moesin, which binds to the FERM-binding domain of
Crumbs, is essential for efficient endocytosis. Thus, we describe here a new mechanism
of nephrocyte development and function, which is likely to be conserved in mammalian
podocytes.

2.4.2 Introduction

In vertebrates, podocytes play a crucial role in the establishment of the filtration barrier.
A dysfunction of these cells consequently leads to renal failure. During kidney develop-
ment, podocytes acquire a highly specialized morphology, changing their shapes from
columnar epithelial cells to an elaborated outstretched form with primary-, secondary-,
and foot processes, which encompass the glomerular arterioles. Subsequently, the slit
diaphragm, a highly organized structure composed of glycosylated transmembrane pro-
teins and their intracellular adaptors, is established to regulate the filtration slit between
the foot processes.

Beside its core components of podocyte-specific proteins (most importantly, the im-
munoglobulin-domain proteins Nephrin and Nephl and the adaptor protein Podocin (Pa-
trakka and Tryggvason, 2007)), assembly of the slit diaphragm has been reported to
depend on several proteins which localize to the Tight junctions (TJ) in conventional
epithelia (Fukasawa et al., 2009), e.g., Zonula Occludens protein 1 (Huber et al., 2003;
Itoh et al., 2014), PARtitioning defective 3 (Hartleben et al., 2008), and atypical Protein
Kinase C (Hartleben et al., 2008; Hirose et al., 2009; Huber et al., 2009; Hartleben et al.,
2013; Satoh et al., 2014). Thus, podocytes maintain their intrinsic apical-basal polarity
while extending the apical domain [cell body and (foot) processes, facing the urinary
space] and shrinking the basolateral plasma membrane (anchored on the glomerular basal
membrane).

One key determinant of apical-basal polarity in many if not all epithelia is the trans-
membrane protein Crumbs (Crb). Drosophila Crb (DmCrb) functions together with
PAR-3 (Bazooka in Drosophila) to determine the apical plasma membrane domain. Both
complexes counterbalance the activity of the basolateral determinants lethal giant larvae
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(Lgl), discs large (Dlg), and scribble (Scrib) (Tepass, 2012). Apart from one described
exception in boundary cells of the hindgut (Kumichel and Knust, 2014), DmCrb has to
be stabilized at the TJ (or the TJ-homologous region in Drosophila epithelia) by binding
its adaptor protein Stardust (Sdt, Protein associated with Lin-7 one, Pals-1, in mammals)
(Bachmann et al., 2001; Hong et al., 2001; Makarova et al., 2003; Roh et al., 2003;
Straight et al., 2004). The third member of the canonical Crb complex, PATJ (Palsl-
associated TJ protein), is not essential for stabilization of Crb—Sdt in epithelial cells of
the embryonic epidermis but in photoreceptor cells and in cultured mammalian cells
(Michel et al., 2005; Shin et al., 2005; Pénalva and Mirouse, 2012; Zhou and Hong, 2012;
Sen et al., 2012; Sen et al., 2015). Loss of DmCrb results in disturbed apical-basal polar-
ity and defects in adherens junction (AJ) formation (Tepass, 1996).

A .
o o O S A DmcCrb ) Signal peptide
W@%;“U hCrb2 @ Laminin G domain
- ANy
/i hCrb3a | EGF-like domain

— A hcrb3b )
I Transmembrane domain

/\ v FERM-binding motif
FERM-binding PBM U PDZ binding motif ERLI

DmCrb - -ARNKRATRGTYSPSAQEYCNPRLEMDNVLKPPPEERLI
hCrb2 LAARKRRQSEGTYSPSQQEVAGARLEMDSVLKVPPEERLI----- U PDZ binding motif CLPI

hCrb3a RKLREKRQTEGTYRPSSEEQVGARVPPTPNLKLPPEERLI

hCrb3b RKLREKRQTEGTYRPSSEEQFSHAAEARAPQD- - SKETVQGCLPI
PBEM

hCrb2 hCrb3

N ol

Nephrin

Figure 2.4-1 Crb2 and Crb3 are expressed in human podocytes. a Scheme of Drosophila Crb
and hCrb2 and hCrb3 proteins including a sequence alignment of the intracellular domain. PBM PDZ-
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binding motif, FERM 4.1-protein—Ezrin-Radixin-Moesin. b, ¢ Immunostainings of human kidney sec-
tions (cortex). Note that hCrb2 expression is prominent in glomeruli [podocytes (arrow head), endothelial
cells (asterisk), and parietal cells (arrow) in b" and c¢"] but only faint in tubules, whereas hCrb3 is
strongly expressed in both glomeruli and tubules (¢). d Mouse Crb3 colocalizes with mouse Nephrin in
glomeruli of kidney sections of an adult mouse (3 months). e Magnification of the arrow-marked area is
shown in the right panels. Scale bars 100 pm in b and ¢, 50 ym in b' and ¢', 20 pm in b", ¢”, and d,
and 10 pm in e

In contrast to Drosophila, three genes encode Crb proteins in mammals: Expression
of Crbl is restricted to the nervous system (and testis), whereas Crb2 is present in kidney,
testis, placenta, and cerebral cortex. Finally, Crb3 can be detected in many if not all
epithelia (the human protein atlas (Uhlén et al., 2015)) (Lemmers et al., 2004). Loss of
Crb3 in mice has been recently described to be postnatal lethal, but the described defects
in apical-basal polarity in epithelia are not as strong as seen for its Drosophila counter-
part: For instance, the formation of TJ/AJ in the tubular system of the kidney is largely
unaffected (Whiteman et al., 2014). Apart from its function in the retina (Alves et al.,
2013), there is little information about the molecular function of Crb2, although it re-
sembles DmCrb regarding its protein domain structure and is thus likely the direct hom-
ologue in certain tissues. In contrast, Crb3 virtually lacks the extracellular domain (Fig-
ure 2.4-1). Crb2-deficient mice die in embryonic stages, displaying gastrulation defects
(Xiao et al., 2011). Interestingly, mutations in Crb2 are found in patients suffering from
nephrotic syndrome (Ebarasi et al., 2015) or congenital nephrosis (Slavotinek et al.,
2015). Moreover, loss of Crb2 in zebrafish results in defects in foot-process development
and slit-diaphragm assembly (Ebarasi et al., 2009; Ebarasi et al., 2015).

To further explore the function of Crb in podocytes, we used Drosophila nephrocytes
as model system. Nephrocytes have been recently identified as podocyte-homologous cells
exhibiting a striking similarity in morphology, protein expression, and function (Weavers
et al., 2009; Zhuang et al., 2009; Tutor et al., 2014; Na et al., 2015): nephrocytes are
more or less round, mono- (pericardial) or di- (garland) nucleated cells. They are floating
in the larval and adult stage hemolymph in two populations: Garland nephrocytes sur-
rounding the foregut and pericardial nephrocytes lining up on both sides of the heart
tube. One hallmark of these cells is the formation of elongated infoldings of their plasma
membrane. These structures resemble podocyte foot processes and are connected by a
nephrocyte diaphragm at the most exterior part (Figure 2.4-2g). Narrow lacunae are
formed between the foot processes and the nephrocyte diaphragms seal this microcom-
partment towards the extracellular space. The nephrocyte diaphragm has been shown to
be composed of similar proteins as the slit diaphragm in mammals (e.g., Nephrin,
NEPH]1, Podocin), exhibiting a size-selective barrier (Zhuang et al., 2009; Weavers et al.,
2009). Upon filtration of certain substances, presumably toxins and metabolic wastes,
from the hemolymph, these components are endocytosed and intracellularly stored.
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Figure 2.4-2 DmCrb is essential for the function of nephrocytes. a, b DmCrb, Sdt, and PATJ
are expressed in garland nephrocytes and colocalize at the cortex with the Nephrin homologue sticks
and stones (Sns). ¢ Accumulation of secreted RFP in garland nephrocytes was quantified. All RNAi
lines were specifically expressed in nephrocytes using sns::GAL4. An RNAI line against mCherry was
used as control. As PATJ null flies survive until pupal stages, filtration efficiency was scored in larvae
homozygous for PATJ?!, which resulted in approximately the same filtration efficiency as the two RNAi
lines used. d, e Nephrocytes with impaired Sdt expression (Sdt—-RNAi#1) show loss of Crb, PATJ, and
(to some extent) Sns from the cortical region (same settings in d and e). Note that increased imaging
settings give a cortical signal for Sns, but a rather cytosolic or vesicular signal for Crb and Sdt (e'). f
Downregulation of DmCrb by DmCrb—RNAi#1 does not impair localization of PATJ or Sdt, but results
in weaker cortical Sns staining. g—i Transmission electron micrographs of garland nephrocytes. In wild-
type (not shown) or control nephrocytes (g), long, regularly aligned foot processes compose a broad
peripheral area of the cells, outlining parallel lacunae in between the foot processes, which are sealed
with a slit diaphragm. h GFP-Crb expressed from its endogenous promoter [74] localizes at the nephro-
cyte diaphragms (black arrow) as well as along the peripheral outline of the lacunae (red arrows) and in
vesicles close to the cell cortex (green arrows). Garland cells of wild-type flies incubated with GFP
antibody were used as negative control (h'). In nephrocytes with impaired DmCrb expression (i), this
peripheral area is severely disturbed and surface area with nephrocyte diaphragms is drastically reduced
(quantified in Figure 2.4-3j). i', i" are higher magnifications from i taken from an area with irregular
nephrocyte diaphragms (i") or a nephrocyte diaphragm free area (i"). Scale bar 5 pm in a, b, and d—f,

2 pm in g and i, 500 nm in g',i', and i”, and 200 nm in h
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In this study, we investigated the function of Crb in morphogenesis and function of
nephrocytes. DmCrb localizes to the cell periphery and colocalizes with nephrocyte dia-
phragm markers. Knock-down of DmCrb results in a drastic decrease in filtration rate,
disturbed morphology of foot processes, and reduced nephrocyte diaphragms. These de-
fects can be rescued by introduction of RNAi-resistant DmCrb as well as by expression
of each of its human homologues, which are expressed in mouse podocytes, hCrb2 or
hCrb3. Notably, knock-down of Crb disturbs the accumulation of early and late endo-
somes, which can partly be rescued by simultaneous overexpression of Moesin, which
binds to the FERM-binding domain of Crb. In contrast, the assembly or maintenance of
nephrocyte diaphragms does not depend on the interaction with Moesin but on the ex-
tracellular domain.

2.4.3 Materials and methods

2.4.3.1 Drosophila stocks and genetics

Fly stocks were cultured on the standard cornmeal agar food and maintained at 25 C.
For evaluation of filtration efficiency, the nephrocyte-specific driver line sns::GAL4
(Zhuang et al., 2009) was recombined with mhc::ANP-RFP (Zhang et al., 2013b) and
subsequently crossed to the responder lines UAS::mCherry—RNAi (#35778), UAS::Sdt—
RNAi#1 (#37510), UAS::Crb-RNAi#1 (#38373), UAS::PATJ-RNAi (#35747),
UAS::Yrt-RNAi (#36118), UAS:Ex-RNAi (#34968) (Bloomington Stock Center,
Bloomington, IL, USA), UAS:Sdt-RNAi#2 (#15342R-2), UAS::PATJ-RNAi#2
(#12021R-4) (National Institute of Genetics, Shizuoka, Japan), UAS::Moesin-RNAi
(#110654), and UAS::Crb—RNAi#2 (#22076) (Vienna Drosophila Resource Center, Aus-
tria). For rescue experiments, sns::GAL4, mhc:: ANP-RFP was recombined with
UAS::Crb-RNAi#1. The 21-nucleotide targeting sequence of Crb—RNAi#1 is located in
the 3" UTR of Crb mRNA, and thus, expression of this shRNA downregulates endoge-
nous Crb but not Crb expressed from UASt as all constructs used in this study lack the
3" UTR.

The following stocks were established in this study using Phi-C31-integrase system
(Groth et al., 2004) with attP40 (25C) and attPVK00002 (28E): UASt::DmCrb,
UASt::DmCrbarerv (Y10A, E16A, Klebes and Knust, 2000), UASt::DmCrbagrui,
UASt::DmCrbaintra, UASt:DmCrbuga, UASt::DmCrbitaapri;,  UASt::GFP-hCrb2,
UASt::GFP-hCrb2agrL;, UASt::GFP-hCrb2arsrm, UASt::GFP-hCrb2cs0s, UASt::GFP—
hCrb2cessw, UASt::GFP-hCrb2riasg, UASt::GFP-hCrb3a, UASt::GFP-hCrb3aaggw,
UASt::GFP-hCrb3b, and UASt::GFP-hCrb3bacrrr. For GFP-hCrb2, the ORF of GFP
was cloned into an endogenous Sall restriction site in hCrb2 pDONOR201 (Mitsuishi et
al., 2010), placing the GFP 130aa upstream of the transmembrane domain. Cloning of
GFP into the extracellular fragment of hCrb3a and hCrb3b was described elsewhere
(Djuric et al., 2016).

2.4.3.2 Generation of sticks-and-stones antibody

The Sns antibody was generated by injecting chicken with recombinant GST—SnSiua
protein purified from £. coli (Davids Biotechnology, Regensburg, Germany).
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2.4.3.3 ANP-RFP accumulation assay

Garland cell nephrocytes from wandering third instar larvae were microdissected in HLL3.1
saline (Feng et al., 2004), fixed in 4% PFA in PBS for 1 h, stained with DAPT for 20 min,
washed with PBS, and mounted in mowiol. Samples were imaged using an LSM-510
confocal microscope (ZEISS, Jena, Germany) and ANP-RFP accumulation per nephro-
cyte area (CTCF = corrected total cell fluorescence) was subsequently analyzed and
quantified with ImageJ after subtracting the autofluorescent background of dissected
larvae. For each genotype, at least 40 nephrocytes of five independent larvae were quan-
tified. Error bars indicate the standard error of the mean. Significance was determined
by unequal two sample ¢ test with unequal variances: ns > 0.05, *p < 0.05, **p < 0.01,
R p < 0.001.

2.4.3.4 Immunohistochemistry

Garland nephrocytes were dissected as described above and heat-fixed for 20 s in boiling
heat fix saline (0.03% Triton-X100). Subsequently, nephrocytes were washed three times
in PBS + 0.1% Tween 20 and blocked with 1% BSA for 1 h, incubated over night with
primary antibodies in PBS + 0.1% Tween 20 + 1% BSA, washed three times, and incu-
bated for 2 h with secondary antibodies. After three washing steps and DAPI staining,
nephrocytes were mounted with Mowiol. For staining of F-actin, garland nephrocytes
were fixed in 4% PFA in PBS and stained with Phalloidin-Alexa-568 (Molecular Probes).

Primary antibodies used were as follows: mouse anti-Crb (Cq4, 1:50, Development
Study Hybridoma Bank, DSHB), rabbit anti-GFP (1:500, sc-8334, Santa Cruz), guinea
pig anti-PATJ (1:500, Sen et al., 2012), rabbit anti-Sdt (1:1000, Koch et al., in revision),
mouse anti-Sdt (1:20, Berger et al., 2007), and chicken anti-Sns (1:1000, this study).
Guinea pig anti-Rab5 (1:2000), rabbit anti-Rab7 (1:2000), and rabbit anti-Rabll
(1:2000) were kindly provided by A. Nakamura (Tanaka and Nakamura, 2008). Rabbit
anti-Moesin (1:2000) was kindly provided by D. Kiehart (Edwards et al., 1997). Second-
ary antibodies conjugated with Alexa 488, Alexa 568, and Alexa 647 (Life technologies)
were used at 1:400. Images were taken on a Zeiss LSM 710 Meta confocal microscope and
processed using Adobe Photoshop.

Sections of paraffin-embedded human kidney specimen were stained using rabbit anti-
Crb2 (1:50, HPA043674, SIGMA) and rabbit anti-Crb3 (1:50, HPA013835, SIGMA). For
co-staining of Crb3 with Nephrin, Cryo-sections of mouse kidneys were stained using the
following antibodies: rabbit anti-Crb3 (1:50, HPA13835, Sigma) and guinea pig anti-
Nephrin (1:50, Acris, #BP5030).

2.4.3.5 Transmission electron microscopy

Garland nephrocytes of the third instar larvae were microdissected in HLL3.1 saline, high-
pressure frozen (EM-PACT2, Leica, Wetzlar, Germany), freeze-substituted in ace-
tone/2% 0s04/5% H>,0/0.25% uranyl acetate (AFS2, Leica, Wetzlar, Germany), and
embedded in Epon. For transmission electron microscopy, 70-nm-thick sections were cut
using an ultramicrotome (Leica UC6 or UC7, Wetzlar, Germany). For immunostainings
of ultrathin sections, freeze-substitution was performed in acetone/0.2% OsO./5%
H>0/0.25% uranyl acetate and also embedded in Epon. The GFP-fusion protein was
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stained on 70-nm sections using goat anti-GFP (1:20, 600-101-215, Rockland) and a sec-
ondary 6-nm gold-coupled rabbit-a-goat IgG (dilution 1:20). All samples were imaged

with a TEM-902 transmission electron microscope (ZEISS, Jena, Germany).

2.4.4 Results

2.4.4.1 Crb2 and Crb3 are expressed in mammalian podocytes

To study the function of Crb in podocytes development and slit-diaphragm assembly, we
aimed to identify the expression pattern of Crb proteins in this cell type. In contrast to
Drosophila, mammalian genomes contain three genes encoding Crb proteins: CRBI,
CRB2, and CRB3 (Figure 2.4-1a). As expression of Crbl is restricted to neuronal tissues
(and testis), we focused on immunostainings of Crb2 and Crb3 on sections of human
kidney tissue. As depicted in Figure 2.4-1b, Crb2 is highly expressed in human podocytes
(the visceral layer of Bowman’s capsule, arrow head in Figure 2.4-1b" as well as in
endothelial cells surrounding the capillaries (asterisk in Figure 2.4-1b") and in the squa-
mous epithelial cells of the parietal layer (arrow in Figure 2.4-1b"), whereas epithelial
cells of the tubular system are only slightly stained (Figure 2.4-1b), as reported before
(Ebarasi et al., 2015).

In contrast, Crb3 is present in the glomeruli (endothelial cells, podocytes and parietal
cells, Figure 2.4-1c") as well as in tubular epithelial cells (Figure 2.4-1c) and colocalizes
with the slit-diaphragm component Nephrin (murine kidney sections, Figure 2.4-1d, e).
Loss of Crb3 in mice results in kidney cysts, which emerge from tubular segments of the
nephron, whereas most glomeruli seem to be intact (Whiteman et al., 2014). On the other
hand, dysfunction of Crb2 has recently been reported to impair slit-diaphragm /foot-pro-
cess maintenance in zebrafish and mutations in human CRB2 are associated with con-
genital nephrosis or nephrotic syndrome in patients (Ebarasi et al., 2009; Ebarasi et al.,
2015; Slavotinek et al., 2015). However, the strong expression of two Crb variants with
high similarity of its intracellular domain in podocytes suggests the possibility that these
two proteins function (partly) in redundancy. Therefore, we chose Drosophila nephro-
cytes as model system to study the function of Crb in vivo.

2.4.4.2 DmCrb and Sdt are essential for nephrocyte function and mor-

phology
DmCrb, Sdt, and PATJ are expressed in nephrocytes, partly overlapping with the stain-
ing of Sticks-and-stones (Sns), one of the Drosophila Nephrin homologues, in the periph-
eral area, where the nephrocyte diaphragms are assembled (Tepass and Knust, 1990)
(Figure 2.4-2a, b).

To investigate the function of DmCrb in nephrocyte development and filtration effi-
ciency, we performed filtration assays as described previously (Zhang et al., 2013b). In
this system, soluble red fluorescence protein (RFP) is secreted into the larval hemolymph,
which is subsequently filtrated, endocytosed, and stored by nephrocytes (an example for
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the RFP-accumulation assay is described in Figure 2.4-7). Thus, intracellular accumula-
tion of RFP in garland nephrocytes of wandering L3 larvae reflects filtration efficiency
and endocytosis. Indeed, downregulation of Kirre, one of the Drosophila NEPH1 homo-
logues, results in almost abolished filtration efficiency (Figure 2.4-2c).
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Figure 2.4-3 Transmission electron microscopy analysis of rescue nephrocytes. a—h Garland
nephrocytes expressing Crb-RNAi and the indicated rescue transgene were analyzed by electron micros-
copy. i Amount of nephrocyte diaphragms (NDs) per pm surface area (basal membrane) was quantified.
At least three nephrocytes from different individuals were scored. j, k Schematic representation of Crb-

deletion constructs and mutations used in this study. Graphic symbols used are explained in Figure
2.4-1a

Downregulation of DmCrb as well as Sdt significantly decreased filtration efficiency
(Figure 2.4-2c). This effect is specific for DmCrb and Sdt, because it can be rescued by
expression of an RNAi-resistant variant (Figure 2.4-3d). Interestingly, downregulation or
knock-out of PATJ in nephrocytes does not reduce RFP filtration to the same extent as
downregulation of DmCrb or Sdt (Figure 2.4-2c), suggesting that PATJ is not necessary
to stabilize the DmCrb/Sdt complex in nephrocytes, which corresponds to the situation
in the embryonic epidermis and to some extent in cells of the follicular epithelium (Sen
et al., 2012; Pénalva and Mirouse, 2012; Zhou and Hong, 2012).

Loss of Sdt in epithelia leads to destabilization and endocytosis of DmCrb (Hong et
al., 2001; Lin et al., 2015). Similarly, we observed a strong decrease in DmCrb (and
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PATJ) staining in nephrocytes with decreased Sdt expression (Figure 2.4-2e, same set-
tings as in d). Importantly, accumulation of the Nephrin homologue sticks-and-stones at
the peripheral area appears weaker compared to the control. Enhanced exposure reveals
a cytosolic/vesicular staining of DmCrb and PATJ, whereas residual Sns is still cortically
localized (Figure 2.4-2¢’). In contrast, downregulation of DmCrb does not affect localiza-
tion of Sdt or PATJ (Figure 2.4-2f, same setting as d), which is in line with previous
observations in epithelial cells of the embryonic epidermis, where Sdt and PATJ can be
recruited to the apical junction by Bazooka in the absence of Crb (Krahn et al., 2010;
Sen et al., 2015).

Finally, we investigated whether downregulation of DmCrb affects development and
morphology of nephrocytes using electron microscopy. Indeed, formation of foot processes
is significantly disturbed in nephrocytes with downregulated DmCrb. In control nephro-
cytes, the peripheral area is composed of a regularly aligned system of parallel foot pro-
cesses outlining narrow lacunae, which are sealed to the hemolymph compartment by
nephrocyte diaphragms (Figure 2.4-2g).

Notably, Crb localizes to the dense structures of nephrocyte diaphragms (Figure
2.4-2h, black arrow), as well to subcortical vesicles (Figure 2.4-2h, green arrow) and
around the outline of lacunae (Figure 2.4-2h, red arrow), which is in line with im-
munostainings (Figure 2.4-2a, d), showing a cortical staining of Crb, which is significantly
broader than that of sns (Figure 2.4-2d). In contrast to their control counterparts,
nephrocytes with strongly reduced DmCrb protein expression exhibit a dramatically dis-
turbed morphology (Figure 2.4-2i). The peripheral area is irregularly shaped, with a
complete loss of correctly aligned foot processes and strongly reduced amount of nephro-
cyte diaphragms (Figure 2.4-3i). Instead, some big lacunae can be observed, whereas
other parts of the cell periphery lack any lacunae. However, some intact nephrocyte
diaphragms remain at the border of enlarged lacunae (arrow in Figure 2.4-2i"), which
correlates with (reduced but detectable) cortical staining of Sns (Figure 2.4-2f). Morpho-
logical defects and amount of nephrocyte diaphragms in Crb—RNAi expressing nephro-
cytes can be rescued by expression of an RNAi-resistant DmCrb transgene (Figure 2.4-3a,

p).

2.4.4.3 The function of DmCrb regulating nephrocyte diaphragms and
RFP accumulation is conserved in its mammalian homologues
2 and 3

Next, we aimed to investigate whether the function of DmCrb in nephrocytes is con-
served in mammalian Crb2 and Crb3, which are both expressed in mammalian podocytes
(Figure 2.4-1b—e). Human Crb2 (hCrb2) and human Crb3a (hCrb3a) exhibit a high se-
quence similarity in the cytoplasmic domain, both containing the FERM (4.1-protein—
Ezrin—Radixin—Moesin)-binding motif and the C-terminal ERLI motif (Figure 2.4-1a),
which is capable of binding the PDZ domain containing proteins Sdt/Palsl or PAR-6
(Bachmann et al., 2001; Hong et al., 2001; Roh et al., 2002; Roh et al., 2003; Lemmers
et al., 2004; Wang et al., 2004; Kempkens et al., 2006; Whitney et al., 2016). In contrast
to hCrb3a, a second Crb3 isoform, hCrb3b, does not contain the ERLI motif due to
alternative splicing (Fan et al., 2007) (Figure 2.4-1a), and thus, this protein is likely not
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able to bind Pals1/Sdt. Instead, hCrb3b exhibits a CLPI motif, which has been described
to be implicated in ciliogenesis and cell division control (Fan et al., 2007).

hCrb2 and hCrb3a differ in the extracellular domain, which is quite similar to DmCrb
(EGF-like and Laminin A /G-like domains) in case of hCrb2, whereas Crb3a exhibits only
a very short extracellular portion (Figure 2.4-1a) which, however, seems to be sufficient
for localization of the protein to cell-cell contacts (Djuric et al., 2016).

To test, which of the human homologues can complement the DmCrb—RNAi pheno-
types, we confirmed that overexpressed GFP-tagged hCrb2, GFP-hCrb3a, and GFP-
hCrb3b are to some extent colocalizing with DmCrb in the peripheral area of nephrocytes,
overlapping with Sns expression (Figure 2.4-4a—c). Notably, overexpression of its mam-
malian counterparts resulted in a slight expansion of cortical DmCrb localization (Figure
2.4-4a—c, compared to Figure 2.4-2a). Next, we expressed these proteins in nephrocytes
together with DmCrb—RNAi. As depicted in Figure 2.4-4d, e, not only RNAi-resistant
DmCrb but also hCrb2 and all hCrb3 variants can rescue downregulation of DmCrb
regarding the RFP accumulation. Neither deletion of the ERLI motif in hCrb3a
(hCrb3aagerwi), nor deletion of the CLPI motif in hCrb3b (hCrb3bacwei) decreases the
rescue capacity of the mutated proteins, but rather results in enhanced filtration (Figure
2.4-4e). Notably, two recently described mutations of hCrb2 (C6208S, located within the
extracellular domain of hCrb2 between Laminin G domains 1 and 2 and R1249Q), adja-
cent to the transmembrane domain within the cytoplasmic tail), which are associated
with nephrosis (Ebarasi et al., 2015; Slavotinek et al., 2015) rescue downregulation of
DmCrb as efficiently as wild-type hCrb2 (Figure 2.4-4d), producing even an increased
accumulation of RFP in comparison to control nephrocytes. In contrast, a third mutation
(C633W, located in the extracellular domain between Laminin G domains 1 and 2) ex-
hibits only a rescue comparable to control RFP values (Figure 2.4-4d). Considering that
these proteins are overexpressed in the rescue experiments, these results might indicate
a crucial role of the latter mutation in nephrocyte/podocyte function. However, further
experiments using a mammalian system have to be used to elucidate the detailed
pathomechanism.

Ultrastructural analysis of hCrb2- and hCrb3a-rescued nephrocytes reveals a complete
rescue of morphology and nephrocyte diaphragms (Figure 2.4-3g—i). Thus, both human
homologues of DmCrb, which are expressed in human podocytes, are capable of fully
accomplishing DmCrb function in nephrocytes regarding filtration efficiency.
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Figure 2.4-4 Crb function for nephrocyte filtration is conserved throughout evolution. a—c
hCrb2 and hCrb3 isoforms (hCrb3a and hCrb3b, differing at the very C-terminus, as depicted in Figure
2.4-1a) tagged with a GFP (fused into the extracellular domain, next to the transmembrane domain)
were expressed in garland nephrocytes and detected by immunostaining. All three hCrb variants colo-
calize with Sns at the cellular cortex, but show - similar to endogenous DmCrb - an additional subcortical
localization. d, e Rescue experiments in nephrocytes with downregulated endogenous DmCrb and sim-
ultaneous expression of indicated transgenes: accumulation of secreted RFP in garland nephrocytes was

quantified as described above. Scale bars 5pm

2.4.4.4 The extracellular domain is essential for assembly or mainte-

nance of nephrocyte diaphragms but not for endocytosis
The extracellular domain of DmCrb has been reported to facilitate transcellular homo-
philic interaction, thereby stabilizing the protein and contributing to DmCrb function in
regulating apical-basal polarity in epithelia (Letizia et al., 2013). Similarly, dimerization
of the extracellular domain of two Crb2 isoforms regulates cell adhesion in zebrafish
photoreceptor cells (Zou et al., 2012). However, expression of a DmCrb variant, which
consists of the transmembrane domain and the intracellular domain, can at least to some
extent restore apical-basal polarity in crb-deficient epithelia (Wodarz et al., 1995; Klebes
and Knust, 2000). This prompted us to test whether homophilic dimerization or other
interactions of the extracellular domain of DmCrb are essential for its function in nephro-
cytes. Indeed, a truncated version of DmCrb (DmCrbiy.), consisting only of the signal
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peptide, the transmembrane domain and the intracellular tail, is able to restore RFP
accumulation in nephrocytes with downregulated DmCrb (Figure 2.4-4e).

Remarkably, deletion of the Sdt-interaction motif (ERLI) in this construct does not
impair the rescue capacity (Figure 2.4-4e), indicating that Sdt interaction of this motif
is not essential for its function in nephrocyte filtration. However, electron microscopy
analysis and quantification of nephrocyte diaphragms indicate a failure in restoring ul-
trastructure and nephrocyte diaphragms in DmCrbiya and DmCrbigaaerur (Figure 2.4-3e,
f, i). Thus, rescue potential of the intracellular fragment is likely due to restored/en-
hanced endocytosis rather than due to nephrocyte diaphragm assembly or maintenance.

In contrast, deletion of the entire cytoplasmic tail in DmCrb (DmCrbai.) abolishes
the rescue capacity regarding slit-diaphragm assembly (Figure 2.4-3d, i) as well as endo-
cytosis (Figure 2.4-4e), suggesting that the cytoplasmic domain of Crb is essential for
these processes, presumably due to targeting of the protein to the cortex/slit diaphragms
via interaction with either Sdt (by the ERLI motif) or Moesin (via the FERM-binding
motif).

In contrast, hCrb3a exhibits a robust rescue capacity in RFP accumulation as well as
in the amount of nephrocyte diaphragms (Figure 2.4-3h, i, 4f), which is in line with a
recent study describing a role of the short extracellular domain of Crb3 isoforms in lo-
calizing the protein to sites of cell-cell contacts, likely by homophilic interactions (Djuric
et al., 2016).

2.4.4.5 The FERM-binding motif but not the ERLI motif is essential
for RFP accumulation

Finally, we elucidated the contribution of the two known intracellular motifs, which are
conserved from fly to men: the FERM-binding motif facilitates binding of DmCrb to
Yurt, Expanded, and Moesin, thereby modulating the actin cytoskeleton and suppressing
cell proliferation and organ growth by controlling the Hippo pathway (Médina et al.,
2002; Laprise et al., 2006; Grzeschik et al., 2010; Chen et al., 2010; Robinson et al., 2010;
Sherrard and Fehon, 2015).

The C-terminal ERLI motif binds to the adaptor protein Sdt, which is essential for
stabilization of Crb at the subapical region in most epithelial cells (Bachmann et al.,
2001; Hong et al., 2001; Makarova et al., 2003; Roh et al., 2003; Straight et al., 2004),
except of boundary cells in the Drosophila hindgut (Kumichel and Knust, 2014). Fur-
thermore, the adaptor protein PAR-6 has been described to compete with Sdt for binding
to the ERLI motif of DmCrb and mammalian Crb 7z vitro and in cell culture (Lemmers
et al., 2004; Kempkens et al., 2006; Whitney et al., 2016).

However, the robust rescue capacity of hCrb3b and hCrb3aagrL suggests that binding
to Palsl/Sdt might not be essential for the filtration efficiency of nephrocytes. Surpris-
ingly, deletion of the ERLI motif in DmCrb (DmCrbaggei) and hCrb2 (hCrb2agrw) results
in a slightly decreased rescue capacity in comparison to DmCrb, hCrb3b, and
hCrb3aagrL, whereas deletion of the ERLI motif in DmCrbi. does not affect its rescue
capacity (Figure 2.4-4d, e). One reason might be that the turnover (by endocytosis) of
DmCrbagrur could be higher compared to DmCrb, thus disturbing the proteins function
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at the cell surface. In contrast to the ERLI motif, mutation of the FERM motif
(DmCrbarerv and hCrb2arery) entirely abolishes the ability to restore DmCrb function
regarding nephrocytes filtration efficiency (Figure 2.4-4d, e). Ultrastructural analyses and
nephrocyte diaphragm quantifications revealed a close to normal morphology and regular
amount of nephrocyte diaphragms in DmCrbarery and DmCrbagrir (Figure 2.4-3b, ¢, i).
These surprising findings—together with the vice versa effects of DmCrbi,n.—suggest
that Crb functions in two pathways to regulate nephrocyte function: The extracellular
domain facilitates (presumably by homophilic interaction) nephrocyte diaphragm assem-
bly and/or maintenance and (foot-process) morphology, whereas the intracellular tail (in
particular the FERM-binding domain) controls endocytosis (of secreted RFP). Notably,
overexpression of DmCrb or its mammalian homologues hCrb2, hCrb3a, and hCrb3b in
nephrocytes results in an increased accumulation of RFP (Figure 2.4-9), indicating an
enhancement of endocytosis, which is in line with previous results, demonstrating a gain
of apical membrane compartment upon overexpression of Crb in epithelial cells (Wodarz
et al., 1995).
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Figure 2.4-5 Crb controls nephrocyte function by regulating endocytosis. a Endocytosed RFP
accumulates in Rab7-positive vesicles, but does not show overlap with Rab5 (higher magnification in
a'). b Rab7-labeled late endosomes and Rab5-positive early endosomes are decreased in nephrocytes
with downregulated DmCrb (b, same exposure settings as in a, b’ shows optimized settings) in contrast
to control nephrocytes (a). ¢ RFP-accumulation assay of garland nephrocytes with downregulated ex-
pression of Expanded (Ex), Moesin (Moe), or Yurt (Yrt). d Nephrocytes expressing Moesin-RNAi show
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decreased Rabb and to some extent lower Rab7 staining (same exposure settings as in a, d' shows
optimized settings). e Table summarizing the phenotypes observed in nephrocytes with Crb-knock-down

and expression of indicated rescue constructs. Scale bars 1.5 ym in a’' and 5 pm in all other

2.4.4.6 Loss of the FERM-binding domain interaction partner Moesin

phenocopy Crb-knock-down in nephrocytes
Drosophila nephrocytes accumulate and store filtrated substances upon endocytosis. In-
terestingly, mammalian podocytes exhibit a similar high endocytosis capacity to regulate
slit-diaphragm assembly and maintenance (recently reviewed in Inoue and Ishibe, 2015).
Drosophila nephrocytes endocytose secreted RFP and accumulate it in vesicular struc-
tures, which are surrounded by Rab7 staining (but do not costain with Rab5 for early
endosomes or Rabl1 for recycling endosomes), characterizing them as late endosomes or
lysosomes (Figure 2.4-5a and data not shown and Soukup et al., 2009). In contrast to
the nephrocyte diaphragm marker Sns (Figure 2.4-2a), DmCrb shows a staining pattern,
which is not precisely restricted to the absolute outline of the cell, but exhibits a broader
localization (Figure 2.4-2a, d). Furthermore, DmCrb localizes not only to nephrocyte
diaphragms, but also to subcortical vesicles and along the outline of lacunae (Figure
2.4-2h). To investigate whether Crb is implicated in the regulation of endocytosis, we
stained control and DmCrb-downregulated nephrocytes with markers for early (Rabb)
and late endosomes (Rab7). Strikingly, Rab5 and Rab7 staining is dramatically decreased
in nephrocytes with downregulated DmCrb (Figure 2.4-4b, same exposure settings as in
A, B’ shows enhanced settings), reflecting a decrease of early endosomes and late endo-
somes/lysosomes.

To further explore the mechanism how Crb regulates endocytosis, we analyzed the
knock-down phenotypes of the three described interaction partners of the FERM-binding
motif: Whereas knock-down of Yurt and Expanded had only a slight decreasing (Yurt)
or even enhancing (Expanded) effect on RFP accumulation, reduction of Moesin expres-
sion results in a strong reduction of fluorochrome accumulation (Figure 2.4-5c).

Interestingly, knock-down of Moesin in nephrocytes results in a strong decrease in
Rabb-positive early endosomes and a substantial decrease in Rab7-positive late endo-
somes/lysosomes (Figure 2.4-5d), which could be a secondary effect because of the defects
in earlier steps of endocytosis. Besides, downregulation of Moesin also affects the actin
cytoskeleton, ultrastructure, and the amount of nephrocyte diaphragms (Figure 2.4-8a-
c; Figure 2.4-2i). Downregulation of DmCrb in nephrocytes results in a loss of cortical
Moesin (Figure 2.4-6b), which can be rescued by wild-type DmCrb but not by
DmCrbarerm (Figure 2.4-6¢, d). Interestingly, downregulation of Moesin in nephrocytes
leads to abolished cortical staining of Crb (Figure 2.4-8D), indicating that Moesin stabi-
lizes Crb at the cortex, which might explain the morphological defects and reduced
nephrocyte diaphragms in Moesin—RNAi expressing nephrocytes.
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Figure 2.4-6 Cortical Moesin localization depends on the FERM domain of Crb. a In control
garland nephrocytes, Moesin localizes in a dotted pattern at the cell cortex. b Nephrocytes with de-
creased Crb expression show a decreased cortical Moesin accumulation (b), which is diffusely distributed
within the cell. ¢, d Wild-type DmCrb but not DmCrbarerm rescues cortical Moesin localization. Scale
bars 5 pm
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2.4.5 Discussion

Taken together, we have demonstrated that in Drosophila nephrocytes, DmCrb regulates
early endocytosis by interacting with Moesin via its FERM-binding domain. In contrast,
its function in nephrocyte diaphragm assembly/maintenance depends on (presumably
homophilic interaction of) the extracellular domain. These two distinct functions are
conserved throughout evolution as both mammalian homologues, hCrb2, and both hCrb3
isoforms can rescue the defects observed in nephrocytes with downregulation of DmCrb.
Control of endocytosis by Moesin might occur either directly (Barroso-Gonzalez et al.,
2009; Nomachi et al., 2013) or indirectly by affecting the actin cytoskeleton (Speck et al.,
2003; Karagiosis and Ready, 2004): Moesin links the Crb apical polarity complex to the
actin cytoskeleton in Drosophila (Médina et al., 2002; Sherrard and Fehon, 2015; Wei et
al., 2015) and mouse Crb3a interacts with a related FERM-domain containing protein,
Ezrin, suggesting a similar mechanism (Whiteman et al., 2014). Moreover, Moesin regu-
lates the subcortical actin cytoskeleton and loss of Moesin results in polarity defects
(Speck et al., 2003; Karagiosis and Ready, 2004). Consequently, downregulation of
Moesin disturbs cortical accumulation of DmCrb (Figure 2.4-9d), which explains the
morphological defects and decreased amount of nephrocyte diaphragms in these cells. On
the other hand, Moesin has been described to facilitate the pinching-off of clathrin-coated
pits as endocytic vesicles in T cells (Nomachi et al., 2013) and in cervix carcinoma cells
(HeLa) (Barroso-Gonzalez et al., 2009), and thus, it seems to be involved in early steps
of endocytosis. Although we provide compelling evidence that Crb regulates endocytosis
in nephrocytes by recruiting Moesin via its FERM-binding domain, we cannot exclude
that other proteins, which bind directly or indirectly to the FERM-binding motif, are
involved in this process, too. Downregulation of Moesin results in severe morphological
defects and a strong reduction of nephrocyte diaphragms. In contrast, DmCrbarerm res-
cues nephrocyte morphology and diaphragms but not endocytosis. Thus, we conclude
that the Crb—Moesin interaction is essential for regulation of endocytosis, but Moesin
accomplishes independently of its recruitment by Crb another function in regulating cell
morphology and nephrocyte diaphragm assembly, presumably by modulating the actin
cytoskeleton.

Notably, hCrb3a without the ERLI motif and hCrb3b without the CLPI motif as well
as hCrb2 are capable of rescuing DmCrb—RNAi nephrocytes more efficiently compared
to DmCrb or DmCrbiy. (Figure 2.4-4d, e). This is in line with the fact that expression
of hCrb2 and hCrb3b but not of hCrb3a in wild-type nephrocytes increased the endocy-
tosis rate more efficiently than DmCrb (Figure 2.4-9). Although being highly conserved,
the cytoplasmic tails of DmCrb, hCrb2, and hCrb3 isoforms differ in a few amino acids.
Thus, fine-tuned differences in the interaction of these proteins with Moesin (or other
proteins regulating endocytosis) might produce these differences. Apart from that, it
might also be just a matter of either protein stability or protein mobility, which might
be increased in proteins without Sdt binding (AERLI variants). However, the latter is
obviously not the case for the “bigger” Crb proteins DmCrb and hCrb2, because in these
cases, the RFP accumulation is weaker upon deletion of the Sdt-interaction motif. In
contrast, the rescue capacities of Crb3 variants without the Sdt-interaction motif are
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similar or even increased. One explanation would be that in the absence of Sdt binding,
hCrb3 is not as fast removed from the membrane as DmCrb or hCrb2.

Importantly, endocytosis of core components of the slit diaphragm in mammalian
podocytes plays a crucial role in maintaining the filtration barrier (reviewed in Soda and
Ishibe, 2013): Nephrin is endocytosed by clathrin-dependent (Soda et al., 2012) and in-
dependent (Qin et al., 2009) endocytosis. Damaged podocytes in patients, which suffer
from nephrotic syndrome, exhibit an increase in the amount of endocytic vesicles and
decreased Nephrin surface localization. On the other hand, defects in maturation of en-
docytic vesicles result in disturbed morphology of podocytes with vacuoles and loss of
foot processes and slit diaphragms (Klose et al., 2013; Chen et al., 2013). These results
reflect an important role of the endocytic machinery in development and function of
podocytes, which are in line with our findings of a conserved role of Crb-regulating
nephrocyte development and function by modulating endocytosis.
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2.4.7 Supplementary material

ANP-RFP accumulation assay

RFP
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ANP-RFP
Crb-RNAI

Figure 2.4-7 ANP-RFP-accumulation assay. Example of garland nephrocytes with accumulated
RFP (RFP channel is depicted in B, D, F, and H). RFP expressed from the Myosin heavy chain promoter
was secreted into the hemolymph and taken up by cell garland nephrocytes. The tissue was counter-
stained with DAPI (without permeabilizing reagents) to visualize cellular structures (A, C, E, and G).
A garland nephrocyte was outlined in red in A, B, E, and F. The RFP signal within the encircled area
was measured and the signal from unspecific staining (“background”, taken from the tissue of the stom-
ach) was subtracted (encircled in red in C and D and G and H) to obtain a quantification of RFP
accumulation within a single nephrocyte. To quantify the overall accumulation efficiency (as described

in the methods section), we scored at least 40 nephrocytes from 5 independent larvae
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Figure 2.4-8 Downregulation of Moesin affects the ultrastructure and filamentous actin
accumulation of nephrocytes. (A) Transmission electron micrographs of nephrocytes expressing
Moesin—RNAi show a disturbed ultrastructure similar to Crb—-RNAi nephrocytes. (B and C) Phalloidin
staining of control (B) and Crb-RNAIi (C) garland nephrocytes demonstrates a disturbance of cortical
actin in Moesin—-RNAi expressing cells. Note that even in control nephrocytes, actin staining is rather
weak in comparison with surrounding tissues (e.g., proventriculus, arrows). (D) Immunostaining of gar-

land nephrocytes with Moesin—-RNA1 visualizes a loss of cortical Crb and Sns
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Figure 2.4-9 Cortical Moesin localization depends on the FERM domain of Crb. a In control
garland nephrocytes, Moesin localizes in a dotted pattern at the cell cortex. b Nephrocytes with de-
creased Crb expression show a decreased cortical Moesin accumulation (b), which is diffusely distributed
within the cell. ¢, d Wild-type DmCrb but not DmCrbarerum rescues cortical Moesin localization. Scale

bars 5 pm
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3 Discussion

3.1 The Drosophila mnephrocyte: an innovative
approach to research genetic kidney disease

In modern industrialized nations, chronic non-communicable diseases (NCDs) have be-
come the main cause of mortality (Mascie-Taylor and Karim, 2003), including chronic
kidney diseases (CKD), which contribute to the global health burden at an increasing
rate (Mathers and Loncar, 2006). To keep pace with the challenges of modern kidney
medicine, the established methods of research need to be diversified. Scientific progress
in genome analysis led to the identification of numerous genes, which contribute to ne-
phrotic syndrome (NS), when mutated. In many of these cases, the mutations have a
negative effect on podocyte morphology and function (Hildebrandt, 2010; Vivante et al.,
2014; Sadowski et al., 2015), which is detrimental to normal kidney function and a key
factor to precipitate CKD (Smoyer and Mundel, 1998; Greka and Mundel, 2012; Greka,
2016).

During the last decade, Drosophila nephrocytes were shown to be very similar to
mammalian podocytes, both in morphology and molecular features (Weavers et al., 2009;
Zhuang et al., 2009). Most of the orthologs of genes causing nephrosis in human were
found to cause an impairment of nephrocyte function in the fly as well (Hermle et al.,
2017) and the resulting disrupted morphological phenotypes of filtration barrier compo-
nents resembles those found in the mammalian system (Weavers et al., 2009).

In the course of this work, four projects covered different aspects of modelling ne-
phrotic syndrome via the fly nephrocyte system to gain novel or supportive insights in
addition to other model systems. The first manuscript dealt with the characterization of
sample preparation methods, namely the importance of the preparation medium and the
chances and limitations of different fixation methods regarding sample preservation. It
further offered a means of indirect immunodetection of epitopes and described a recon-
structed 3D model of the periphery of a wildtype nephrocyte using STEM tomography.
In the second project, the question was addressed, whether the foot processes of the same
podocyte can interact with one another. To this end, a whole podocyte was reconstructed
from a FIB-SEM dataset. Additionally, the nature of the cell-cell contacts between the
foot processes were characterized in three dimensions by using dual-axis electron tomog-
raphy, combining data obtained from human, mouse and fly. The third project took a
closer look at the role of the cell polarity protein Palsl in epithelial morphogenesis, sug-
gesting an essential, specific and dose-dependent function during nephrogenesis and the
fly system was used to substantiate the data generated in the mouse model. Palsl was
found to be a negative regulator of Hippo and TGF-R signaling and was hence shown to

be directly involved in nephrogenesis. The last project focused on the role of Drosophila
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Crumbs (DmCrb) in the regulation of early endocytosis due to its interaction with Moesin
through its C-terminal FERM-binding domain and its contribution to nephrocyte dia-
phragm assembly/maintenance via its extracellular domain. In a series of rescue experi-
ments with its human homologs and different deletion constructs, the functions of the
different protein domains and the evolutionary conservation within the Crumbs family
were examined.

3.2 The optimal sample preparation method is key
to high quality morphological data

Transmission electron microscopy (TEM) has turned out to be key in the development
of modern cell biology. Compared to classical light microscopy (LM), TEM offers a
greatly higher resolution, thereby paving the way to the initial discovery of several orga-
nelles and other subcellular structures (PALADE and PORTER, 1954). Unfortunately,
electron microscopy does not allow for imaging of water containing samples at room
temperature and under normal pressure, since accelerated electrons only move unhin-
dered under vacuum conditions, in which water would evaporate.

Published data on nephrocyte morphology exclusively rely on standard procedures,
including chemical immersion fixation of the sample via (combinations of) aldehydes and
osmium tetroxide in different buffered salines, dehydration at room temperature and
embedding into a resin. In a comparative study, we demonstrated that the choice of
saline is paramount to ensure optimal preservation of prepared nephrocytes. Due to the
open accessibility to the surrounding medium, their intricate peripheral channel system
is extremely vulnerable to inadequate conditions, e.g. the pH value or the amount of
solvents, like sugars or salts. Phosphate buffered saline (PBS), which is often adjusted to
a pH of 7.4 to mimic the pH of blood, which is often said to represent a physiological
condition in biology and medicine, is not universally suitable for investigation of biolog-
ical samples in an in vitro setting, since pH and osmolarity can differ significantly be-
tween body compartments (Gad, 2008). Especially during preparation for electron mi-
croscopy, residual phosphate in the sample can lead to high-contrast precipitates with
heavy metals like uranyl acetate, lead, or other ions used for negative staining, and ob-
scure important details of the sample ultrastructure (Dykstra and Reuss, 2003). Con-
ducting the preparation and fixation in HL3.1 saline (Feng et al., 2004), a medium imi-
tating the larval hemolymph regarding constituents and pH, lead to strongly improved
ultra-structural preservation, offering highly detailed electron micrographs for morpho-
logical analysis.

Further improvement in preservation was achieved by applying a combination of high-
pressure freezing (HPF) and freeze-substitution (F'S). Instead of exposing it to a slowly
diffusing chemical crosslinking agent and subsequent dehydration at room temperature,
risking delayed and incomplete immobilization as well as introduction of unnecessary
artifacts, the sample is exposed to high-pressure at a very low temperature, immobilizing
the subcellular features, while inhibiting the growth of disruptive ice crystals.
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During the following FS, the sample is gently dehydrated and resin infused, leading
to minimal artifact formation, including shrinkage or varying degrees of fixation. Due to
the limitations imposed by the physics of high-pressure freezing, vitrification of a whole
fly is not possible (Studer et al., 2008). So micro-dissection in hemolymph-like saline,
together with cryo-processing of the samples, produced optimal results and was used to
generate TEM data for all other projects of this work.

We subsequently modified this protocol, to embed nephrocytes for immunostaining,
by reducing the contrasting and post-fixation agent OsOy in the freeze-substitution mix-
ture to 0.2%, thereby creating a trade-off between contrast and loss of antigenicity. After
initial difficulties of direct immunodetection of Crumbs, we chose the indirect approach
via a transgenic fly line containing a GFP-tagged version of the Crb gene and detecting
the tag via an anti-GFP antibody. Considering the abundance of commercially available
animal lines carrying GFP-tagged genes (Morin et al., 2001; Kelso et al., 2004; Buszczak
et al., 2007; Nagarkar-Jaiswal et al., 2015a; Nagarkar-Jaiswal et al., 2015b; Sarov et al.,
2016), this is a universal approach to detect proteins of interest with a single commercial
antibody, which is known to work reliably on Epon sections.

Important for antigenicity is the choice of resin. Compared to acrylic resins like Lowi-
cryl or LR-White, epoxy resins provide superior ultrastructural preservation and epoxide
ultrathin sections of embedded samples are characterized by a smooth surface, resulting
in comparably few epitopes reaching out of the resin, thereby reducing their accessibility
to the primary antibody. By contrast, sections from a Lowicryl block, are more difficult
to section, but offer a rougher surface, leading to a comparably high immunostaining
success. Hence, specific antibody detection on Epon sections indicates a robust and well-
suited method of preparation.

However, in order to approximate the living state of a sample, it is imperative to avoid
unnecessary destructive chemical treatment during the preparation procedure. It is cru-
cial to preserve the structure of the sample to allow antibody detection of epitopes. No
or little osmium tetroxide should be used and aldehyde fixation / room temperature
dehydration should be avoided in favor of HPF / FS. Contrast should mainly be gener-
ated by en bloc negative staining with uranyl acetate and post-staining of the sections
should be avoided in order not to obscure antibody signal.

In further studies, additional improvements could be gained, by via using the cryo-
sectioning method described by Tokuyasu (1973 and 1978), developing a gentler alterna-
tive via solidification by freezing and cutting cryo-sections. He discovered that by im-
mersing aldehyde-fixed samples in high concentrations of sucrose, it could be frozen with
liquid nitrogen and sectioned at very low temperatures (-100°C) in a cryo-ultramicro-
tome, avoiding hardening the sample by resin embedding altogether. Further develop-
ment and research of the technique lead to one of the best and most efficient approaches
to localization studies (Slot and Geuze, 2007).

The aforementioned fluorescent fusion proteins also offer the opportunity to conduct
correlated light and electron microscopy (CLEM): The fluorescent tag can be used to
locate rare events of interest in space and time inside a sample / cell population via LM
and subsequently to take a closer look at the region at a higher resolution via EM or
tomography, revealing its precise ultrastructure and putting the LM data into its cellular
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context (Boer et al., 2015; Karreman et al., 2016). Recently, this approach has been
realized in a semi-automated manner (Schorb et al., 2017).

3.3 The third dimension is essential to understand
complex subcellular structures

Being three-dimensional objects, cells offer a lot of depth information, which can only
be approximated by 2D imaging techniques. Both in the first and second manuscript,
electron tomography is utilized both to enrich the current opinion on the morphology of
nephrocyte cell periphery and to closely characterize the cell-cell contacts between foot
processes. Benefiting from the optimized sample preparation techniques mentioned in the
last chapter, wildtype nephrocytes were micro-dissected, high-pressure frozen and freeze-
substituted, then an 800 pm section was subjected to a STEM tomography and subse-
quently reconstructed and sectioned to create a three-dimensional model of the lacunar
system as well as the prominent subcellular features. Compared to classical TEM tomog-
raphy, a STEM tomography can be applied to relatively thick sections at relatively low
infliction of unnecessary damage (Aoyama et al., 2008), while STEM with a parallel beam
produces tomograms with fewer distortions and artifacts compared to STEM with a con-
verging beam (Biskupek et al., 2010). Passing through the model along the Z-axis of the
model, a shape on one of the Z-layers indicating a straight tube may emerge as a curved
tunnel or even a corridor further extending in Z-direction. A vesicle seemingly budding
off a lacuna turns out to be a long tube or corridor, connecting it to another lacuna
seemingly separated from the first in another layer, and so forth. In sum, we demon-
strated that most of the channel system is interconnected and offered deeper insights
into the overall organization of the cell periphery. Future studies, however, should include
the reconstruction of a whole nephrocyte to fully understand its complex ultrastructure.

The second project addressed the question, whether foot processes of the same murine
podocyte can interact with each other or just exclusively with those of other podocytes.
Although light microscopical data on murine podocytes indicated that adjacent foot pro-
cesses originate from different podocytes only (Hohne et al., 2013), the limited resolution
of light microscopy makes an interpretation of the results difficult at best. With the
ultrastructural reconstruction of a complete murine podocyte created in this project,
unambiguous evidence is offered that podocytes exclusively form slit diaphragms between
foot processes of other podocytes. These strictly heterophilic interactions may be har-
nessed for long range information transfer, i.e. regarding capillary pressure, along the
podocyte network spanning the whole glomerulus.

How are podocytes prevented to form contacts between their own foot processes? It
is conceivable that there are different variants or “flavors” of podocytes instead of a
uniform podocyte population. These flavors would be equipped with different cell adhe-
sion proteins, only able to conduct heterophilic interactions, which is the preferred inter-
action mode of nephrin and Nephl in the slit diaphragm (Dworak et al., 2001). In rat,
however, one single podocyte is able to interact with more than one other podocyte,
according to Ichimura et al. (2015), implying the necessity of at least three different
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flavors. A more likely reason for the exclusively heterophilic interaction between mature
podocytes can be found in their development. The complexly branched cells develop from
columnar cells resembling classical epithelium, connected by tight junctions (Schell et
al., 2014), which can only be formed between adjacent cells. During further differentia-
tion, the junctional belt transitions to the basal aspect and apparently, the contacts are
not severed during this process, thereby remaining unaffected until the podocyte is totally
differentiated.

Within this project, it was moreover discovered that foot processes are connected to
each other by two different types of cell-cell contact. In the past, slit diaphragms in
different species were described as being two-layered, probably a misinterpretation based
on conventional two-dimensional TEM data (Wartiovaara et al., 2004; Kramer-Zucker
et al., 2005). Our three-dimensional datasets indicate, that in human, mouse and fly only
one layer of cell-cell contact continuously connects foot processes to each other, i.e. the
slit diaphragm, and that it is only supplemented by various locally limited filamentous
contacts. The characterizations of these newly discovered contacts remain speculative.
They could be transitional stages of the slit diaphragm, which are either still in develop-
ment or already in degradation. Data from Ruotsalainen et al. (2000) shows, that the
foot processes of podocytes in kidneys of patients lacking NPHS1, which is necessary for
proper development and maintenance of a slit diaphragm, are nevertheless normally
spaced. One could conclude, that this novel kind of contact structure is used to establish
and keep up regular spacing of the interstice between foot processes and that the slit
diaphragm is particularly responsible for the its sieving function. Also, the novel connec-
tion might be a contributing factor to the exclusively heterophilic binding arrangement
mentioned earlier.

3.4 Palsl is a key regulator of epithelial morpho-
genesis in the kidney

In the third project, the role of Palsl during renal morphogenesis is examined by utilizing
the mouse model and then substantiating the findings with data acquired from Drosoph-
ila. Heterozygous mice lacking one Palsl allele in the nephron showed strong renal phe-
notypes like heavy proteinuria, glomerular and tubular cysts, as well as premature death.
This degree of impairment is especially striking, since in comparable mouse models a
total depletion of apical polarity proteins, e.g. Lin7c (Olsen et al., 2007) or Crb3
(Whiteman et al., 2014; Szymaniak et al., 2015; Charrier et al., 2015), led to milder
phenotypes, despite the complete lack of the respective protein, leading to the conclusion
that Palsl is an essential regulator of renal epithelial morphogenesis.

Palsl apparently is necessary for the development of complexly structured tissues,
since partial depletion in mouse embryos caused strong malformations in retinal precursor
cells and the cerebral cortex (Kim et al., 2010; Cho et al., 2012). Depletion of Pals1 takes
a strong toll on the renal filtration barrier, indicating that podocyte injury is the main
reason for the proteinuria and that the detrimental influence is mainly present during
glomerulogenesis. Data from the fly model confirms the effect on the filtration barrier
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and points out a link between cell polarity and Hippo signaling, since knockdown of the
Yap/Taz-homolog Yki rescued a simultaneous Sdt knockdown of the Palsl-homolog Sdt,
reinforcing previous publications (Chen et al., 2010; Varelas et al., 2010; Robinson et al.,
2010; Grzeschik et al., 2010).

The two Yki-homologs Yap and Taz seem to carry out tissue-specific functions in
mammals. Yap-knockout mice die at early age (Morin-Kensicki et al., 2006), while Taz-
knockout leads to both tubular and glomerular cysts (Hossain et al., 2007; Tian et al.,
2007; Makita et al., 2008), which was also shown by Reginensi et al. (2013). In line with
established knowledge, Palsl depletion causes an increase of Yap/Taz target gene ex-
pression, with a simultaneous shift of Yap/Taz into the nucleus, which in parts was also
confirmed in renal tissue of patients with ADPKD and autosomal recessive polycystic
kidney disease (Happé et al., 2011).

Apparently Palsl-depletion is also delaying the development of the epithelial diffusion
barrier, and thus weakening it, since the transepithelial electrical resistance is reduced
(Straight et al., 2004; Wang et al., 2007). Our data indicate that dysregulation of cell-
cell contacts leads to a weakened junctional tightness between cells, but for validation,
additional experiments must be performed.

Localization of basolateral TGF-B receptors is abolished, when mature cell-cell con-
tacts are belatedly established, causing a mislocalization to the apical aspect and higher
expression levels of TGF-B target genes, leading to a higher susceptibility of TGF-B
linked signaling (Varelas et al., 2010; Narimatsu et al., 2015). Both in cell culture exper-
iments and the Pals1-deficient kidney tests, an upregulation of the TGF-p pathway could
be observed. Hence, Palsl was confirmed to play a role as upstream regulator of Hippo
and TGF-B signaling in podocytes. The exact mechanism of the link between TGF-p
signaling and Crb complex epithelial cell-density sensing is not fully understood yet. In
previous studies, TGF-B signaling has been linked to fibrogenesis and cyst progression
(Norman, 2011; Malgorzewicz et al., 2013), and compromised TGF-B signaling has been
connected to glomerular diseases (Tossidou and Schiffer, 2012; Herman-Edelstein et al.,
2013; Edeling et al., 2016). Hence, it is logical to assume that both activation of TGF-B
signaling and inactivation of Hippo signaling contribute to cyst progression as well as
impairment of tubular and glomerular epithelia. All in all, Palsl was shown to be a
negative regulator of the TGF-B and Hippo signaling pathways and hence directly con-
nected to nephrogenesis.

3.5 Crumbs regulates early endocytosis in nephro-
cytes and is involved in diaphragm assembly and
maintenance

The fourth project dealt with the role of Crumbs (DmCrb) in Drosophila nephrocytes
and its involvement in early endocytosis as well as in assembly and maintenance of the
nephrocyte diaphragm. Through its intracellular FERM-binding domain, DmCrb regu-
lates endocytosis via interaction with Moesin, which links the Crb protein complex to
the actin cytoskeleton in Drosophila (Médina et al., 2002; Sherrard and Fehon, 2015; Wei
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et al., 2015). DmCrb also influences diaphragm assembly, likely by homophilic interaction
to its counterparts in other foot processes between the long extracellular domains. Ac-
cording to our rescue experiments, these two functions are evolutionarily conserved, since
hCrb2 as well as both hCrb3 variants can compensate for the defects caused by the
knockdown of endogenous DmCrb expression. It was previously shown that Moesin is
able to regulate endocytosis directly (Barroso-Gonzalez et al., 2009; Nomachi et al., 2013)
or indirectly via interaction with the cytoskeleton (Speck et al., 2003; Karagiosis and
Ready, 2004). In Drosophila, the Crb complex is linked to the cytoskeleton by Moesin
(Médina et al., 2002; Sherrard and Fehon, 2015; Wei et al., 2015) and in the murine
system, the homolog Crb3a has been demonstrated to interact with Ezrin, a similar pro-
tein containing a FERM-binding domain, suggesting an analogous mechanism
(Whiteman et al., 2014). Depletion of Moesin results in perturbed cell polarity in photo-
receptor cells (Karagiosis and Ready, 2004).

Moesin was suggested to be involved in early endocytosis (Barroso-Gonzalez et al.,
2009; Nomachi et al., 2013), its knockdown disrupts the peripheral localization pattern
of DmCrb in nephrocytes and, likely as a result, the number of nephrocyte diaphragms
is reduced and ultrastructural defects are observable. Hence, we deduce that the interac-
tion between DmCrb and Moesin is essential for the regulation of endocytosis. In addi-
tion, however, Moesin seems to be able to regulate cell morphology and assembly of the
nephrocyte diaphragm independently of being recruited by DmCrb.

In the rescue experiments, hCrb2 as well as hCrb3a without ERLI motif and hCrb3b
without CLPI motif counteracted the endocytic defect caused by the DmCrb knockdown
more substantially than DmCrb or DmCrbiy.. (Figure 2.4-4d, e). In wildtype nephrocytes,
overexpression of hCrb2, hCrb3b, but not of hCrb3a, increased the endocytosis rate more
than DmCrb (Figure 2.4-9). These differences could be caused by protein mobility or
stability positively influenced by loss of Sdt binding abilities (AERLI variants), or by
the differences in the cytoplasmic protein between the Crumbs isoforms, causing varia-
tions in the fine regulation of Moesin interaction. Due to the reduction of endocytosis
performance upon deletion of the ERLI-motif, protein mobility or stability cannot be
considered as a reason for the increase of endocytosis performance regarding the longer
Crb variants DmCrb and hCrb2. The rescue capacities of the Crb3 variants without
functional ERLI-motif restore the endocytosis performance to normal or increased values,
which can be explained by the aspect, that DmCrb or hCrb2 is faster removed from the
membrane than hCrb3.

For the development and function of podocytes, the endocytic machinery plays a de-
cisive role. In order to maintain the glomerular filtration barrier, endocytosis of core
components of the SD in mammalian podocytes is very important (see Soda and Ishibe,
2013 for review). Nephrin is both endocytosed via clathrin-independent (Qin et al., 2009)
and clathrin-dependent (Soda et al., 2012) uptake. Furthermore, it has been found that
in patients suffering from nephrotic syndrome, injured podocytes show higher rates of
endocytosis and a reduction of Nephrin at the cell surface. Also, endocytic defects led to
podocytes with vacuoles, lost foot processes and SDs (Klose et al., 2013; Chen et al.,
2013). Taken together, endocytosis can be considered an important factor in development
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and maintenance of normal podocyte function and is affirmed by our data on the con-
served role of Crumbs as a regulator of nephrocyte development and maintenance via
modulation of the endocytosis machinery.
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5 Appendix

5.1 Abbreviations
A

aa — Amino acid

AB - Antibody

ABP - Apicobasal polarity

ADPKD — Autosomal dominant polycystic kidney disease
AJ — Adherens junction

AMOT - Angiomotin

ANP - Atrial natriuretic peptide

aPKC — Atypical protein kinase C

APOL1 - Apolipoprotein L1

AQP2 - Aquaporin 2

B

BIRC2 — Baculoviral TAP repeat containing 2
bp — Base pairs
BSA — Bovine serum albumine

C

Ca - Calcium

CaCl; — Calcium chloride

cAMP - Cyclic adenosine monophosphate

CD2 — Cluster of differentiation 2

Cdc42 — Cell division control protein 42 homolog
CKD - Chronic kidney disease

cKO - Conditional knockout

CLEM - Correlated light and electron microscopy
CMOS - Complementary metal-oxide-semiconductor
CO. — carbon dioxide

Crb — Crumbs

CTEM - Conventional transmission electron microscopy
CTGF - Connective tissue growth factor

CVD - Cardiovascular disease

CYRG61 — Cysteine rich angiogenic inducer 61

D

DAPI - 4’ ,6-Diamidin-2-phenylindol

Dlg — Disc-large

DM - Diabetes mellitus

DMEM - Dulbecco’s Modified Eagle’s medium
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E

EBF2 - Early B-Cell Factor 2

ECM - Extracellular matrix

EGFP — Enhanced green fluorescent protein
EMT - Epithelial-mesenchymal transition
ESRD - End stage renal disease

ET — Electron tomography

F

FBM - FERM binding motif

FERM - 4.1, Ezrin, Radixin and Moesin

FIB-SEM - Focused ion beam scanning electron microscopy
fl — floxed (gene deletion by Cre-lox recombination)

FP — Foot process

FSGS — Focal segmental glumerosclerosis

F'S — Freeze-substitution

G

GAD - Glutardialdehyde

GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
GAL4 - Galactose-responsive transcription factor 4
GBM - Glomerular basement membrane

GCN - Garland cell nephrocyte

GFP — Green fluorescent protein

GFR - Glomerular filtration rate

H

HEPES - 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
HEK - Human embryonic kidney

HL3.1 — Hemolymph-like saline 3.1

HPF - High-pressure freezing

HSD — Hydroxysteroid dehydrogenase

I

IF — Immunofluorescence
IgG — Immunoglobulin G

K

KCl1 - Potassium chloride

KD — Knockdown

KEGG - Kyoto Encyclopedia of Genes and Genomes
KO - Knockout

kV — Kilovolt
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L

LATS — Large tumor suppressor
Lins7c — Lin-7 homolog C
Lgl — Lethal giant larvae

M

MAGUK - Membrane-associated guanylate kinase
MDCK - Madin-Darby canine kidney

MgCl,; — Magnesium chloride

Mpp5 — Membrane protein, palmitoylated 5

N

NaCl — Sodium chloride

NaHCQO; — Sodium bicarbonate

NCD — Non-communicable disease

ND - Nephrocyte diaphragm

NP-40 — Nonyl phenoxypolyethoxylethanol

@)

0s04 — Osmium tetroxide

P

Pai-1 - Plamsinogen activator inhibitor 1
PALS1 - Protein associated with Lin-7 protein
Par — Partition defective

PATJ — PALS1-associated TJ protein

PBM — PDZ binding motif or parietal basement membrane

PBS - Phosphate buffered saline

PCNA — Proliferating cell nuclear antigen
PCP - Planar cell polarity

PCR - Polymerase chain reaction

PDZ — Postsynaptic-density-95/Disc-large /Zona-occludens 1

PHA - Phytoheme agglutinin
PNA - Peanut agglutinin
PVDF - Polyvinylidene fluoride

R

REGTf - Rabbit anti goat
RFP — Red fluorescent protein
RNA - Ribonucleic acid

RNAIi — Ribonucleic acid interference
RT-PCR — Realtime polymerase chain reaction

S
SCRIB - Scribble
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SD - Slit diaphragm

SDS-PAGE — Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Sdt — Stardust

SEM - Scanning electron microscopy

sh — Short hairpin

SIRT — Semi iterative reconstruction technique

Six2 — Sine oculis homeobox homolog 2

SJ — Septate junction

Sns — Sticks-and-stones

SPARC - Secreted protein acidic and rich on cysteine
SRNS - Steroid-resistant nephrotic syndrome

STEM - Scanning transmission electron microscopy

T

Taz - Transcriptional co-activator with PDZ-binding motif (=Wwtrl)
TBS - Tris buffered saline

TEM —Transmission electron microscopy

TGF-p — Transforming growth factor beta 1

THP — Tamm-Horsfall protein

TJ — Tight junction

TM — Transmembrane region

Tris — Tris(hydroxymethyl)aminomethane

U
UAS - Upstream activating sequence

A%
vol — Volume

W

wt — Wildtype

WT1 - Wilms tumor 1 protein

Wwtrl - WW domain containing transcription regulator 1 (=Taz)

Y
Yap — Yes-associated protein
Yki — Yorkie (Drosophila ortholog of Yap and Taz

Z
ZA — Zonula adherens
Z0O-1 — Zonula occludens-1
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Figure 1.2-2 Depiction of a renal corpuscle located inside the renal cortex.........cccceevveveieiiiiinininnnnnnnn... 11
Figure 1.2-3 Nephrogenesis and podocyte development. ..........ooooiiiiiiiiiiiii 12
Figure 1.3-1 Scheme of the core components of the Drosophila Crumbs complex and its proposed
SETIUCTUTE. oo 14
Figure 1.3-2 Scheme of Drosophila Crb and hCrb2 and hCrb3 proteins including a sequence
alignment of the intracellular domain. ..........ccoeeeeiiiiiiiiii 15

Figure 1.3-3

Figure 1.4-1

Figure 1.4-2

Figure 1.4-3

Figure 1.4-4

Figure 2.1-1

Figure 2.1-2

Figure 2.1-3

Figure 2.1-4

Figure 2.1-5

Figure 2.1-6

Figure 2.2-1

Figure 2.2-2

Figure 2.2-3

Figure 2.2-4

Schematic overview of a podocyte foot process and cross-section through a glomerulus.... 17
Location and ultra-structure of Drosophila nephrocytes. .......ooovvvviiiiiiiiiiiiiiiiiiii, 20
Schematic comparison of the filtration barrier in mammals and Drosophila...................... 21

Immunostaining of garland nephrocytes with characteristic early (Rab5) and late
(RabT) endosomal MATKeTrs. .......c.oeiiiiiiiiiiiiiiei et 22

Drosophila nephrocytes take up endogenous fusion proteins after secretion by muscle

£ 1§ LT PRSPPI 23

Micro-dissection in hemolymph like (HL) saline 3.1 improves sample preservation of

Drosophila garland nephrocytes for electron microscopy preparation. ...........cccceeeeeeeeeennnn.. 30
High-pressure freezing and freeze-substitution further improves sample preservation of
Drosophila garland nephrocytes compared to chemical fixation and microwave assisted

embedding for electron microSCOPyY PrepParation.........ccccceeeeeeeeeieeeieieieeeieieeeeeeeeeeeeeeeeeeeeeeeen, 32

Multiple sections of a 3D reconstruction provide additional insights into nephrocyte

CHANNEL SYSTEIML ceieiiiiieieie e 33
3D reconstruction offers unique insights into sub-cellular dynamics of nephrocytes. ......... 35

Sectioned lacunar system from 3D reconstruction of wild-type third instar garland

JITS]0) 1110 o) 4 - M USRS PR UTRRRTR 37

Immuno labeling of genomic Crumbs-GFP on ultrathin sections of Epon-embedded

Drosophila NEPNTOCYTES. ..cceeeieiiieieee e 38
Scanning electron micrograph of a normal glomerulus...........coocooiiiiii 46
Three-dimensional reconstruction of a murine podocyte. ..........ccooeiiiiiiiiiiiiiiiiiiiis 47
Three-dimensional reconstruction of a murine podocyte.........ccceevveeeiieiiieiiiiiiieiniieeee. 48
Illustration of the subpodocyte space and of the ridge-like prominences. ...........cccccevveeeee. 49



Appendix 158
Figure 2.2-5 Pattern of interdigitating foot processes. .........cccoooiiiiiiiiiiiiiii e 50
Figure 2.2-6 Neighboring foot processes are connected by 2 types of cell-cell contacts.......................... 52
Figure 2.3-1 Palsl expression is important for the mammalian kidney..............ccoooooi. 59
Figure 2.3-2 Palsl is essential for the nephron function.................cccoccci 60
Figure 2.3-3 Reduced Palsl expression during nephrogenesis results in the formation

OF G S e e 62
Figure 2.3-4 Reduced Palsl expression results in altered Hippo signaling. ...........cccceeeeeeeeiieinnnnnnnnnnnnnnn. 64
Figure 2.3-5 Stardust (Sdt) knockdown in Drosophila results in dysfunctional

NEPRTOCTEES. .. .eeeieeiii ettt e et e e e e e 66
Figure 2.3-6 Palsl controls Hippo signaling in VItro. .......ooeeeeiiieiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 67
Figure 2.3-7 Disassembly of cell-cell contacts inactivates Hippo signaling............ccccceeeeiiiiiiinnnn. 69
Figure 2.3-8 Palsl depletion increases responsiveness t0 TGF-R. ..coovviiiiiiiiiiiiii, 71
Figure 2.3-9 Palsl expression during nephrogenesis is crucial for formation of a

functional renal filtration Darrier. ........oooeviiiiiiiiiiii 82

Figure 2.3-10

Figure 2.3-11

Figure 2.3-12

Figure 2.3-13

Figure 2.3-14

Figure 2.3-15

Figure 2.3-16

Figure 2.3-17

Figure 2.4-1

Figure 2.4-2

Figure 2.4-3

Figure 2.4-4

Immunofluorescence staining of Palsl and co-staining with diverse tubulus markers in
wildtype mice (6 MONEIS). ...oiiiiiiiiiiiii e 84

In cyst-lining cells of ADPKD biopsies, Palsl polarization is only
occasionally Perturbed. ... e 86

Analysis of tubular cyst development. ........coeeeeeiiiiiiiiiiiiii 87

Relative expression levels of target genes of the Hippo pathway and apical polarity

eS0T PRt 88
Immunohistology staining using Taz-/- tISSUE. ..c.c..covuiiriiiiiiiiiiiiiiiciieie e 89
Nuclear export of Yap is delayed in Palsl KD MDCK cells. .....coooveevieiiiiiiiiiiiiiiienieeee. 91
Reduced Palsl expression in HEK293T cells results in altered Hippo signaling. ............... 91
Gene expression analysis in Palsl-depleted mice versus littermate controls. ..................... 93
Crb2 and Crb3 are expressed in human podoCytes. ..........eueeeeeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieae 100
DmCrb is essential for the function of nephrocytes. ............cccccoiiiiii 102
Transmission electron microscopy analysis of rescue nephrocytes..........ccceeeeeeeieieenennnnnn.. 106

Crb function for nephrocyte filtration is conserved throughout
EVOLUBION. 1ot 109



Appendix 159
Figure 2.4-5 Crb controls nephrocyte function by regulating endocytosis.........cocociiiiiiiiiniiiiiin. 111
Figure 2.4-6 Cortical Moesin localization depends on the FERM domain of Crb. ...............c...oe 113
Figure 2.4-7 ANP-RFP-accumulation assay. ........cccccoouiiieriiiiiriiiieiiieeeniiee et e e 116
Figure 2.4-8 Downregulation of Moesin affects the ultrastructure and filamentous

actin accumulation of NEPRTOCYES. ..cvvvieirieieieiieeie e 116
Figure 2.4-9 Cortical Moesin localization depends on the FERM domain of Crb. ...............c...oe 117



Appendix 160

5.3 Acknowledgements

Am Schluss dieser Arbeit méchte ich allen Leuten danken, die durch ihr Mitwirken zum
Gelingen dieser Arbeit beitrugen.

Zuallererst gilt mein aufrichtiger Dank meinem Doktorvater Prof. Dr. Michael
Krahn, der mir die Moglichkeit er6ffnete, diese spannenden Projekte zu bearbeiten, und
mir stets mit viel Unterstiitzung und Fachkompetenz zur Seite stand.

Neben meinem Betreuer mochte ich mich auch bei meinen Mentoren Prof. Dr.
Ralph Witzgall und Prof. Dr. Bernhard Banas bedanken, die meine Forschungsar-
beit bestdndig mit guten Ideen und Ratschligen zu unterstiitzen wussten, sowie Prof.
Dr. Reinhard Rachel, der sich oft ausgiebig Zeit nahm, um mit mir an den Préapara-
tionsstrategien fiir die Nephrozyten zu tifteln.

Beim Thema Elektronenmikroskopie, mochte ich Christine Maaflen fiir die amii-
santen HPF /FS-Vormittage und die daraus resultierenden, unzéhligen eingebetteten Ne-
phrozyten, Lucia Denk, Yulia Zaytseva, Helga Othmen und Karin Schadendorf
fiir die vielen geschnittenen und betrachteten Proben, Anita Ziigner fiir die Bayern2-
Nachmittage im Schneideraum und Cornelia Niemann fiir die anfingliche Einweisung
und Unterstiitzung an der AMW danken.

Fiir die gute Laune im Labor danke ich (der guten) Gudrun Mendl, Giada Dog-
liotti, Laura Schebelle, Markus Dietz, Veronika Menath und auch Arnab Sen,
selbst wenn er diese Zeilen leider nicht mehr lesen kann. Auflerdem danke ich Ann-
Kristin Frerking fiir Kreativitdt am Arbeitsplatz (Balletttédnzer in Epoxid) und Diana
Gallus (Freunde der Weisheit, guten Abend).

Weiterhin gilt mein Dank Edeltraud Lautenschlager fiir ihr sonniges Gemiit,
Antje Zenker, Anita Hecht und Ton Maurer fiir die Hilfe bei den Tomografien und
bei allen grafischen Dingen. Auflerdem danke ich allen Mitarbeitern und Studenten der
AGs Witzgall und Krahn fiir ein paar schéne Jahre am Lehrstuhl.

Auch mochte ich Bernhard Zilker danken, der mich mit voller Kraft unterstiitzte

und mir wahrend der Zeit mit Geduld, Riickhalt und guter Laune zur Seite stand.

Ganz besonders danke ich meiner Familie Helga und Erwin Bachmaier, Kathrin
Hochapfel und meinem bereits verstorbenen Vater Kurt Hochapfel, die mich den
ganzen Weg entlang tatkriftig unterstiitzte und mir das alles erst ermdglichte.



