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Abstract 

Abstract 

Injury to glomerular podocytes constitutes the predominant cause of glomerular diseases and therefore 

loss of kidney function. Podocytes are specialized epithelial cells within glomeruli indispensable for the 

filtration process. Their cell bodies extrude numerous large primary and smaller foot processes that 

completely enwrap glomerular capillaries. The only cell-cell contact established between adjacent foot 

processes of neighbouring cells is the slit diaphragm. In addition to contributing to the filtration barrier and 

preventing the loss of blood proteins into the urine, the slit diaphragm is a vital signaling platform that 

integrates external signals with the intracellular signaling machinery. The sophisticated architecture of 

podocytes and their foot processes requires a dynamic actin cytoskeleton and its tight regulation through 

pathways such as polarity signalling. Upon injury, podocytes start to retract their foot processes, leading 

to loss of the slit diaphragm and ultimately disruption of the filter apparatus. A common finding upon this 

so-called effacement are actin cytoskeleton rearrangements. Understanding pathways and key players of 

actin regulation in podocytes that could prevent the progression of foot process effacement is therefore 

desirable. This thesis investigated the loss of actin and polarity regulation as key principles of podocyte 

injury. A first focus was thereby put on utilizing the fruit fly Drosophila melanogaster and in particular 

nephrocytes as in vivo model for glomerular diseases and to establish solid and reproducible experimental 

read-outs. Expression of human transgenes in nephrocytes was then used to characterize a so far unknown 

patient mutation in alpha-Actinin 4, an actin-crosslinking protein. In addition to demonstrating that the 

mutation alters actin localization, the Drosophila model was utilized to assess the pathogenic potential of 

the mutant protein. In light of the fact that expression of the mutant variant resulted in severe 

morphological and functional phenotypes in nephrocytes, it was determined that the novel variant is 

indeed a pathogenic ACTN4 variant. By this, the power of Drosophila as in vivo tool to complement clinical 

and genetic diagnostics was emphasized. Lastly, a possible link between podocyte polarity signaling and 

actin regulation was further investigated by using both, murine and Drosophila models. Here, single and 

double knockout of Par3A and Par3B in murine podocytes revealed, that the proteins share redundant 

functions, as only double knockout of Par3A and -B led to a glomerular phenotype. Further analyses in 

Drosophila nephrocytes focussed on knockdown of the Drosophila Par3 homologue bazooka. Depletion of 

Bazooka in nephrocytes led to differential expression of various actin-binding and -regulating proteins, 

including increased activity of the small GTPase Rho1 (the Drosophila RhoA homologue). Interestingly, 

Rho1 activation could be reverted upon transgenic expression of murine Par3A but not Par3B, indicating 

that the two proteins also exhibit distinct but unknown functions. These findings strengthen the link 

between perturbed polarity signalling and dysregulated actin dynamics, making polarity proteins a strong 

target to possibly counteract the progression of podocyte disease.
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Introduction 

* Protein names and symbols were adapted according to the NCBI Protein database.

1 Introduction 

1.1 Podocytes – cells at the centre of the renal filtration barrier 

Renal blood filtration into primary urine is essential for human life. The filtration process, by 

which blood is detoxified from a variety of metabolic waste products, takes place in two 

million filtration units called glomeruli, located in the kidney cortex (Pavenstädt et al., 2003). 

A glomerulus consists of a capillary loop enclosed by Bowman’s capsule which terminates into 

the tubular system of the nephron (Fig. 1). The actual filtration barrier is three-layered, 

comprising fenestrated epithelial cells of the capillary, a glomerular basement membrane 

(GBM), and podocytes, specialized, post-mitotic epithelial cells of the glomerulus (Brenner et 

al., 1978a, 1978b; Rennke & Venkatachalam, 1979). Podocytes are characterized by a 

sophisticated three-dimensional architecture: Their cell body extrudes primary and secondary 

processes that ultimately terminate in a large number of smaller foot processes (FPs) 

(Haraldsson et al., 2008). The latter interdigitate with FPs of neighbouring podocytes forming 

a large sieve-like network of cellular extensions that completely enwrap the glomerular 

capillaries (Brinkkoetter et al., 2013; Huber & Benzing, 2005; Pavenstädt et al., 2003). The 

only cell-cell contact that is hereby established between adjoining FPs of the podocytes is the 

so-called slit diaphragm (SD). It is formed by interaction of the extracellular parts of 

transmembrane proteins nephrin* and NEPH1, leading to a membranous structure that 

bridges an approximately 40 nm wide filtration slit and defines the outermost part of the 

charge- and 60 kDa size-selective filtration barrier (Brenner et al., 1978b; Donoviel et al., 2001; 

Kestilä et al., 1998; Rennke & Venkatachalam, 1979; Rodewald & Karnovsky, 1974). Examining 

SD-associated proteins more closely reveals that the SD is a highly specialized cell-cell contact. 

During podocyte development, the apical cell-cell contacts of the initially columnar shaped 

epithelial cells translocate towards the more basolateral part of the cell where the SD is finally 

established at the cell’s FPs (Schell et al., 2014; Schnabel et al., 1990). Thus, both tight junction 

proteins such as zonula occludens protein 1 (ZO-1), Junctional adhesion molecules (JAMs) and 

occludin (Fukasawa et al., 2009; Schnabel et al., 1990) as well as adherens junction typical 

proteins like catenins and cadherins (Reiser et al., 2000) are part of the SD multiprotein 

complex.
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Introduction 

Figure 1: Morphology and structure of mammalian podocytes and the filtration barrier. Approximately one 

million nephrons comprise the functional units of each kidney in humans. Filtration of blood into primary urine 

takes place in the glomeruli. They consist of a capillary tuft covered by foot processes (FPs) of glomerular 

epithelial cells – podocytes – and surrounded by Bowman’s capsule which terminates into the proximal tubule. 

FPs of neighbouring podocytes interdigitate establishing a sieve-like network that completely enwraps the 

glomerular capillaries. Blood is filtered through a three-layered filtration barrier comprising fenestrated 

epithelium (FE) of the capillary, the glomerular basement membrane (GBM) and finally the slit diaphragm (SD), 

a specialized cell-cell contact between FPs of podocytes. The SD is composed of transmembrane proteins 

nephrin and NEPH1. The SD constitutes a charge- and size selective barrier, withholding macromolecules larger 

than 60 kDa in the blood. The intracellular domains of nephrin and NEHP1 furthermore interact with other 

adaptor proteins including podocin and CD2-associated protein (CD2AP), whereby intracellular signalling 

cascades are initiated, highlighting the function of the SD as signalling hub. Figures created with BioRender; ID: 

ST25CTV43N. 

Moreover, the SD complex acts as a signalling hub (Benzing, 2004; Huber & Benzing, 2005) as 

well as anchoring point for the actin-based cytoskeleton (Lehtonen et al., 2005; Shih et al., 

1999; Welsch et al., 2001). Signalling events from the SD into the cell are generally initiated 

by phosphorylation of the cytoplasmic part of nephrin or NEPH1 by tyrosine-protein kinase 

Fyn, which leads to recruitment of various signalling proteins of different downstream 

pathways (Garg et al., 2007; Verma et al., 2003). These include podocyte specific proteins 

podocin and CD2-associated protein (CD2AP), which interact with the cytoplasmic tail of 

nephrin (Benzing, 2004; Huber & Benzing, 2005; Shih et al., 1999; Welsch et al., 2001) and are 

important for various further intracellular signalling events and actin cytoskeleton regulation 
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via proteins like alpha-actinin-4 (ACTN4) and synaptopodin (Kaplan et al., 2000; Lehtonen et 

al., 2005; Mundel et al., 1991). In summary, the SD not only represents the third component 

of the filtration barrier, facilitating the clearance of macromolecules smaller than 60 kDa. It 

also serves as attachment site for the FPs actin cytoskeleton and as signalling platform, and is 

therefore essential for maintenance of the podocyte’s three-dimensional structure and 

intracellular signalling events, respectively. 

1.2 Podocyte injury and clinical hallmarks of glomerular diseases 

Podocytes are cells at risk: They reside at a highly exposed anatomical location where they 

must endure a variety of environmental conditions. Among these are exposure to 

immunological, infectious and toxic factors (Fujii et al., 2018; Glorieux et al., 2015; Pozdzik et 

al., 2018). Moreover, podocytes are subjected to mechanical forces such as circumferential 

wall stress and tangential shear stress transmitted by filtration pressure (Butt et al., 2020, 

2021; Kriz, 2020). Thus, the podocyte’s integrity might be comprised by different external 

insults. On the other hand, podocyte injury can also have a genetic cause. To date, more than 

50 podocyte-associated genes have been identified in patients with monogenic podocyte 

disease (Kopp et al., 2020; Liu & Wang, 2017; Vivante & Hildebrandt, 2016). They encode for 

proteins that are essential for a variety of cellular compartments and pathways including SD-

associated and extracellular matrix-interacting proteins as well as actin cytoskeleton-

modulating proteins but also mitochondrial proteins and transcriptional regulators (Fig. 2). 

Podocytopathies are the most common cause of glomerular disorders, which in turn account 

for the majority of chronic kidney diseases (CKDs) (Saran et al., 2018; Wanner et al., 2014). 

Hereby, the podocytes and thereupon the kidney as such, experience a gradual loss of 

function which ultimately leads to kidney failure. Glomerular disorders comprise idiopathic as 

well as genetic factors that lead to podocyte injury (Davin, 2016; Kopp et al., 2020; McCarthy 

et al., 2010; Vivante & Hildebrandt, 2016). Secondary forms of glomerular disease may also 

emerge as a consequence of other, systemic diseases such as hypertension, systemic lupus 

erythematosus or diabetes mellitus (Badal & Danesh, 2014; Greka & Mundel, 2012; Kriz, 2020; 

Levy, 2007; Rico-Fontalvo et al., 2022). 
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Figure 2: Genes involved in monogenic podocyte disease. To date, more than 50 podocyte expressed genes, a 

few of which are depicted here, have been identified in patients suffering from podocyte disease and nephrotic 

syndrome. They encode for proteins of different subcellular compartments and are implicated in various cellular 

functions. These include proteins of the slit diaphragm complex, those involved in actin binding and regulation 

as well as extracellular matrix interaction, but also mitochondrial and nuclear proteins. Gene products: WT1 – 

WT1 transcription factor; NUP133 – Nuclear pore complex protein Nup133; LMX1B - LIM homeobox 

transcription factor 1-beta; SMARCAL1 – SWI/SNF-related, matrix-associated, actin dependent regulator of 

chromatin, subfamily a like 1; ACTN4 – alpha-actinin-4; MYH9 – myosin-9; ARHGAP24 – Rho GTPase-activating 

protein 24; COQ6 – coenzyme Q6, monooxygenase; COQ2 – coenzyme Q2, polyprenyltransferase; PDSS2 – 

decaprenyl diphosphate synthase subunit 2; ITGA3 – integrin subunit alpha 3; ITGB4 – integrin subunit beta 4; 

LAMB2 – laminin subunit beta 2; TRPC6 – short transient receptor potential channel 6; FAT1 – protocadherin Fat 

1; NPHS1 – nephrin; NPHS2 – podocin; CD2AP – CD2-associated protein. Figures created with BioRender; ID: 

SA25CTUWV3. 
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On cellular level, the earliest histopathological sign of podocyte injury, independent of its 

molecular origin, manifests as an ultrastructural finding commonly referred to as ‘foot process 

effacement’ (FPE): the re-structuring of the cells’ morphology seen as flattening and 

retraction of the cells’ FPs and loss of SDs up to detachment and complete loss of the 

podocyte ultimately leading to disruption of the filter apparatus (D’Agati, 2003; Deegens et 

al., 2008; Mundel & Shankland, 2002). Since podocytes are terminally differentiated, post-

mitotic cells, they do not have the capacity of self-renewal after injury or loss resulting in an 

overall reduction in podocyte density within the glomerulus (Kriz, 2020; Pavenstädt et al., 

2003) . This is accompanied by increased mechanical forces and exposition to harming factors 

on the remaining podocytes leading to hypertrophy and further podocyte detachment and 

loss (Greka & Mundel, 2012; Kriz et al., 2013; Matsusaka et al., 2011; Wiggins et al., 2005) – a 

vicious circle that nurtures the progressive decline in filter function. Due to the disrupted 

filtration barrier, patients suffering from glomerular disease present with loss of plasma 

proteins, especially albumin, into the primary urine (proteinuria and albuminuria, 

respectively), hyperlipidaemia, edema of peripheral tissues as well as scarring of the 

glomerular tissue (glomerulosclerosis), which are the clinical parameters of nephrotic 

syndrome (Liebeskind, 2014; Politano et al., 2020; C. shi Wang & Greenbaum, 2019). Since 

FPE is in general reversible during early stages (Chang et al., 2012; Kriz et al., 2013; Seiler et 

al., 1977), it is therefore of outermost importance to further study and understand underlying 

patho-mechanisms of FPE to potentially counteract the morphological changes of the 

podocyte. A substantial amount of research has been done and concepts of the process of 

FPE have been postulated over the past decades, whereby disruption of actin cytoskeleton 

integrity and actin dynamics seems to be a fundamental process (Kerjaschki, 2001; Shirato, 

2002; Tryggvason & Wartiovaara, 2001; Ye et al., 2022), as will be addressed in the following 

section. 
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1.3 Dysregulated actin dynamics as key principle of foot process effacement  

In contrast to the podocyte’s primary processes in which microtubuli are the predominant 

cytoskeletal component, secondary and foot processes possess an actin-based cytoskeleton 

(Blaine & Dylewski, 2020). There are two distinct types of actin networks found in FPs that 

orchestrate the structural flexibility of podocytes. Loosely assembled actin filaments that 

bundle together in the centre of FPs along the longitudinal axis as well as a cortical network 

of filamentous actin (F-actin) (Ichimura et al., 2007) (Fig. 3). Rearrangement and modification 

of the actin cytoskeleton in FPs is part of the podocyte’s response and adaptation to the 

diverse and changing physical filtration forces the cells must withstand (Kerjaschki, 2001; 

Sever & Schiffer, 2018). As changes in podocyte morphology and structure are the earliest 

signs of podocyte injury, a tight regulation of actin dynamics is fundamental to maintain 

podocyte function and to preserve the integrity of the filtration apparatus. FPE, as the 

underlying principle of podocyte injury, can hereby be divided into two stages (Blaine & 

Dylewski, 2020; Kriz et al., 2013): Within the first stage, the cells start to retract their 

numerous FPs into shorter cell projections of irregular shape. At the same time, due to 

shortening of the FPs, the SD covered area is reduced. During the second phase of FPE, 

processes have retracted in such a degree, that primary, flattened processes and ultimately 

the cell bodies themselves cover and adhere to the GBM. In this stage, the actin cytoskeleton 

undergoes a tremendous rearrangement and finally, a dense “mat” of F-actin is formed in 

close proximity to the GBM. This process is accompanied by increased expression of actin 

itself and actin-regulatory proteins synaptopodin and ACTN4 (Shirato et al., 1996). Over the 

past decades, numerous studies and various mouse models have highlighted the importance 

of actin-regulatory and actin-interacting proteins in podocytes. Moreover, many of these 

proteins have been shown to be mutated in patients suffering from monogenic forms of 

glomerular diseases (Kopp et al., 2020; Sadowski et al., 2015; Vivante & Hildebrandt, 2016). 

These include the SD proteins nephrin and podocin per se, adaptor proteins including CD2AP 

as well as numerous proteins involved in direct actin regulation and -binding such as ACTN4. 

Given the structural requirement of the actin cytoskeleton for podocyte morphology and 

function as well as the growing evidence of its role during FPE, a deep understanding of how 

exactly actin regulation is established in podocytes is therefore desirable. Regulation of actin 
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dynamics hereby occurs at two distinct signalling hubs: the SD multiprotein complex as well 

as focal adhesions (FAs), located at the base of the FP (Ye et al., 2022) (Fig. 3). 

 

Figure 3: Structure and regulation of the actin cytoskeleton in podocyte foot processes. Schematic drawing of 

the actin cytoskeleton in foot processes (FPs) and the major actin-regulatory proteins. Actin filaments are either 

bundled along the longitudinal axis of the FP or arranged as a cortical network. Regulation of actin dynamics is 

achieved via two signalling hubs: the slit diaphragm (SD) as well as focal adhesions (FAs). An interplay of signal 

receptors (e.g. nephrin or integrin), adaptor proteins (e.g. CD2AP or vinculin) as well as downstream effectors 

and small GTPases ensures a tight regulation of the actin cytoskeleton and adaptation to external changes in 

health and disease. GBM, glomerular basement membrane; F-actin, filamentous actin; G-actin, globular actin; 

CD2AP, CD2-associated protein; N-WASP, Neuronal Wiskott-Aldrich syndrome protein; Arp2/3, actin-related 

proteins 2/3; NCK, non-catalytic region of tyrosine kinase; ACTN4, alpha-actinin-4; TRPC6, short transient 

receptor potential channel 6; RhoA, Ras homology A; Rac1, Ras-related C3 botulinum toxin substrate 1; Ccd42, 

Cell division control protein 42 homolog. Figures partially created with BioRender; IDs: GM25CTVH0X and 

QO25CTVA4S. 
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Signalling from the SD to the actin cytoskeleton is established by either an interplay of signal 

receptors and adaptor proteins that directly or indirectly link to actin or by signal integrators 

such as small GTPases that interact with actin-modulating proteins (Blaine & Dylewski, 2020). 

Focussing on nephrin as primary signaling receptor, the initial step in cell signalling may 

include phosphorylation of intracellular tyrosine residues due to external stimuli, followed by 

the recruitment of adaptor proteins (Garg et al., 2007; Verma et al., 2003). These include for 

example the adaptor NCK (non-catalytic region of tyrosine kinase) leading to activation of the 

N-WASP (Neuronal Wiskott-Aldrich syndrome protein) and Arp2/3 (actin-related proteins 

2/3) complex pathway, which in its active state results in actin nucleation and branching of F-

actin (Jones et al., 2006; Mullins, 2000; New et al., 2013; Verma et al., 2006). Thus, 

phosphorylation of nephrin is highly important for actin de novo polymerization and the 

formation of actin filaments. Besides regulation via phosphorylation, nephrin also binds the 

adaptor protein CD2AP (Tossidou et al., 2019). The latter is a scaffolding protein that 

constitutes a direct link to actin as well as F-actin interacting proteins synaptopodin and 

ACTN4 (Asanuma et al., 2005; Lehtonen et al., 2002). Among the signal integrators associated 

with the SD and broadly known to be essential for actin dynamics are small GTPases like RhoA 

(ras homology A), Rac1 (ras-related C3 botulinum toxin substrate 1) and Cdc42 (cell division 

control protein 42 homolog) (Blaine & Dylewski, 2020). Studies have shown that hyperactivation 

as well as inactivation of e.g. RhoA both lead to FPE and proteinuria in mice which indicates 

that activity of these GTPases needs to be tightly regulated (L. Wang et al., 2012; Zhu et al., 

2011). Activity of small GTPases is hereby regulated by a variety of factors, including calcium 

influx mediated by SD protein TRPC6 (short transient receptor potential channel 6) (Jiang et 

al., 2011). 

Focal adhesions, the second important site of actin regulation, generally are multiprotein 

complexes that link the actin cytoskeleton within the cell to the extracellular matrix (Perico 

et al., 2016; Sever & Schiffer, 2018), i.e. in podocytes, they comprise the site where F-actin is 

linked to the GBM. Thus, FAs are crucial for podocyte adhesion to the GBM. The structural 

component of FAs in podocytes is integrin α3β1, which due to its composition of alpha and 

beta subunits interacts with laminin of the GBM network (Sachs & Sonnenberg, 2013). Similar 

to downstream signalling from the SD, signalling at FAs arises from interaction of the 

cytoplasmic tail of active integrin with intracellular adaptor proteins such as talin, paxillin, 
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vinculin and ACTN4 (Sever & Schiffer, 2018; Ye et al., 2022). These adaptor proteins in turn 

can either bind directly to actin, as in the case of ACTN4, which bundles and cross-links F-actin 

(Djinović-Carugo et al., 1999; Tang et al., 2001), or indirectly via other anchor proteins such 

as N-WASP (Sever & Schiffer, 2018). Moreover, integrin adaptors can also signal to actin-

regulatory small GTPases of the RhoA family as well as the non-canonical, multidomain 

GTPase dynamin. Active dynamin interacts with other actin-regulatory proteins such as NCK 

or cortactin, through which the protein is implicated in regulating actin polymerization via 

Arp2/3, to name one of its various functions (Ferguson & de Camilli, 2012; Gu et al., 2010). 

In summary, there is growing evidence that actin-dysregulation is a common final pathway of 

FPE. It is therefore worthwhile to study actin dynamics as well as actin regulation by the SD 

and FAs in podocytes in more depth. As FPE generally is a reversible process, the SD and FAs 

not least comprise compelling druggable targets and understanding their role in FPE is 

desirable to ultimately develop therapeutics that counteract FPE in patients suffering from 

podocytopathies. 

1.4 Cell polarity 

1.4.1 General concepts of apico-basal polarity in epithelia 

Regulation of cell polarity is essential to define structural and functional differences in a 

spatial manner from cells through to whole organisms (J. Chen & Zhang, 2013; Roignot et al., 

2013). Apico-basal polarity hereby describes the bipolar structure of epithelial cells, which 

comprises two distinct domains. The apical part faces the external medium whereas the 

basolateral part of the cell is associated with the basement membrane of the respective 

tissue. Regarding their protein composition, these membrane domains are highly diverse 

(Assémat et al., 2008). Proteins targeted towards the apical domain predominantly include 

those necessary for specific functions such as uptake or secretion. The basolateral domain on 

the other hand primarily consists of adherens junction proteins or other proteins necessary 

to connect the cells with the underlying extracellular matrix, thereby mainly serving 

mechanical linkage within the group of cells. Apico-basal polarity is a tightly regulated process 

and established by three well-characterized polarity protein complexes (Fig. 4): The Scribble 

complex, the Crumbs complex and the Par complex (Nelson, 2003; Pieczynski & Margolis, 
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2011). The Scribble complex, consisting of lethal giant larvae (Lgl), discs large (Dlg) and 

scribble (SCRIB), is located at the basolateral domain, associated with adherens junctions, and 

involved in functions such as vesicle trafficking, signal transduction and cytoskeletal 

remodelling (Bilder et al., 2000; Humbert et al., 2006).  

 
 

Figure 4: Polarity complexes in columnar epithelium vs. podocytes. Schematic drawing of conventional 

epithelial cells of the columnar type (left) and podocytes (right) showing the exemplified distribution of the three 

main polarity complexes. In columnar epithelia, the Crumbs complex (red) is localized at the apical domain. The 

Par complex (blue) is associated with proteins of tight junctions (TJs) such as occludin, junctional adherens 

molecules (JAMs) and zoluna occludens protein 1 (ZO-1) and defines the apico-basolateral border of the cell. 

Lastly, the Scribble complex (green) is located at adherens junctions (AJs) together with AJ-typical proteins E-

cadherin and catenins at the basolateral cell domain. In podocytes, the Crumbs complex also localizes to the 

apical domain, while the Par complex is closely associated with the slit diaphragm (SD) located towards the lower 

part of the podocytes foot process (FP). The Scribble complex is associated with the basolateral part of the cell 

and located primarily at the ‘sole’ of the FP. ECM, extracellular matrix; BM, basement membrane; GBM, 

glomerular basement membrane; FE, fenestrated epithelium; PALS1, protein associated with Lin-7 1; CRB, 

crumbs; PATJ, PALS1-associated tight junction protein; PAR3, Partitioning defective 3 homolog; PAR6, 

Partitioning defective 6 homolog; aPKC, atypical protein kinase C; Dlg, discs large; SCRIB, scribble; Lgl, lethal giant 

larvae. 
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The Crumbs polarity proteins, which include Crumbs (CRB), protein associated with Lin-7 1 

(PALS1) as well as PALS1-associated tight junction protein (PATJ), target the apical membrane 

where the complex stabilizes apical cell junctions (Roh et al., 2002). Lastly, the polarity 

complex Par is established by interaction of Partitioning defective 3 homolog (Par3), 

Partitioning defective 6 homolog (Par6) and atypical protein kinase C (aPKC) and determines 

the cell’s apical-basolateral border (J. Chen & Zhang, 2013; Suzuki & Ohno, 2006). Crosstalk 

of these complexes is achieved by interaction and phosphorylation of different complex 

members via their specialized protein domains. In this way, the complexes activate and 

mutually exclude one another and thereby precisely define their temporal and spatial 

localization (Hurd et al., 2003; Margolis & Borg, 2005). Depending on tissue- and cell type, 

different homologues or isoforms of the complex members may be expressed, which adds 

another-regulatory level onto the process of polarization. To give an example, the alpha 

isoform of Par6 does not only interact with its complex members Par3 and aPKC, but also Lgl1 

and CRB3 (Lemmers et al., 2004; Plant et al., 2003), whereas Par6β does not interact with CRB 

proteins but with Lgl1 and Lgl2 (Assémat et al., 2008). Therefore, the polarization process is 

highly dynamic and is still not completely understood for all tissues or cell types. This thesis 

includes the investigation of the functional role of the Par polarity complex for podocyte 

biology. Thus, a more detailed introduction of the complex is given in the following. 

 

1.4.2 The Par polarity complex  

As mentioned above, the Par complex is established by interaction of its three members: two 

scaffolding proteins Par3 and Par6 as well as the serine/threonine kinase aPKC (J. Chen & 

Zhang, 2013; Margolis & Borg, 2005; Suzuki & Ohno, 2006). The proteins can interact with 

each other but also with a wide range of other cell polarity regulating proteins via their highly 

conserved domains (Fig. 5). The interactome of proteins of the Par complex hereby varies 

depending on the proteins’ isoforms. Par3A and Par3B for example, are two Par3 proteins 

that are encoded by two distinct genes, PARD3A and PARD3B, respectively (Gao et al., 2002). 

Par3A holds an N-terminal conserved protein 1 (CR1) domain, followed by three PDZ (post 

synaptic density protein, drosophila disc large tumor suppressor, zonula occludens protein 1) 

11



Introduction 

 

domains (Joberty et al., 2000; Lin et al., 2000; Mizuno et al., 2003; Suzuki et al., 2001). The C-

terminus contains several protein binding motifs including a binding site for aPKC as well as 

TIAM (T-cell lymphoma invasion and metastasis-inducing protein), a Rac1 guanine nucleotide 

exchange factor (GEF) (Mertens et al., 2006). In contrast to Par3A, the C-terminal region of 

Par3B and its interacting function is far less understood. It was however proven, that the 

protein does not interact with aPKC (Gao et al., 2002; Kohjima et al., 2002). The second 

scaffold protein Par6 contains an N-terminal Phox/Bem 1 (PB1) domain and a semi-Cdc42/Rac 

interaction binding (semi-CRIB) motif, which is ultimately followed by the C-terminal PDZ 

domain (Joberty et al., 2000; Lemmers et al., 2004; Lin et al., 2000). Lastly, aPKC harbours an 

N-terminal PB1 domain as well as its catalytic kinase domain within the C-terminus of the 

protein (Suzuki et al., 2001; Wodarz et al., 2000). Multiple proteins have been identified as 

aPKC targets to date. In addition to phosphorylating Par3A, aPKC has been shown to 

phosphorylate Lgl1- and -2, suggesting that aPKC/Par6 can form independent complexes with 

either Par3A or Lgl1/2 to regulate cell polarity in epithelial cells (Nagai-Tamai et al., 2002; 

Plant et al., 2003; Yamanaka et al., 2003). 

A thorough understanding of the polarization process of conventional epithelia has been 

gained in the past. Herein, the Par polarity complex is essential for the establishment of an 

apico-basolateral border: Par3A initially self-associates and forms homodimers via its N-

terminal CR1 domain (Mizuno et al., 2003). This homodimerization leads to interaction with 

junctional adhesion molecules (JAM-1, -2 and -3) via the first PDZ domain, which localizes 

Par3A to the apical side of newly forming cell-cell contacts (Ebnet et al., 2001; Itoh et al., 

2001). Simultaneously, Par6 and aPKC start to interact via their PB1 domains. Par3A then acts 

as scaffold for the recruitment of Par6/aPKC which is facilitated by binding of the first PDZ 

domain of Par3 and the Par6 PDZ domain (Joberty et al., 2000). Close proximity of the now 

tripartite complex to cell-cell junctions results in binding of GTP-bound Cdc42 present in cell-

cell contacts to the Par6 semi-CRIB motif (Lin et al., 2000). This interaction induces a 

conformational change in Par6 leading to activation of aPKC catalytic properties (Garrard et 

al., 2003). aPKC phosphorylates Par3A at Serine 827, which leads to Par3A dissociation from 

the complex and translocation to tight junctions, where phospho-Par3A colocalizes with ZO-

1 and is involved in tight junction stabilization (Nagai-Tamai et al., 2002). 
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Figure 5: Par polarity complex members and their protein domains. Schematic drawing of the protein and 

domain structure of partitioning defective 6 (Par6), partitioning defective 3 (Par3) and atypical protein kinase C 

(aPKC) which together constitute the Par polarity complex. Shown here are isoforms Par6-alpha (Par6α), 

aPKCiota (aPKCι) as well as both Par3 isoforms, Par3A and Par3B. Via their conserved protein domains, the 

complex members can interact with one another but also with other regulatory and structural proteins. Different 

isoforms of the proteins can form distinct complex compositions and thereby protein interactions, which 

discriminates different cell types and tissues. Due to the absence of an aPKC binding motif, Pa3B does not 

interact with aPKC, unlike Par3A. aa, amino acids; PB1, Phox/Bem 1; semi-CRIB, semi-Cdc42/Rac interaction 

binding; PDZ, post synaptic density protein, drosophila disc large tumor suppressor, zonula occludens protein 1; 

CR1, conserved protein 1. 

Similar to Par3A, aPKC now phosphorylates Lgl, which leads to Lgl dissociation from Par6/aPKC 

and inclusion of Lgl into the Scribble complex, located at the basolateral part of the cell (Plant 

et al., 2003). To summarize, aPKC can be considered a molecular switch, controlling apical and 

lateral membrane identities via selective phosphorylation of its targets Par3A and Lgl. Par6 

on the other hand acts as scaffold as well as regulator of aPKC activity, by bringing aPKC and 

its substrates in close proximity. 
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1.4.3 Polarity in podocytes 

The role of the Par complex in epithelial cells has been intensively studied in a variety of 

tissues including the kidney (Roignot et al., 2013), where tubular cells represent epithelial 

cells of the classical type. Regulation of apico-basal polarity in tubular cells is essential to 

guarantee the interplay of both absorption and secretion (Wilson, 1997). The cells need to be 

highly polarized to maintain a strict distribution of transporters, channels and other important 

proteins, of which mislocalization has been shown to underly kidney diseases, e.g. polycystic 

kidney disease (Wilson, 2011; Wilson et al., 1991). As opposed to tubular cells, glomerular 

podocytes represent non-classical renal epithelial cells. Polarity signalling in these cells is less 

understood, but seminal work of the past decade could further shape the overall concept of 

podocyte polarity signalling, revealing partial differences to conventional epithelia. Over the 

past years, a link between polarity proteins and actin cytoskeleton organization has been well 

established (Raman et al., 2018). Especially the Par complex is noteworthy here: Par6 is known 

to interact with Cdc42 and Rac1 via its semi-CRIB motif (Bose & Wrana, 2006; Nishimura et 

al., 2005) and Par3A is able to bind to TIAM1 with its C-terminus (Chen & Macara, 2005; 

Mertens et al., 2005, 2006; Nishimura et al., 2005). Since dysregulation of actin dynamics is a 

key feature of podocyte injury (see 1.3), studying polarity proteins in podocytes hence 

seemed a reasonable approach. 

Initial research consisted of a functional examination of the Par complex in podocytes. Par3A 

as well as aPKC have been shown to be expressed during early stages of kidney development 

(Huber et al., 2009). At first, the proteins are localized to the apical membrane in close 

proximity to early cell-cell contacts. During podocyte differentiation, Par3A and aPKC 

translocate together with the cell-cell contacts to the basolateral part of the cell, where they 

are ultimately associated with the SD (Fig. 4) due to direct interaction with nephrin via the 

first PDZ domain of Par3A (Hartleben et al., 2008; Huber et al., 2009). The researchers then 

characterized the murine podocyte-specific knockout of either aPKCiota and aPKCzeta, two 

isoforms of aPKC that share a high degree of similarity and are both expressed in podocytes. 

While knockout of aPKCiota led to severe proteinuria, glomerulosclerosis and premature 

death of the mice (Hirose et al., 2009; Huber et al., 2009), loss of aPKCzeta did not cause any 

glomerular phenotype (Hartleben et al., 2013). 
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Other analyses focused on the Scribble complex and its function in podocytes. Like proteins 

of the Par complex, SCRIB is expressed during early podocyte development and ultimately 

localizes to the base of the FP associated with the basolateral membrane and partially with 

the SD (Fig.4) (Hartleben et al., 2012). Podocyte specific knockout of SCRIB in mice did not 

result in any basal phenotype nor a phenotype when mice were subjected to models of 

podocyte stress (Hartleben et al., 2012) – a surprising observation, since loss of SCRIB in other 

tissues promotes cell transformation and mammary tumorigenesis (Zhan et al., 2008), 

disturbed cell polarity and elevated proliferation in prostate cancer (Pearson et al., 2011) as 

well as impairment of neuronal tube development and neonatal death (Murdoch et al., 2003). 

Moreover, SCRIB was shown to be essential for the recruitment of Ccd42 and Rac1 and hence 

for actin cytoskeleton regulation (Dow et al., 2007). These data already hint towards polarity 

regulation being quite different from the canonical regulation in other epithelia. 

Subsequent investigations then assessed the role of the small GTPases in podocytes. 

Knockout of Cdc42 in podocytes leads to severe glomerular disease and premature death in 

mice (Blattner et al., 2013; Scott et al., 2012). In contrast, podocyte-specific knockout of Rho 

family members Rac1 and RhoA did not result in glomerular dysfunction (Blattner et al., 2013; 

Scott et al., 2012). Interestingly, knockout of Cdc42 in podocytes showed decreased 

expression of ZO-1, Par3A and aPKC at the SD (Scott et al., 2012). This is further evidence for 

an interplay of cell polarity and actin cytoskeleton dynamics and puts the Par polarity complex 

once more in strong focus as essential for podocyte integrity and function. First analyses in 

our group then focussed on the scaffold protein Par3A. Interestingly, knockout of Par3A in 

podocytes did not lead to an apparent phenotype in the mice (Koehler et al., 2016). Par3A 

loss was however accompanied by an upregulation of the second Par3 isoform, Par3B 

(Koehler et al., 2016), which led to the hypothesis of a possible redundancy of the two 

proteins. The fact, that Par3B, in contrast to Par3A, does not comprise an aPKC binding 

domain (Fig. 5) but seems to be able to stabilize and maintain podocyte integrity, challenges 

the general concept of epithelial cell polarity as known from conventional epithelia, in which 

the Par3A/aPKC interaction and phosphorylation is essential. It is therefore of high interest to 

study the consequences of aPKC loss and Par3 redundancy and to generally understand 

polarity signalling in podocytes in more detail. Since retraction of FPs and de-differentiation 

of podocytes are hallmarks of FPE, it is worth considering polarity signalling as possible target 

to stabilize podocyte integrity and counteract FPE upon podocyte disease. 
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1.5 Drosophila melanogaster as advanced in vivo tool in glomerular research 

In order to study glomerular diseases and underlying molecular pathways, in vivo systems are 

indispensable. Taking into account previously published work in the podocyte field, it 

becomes obvious that to date the most frequently used model to assess podocyte biology 

and glomerular diseases in vivo is the mouse model, not least because of the high 

conservation between mice and humans (Batzoglou et al., 2000; Nadeau & Taylor, 1984; 

Waterston et al., 2002). The recent technical advances regarding genomic engineering and 

genetic manipulation such as the CRISPR/Cas system increased the attractiveness of mouse 

models even more (Y. Wang et al., 2022). Still, one has to consider possible disadvantages 

that come with utilizing mouse models: In addition to costly husbandry, possibly few offspring 

and long generation times, researchers are confronted with a lot of administrational 

paperwork, whereby the application process for a new mouse model might already take a 

long time. This strictly regulated process is of course highly appropriate regarding animal 

protection laws. The point that needs to be underlined here is: Are mice always the ultimate 

organism in which the particular research question can be modelled, or might there be other 

in vivo systems that are equally robust but more convenient in this case. Choosing the 

appropriate model organisms that suits the respective research question is therefore highly 

important. 

A significant part of this thesis focusses on using the fruit fly Drosophila melanogaster and in 

particular the flies’ nephrocytes as model to study podocyte biology. Being part of the 

excretory system in insects, nephrocytes filter and endocytose waste products from the 

haemolymph, the fly’s blood equivalent, and therefore contribute to maintaining water, salt 

and pH homeostasis (Denholm & Skaer, 2009). Originally described as ‘storage kidneys’ 

(Kovalevsky, 1886, 1889), nephrocytes were re-discovered as being functional homologues of 

mammalian podocytes about a decade ago (Weavers et al., 2009; Zhuang et al., 2009). Since 

then, Drosophila has gained attraction as a model in glomerular research and its utilization in 

the field is increasing (Cagan, 2011; Helmstädter et al., 2017; Hermle et al., 2017). The 

advantages of the model over higher organisms concern several aspects including simple and 

cheap husbandry, a huge number of progeny and a short life cycle. What makes Drosophila 

however stand out are the numerous ways of techniques to genetically manipulate the 

organism as well as the diverse publicly available fly stock libraries (Brand & Perrimon, 1993; 

16



Introduction 

 

Hales et al., 2015; Heigwer et al., 2018; Jennings, 2011; Venken et al., 2016). These make 

Drosophila especially convenient to perform large scale screens and to study genetic 

interactions in a short time frame. Hence, it is worthwhile considering Drosophila as a ‘starting 

point’ to gain first insights into 1) the role of a protein for podocyte biology, 2) possible genetic 

interactors and therefore potentially unknown molecular pathways or 3) the necessity of 

different domains of a protein when expressing truncated variants, to give a few examples. 

A further introduction into the Drosophila melanogaster model organism including more 

detailed information on nephrocyte biology, methods for nephrocyte-specific genetic 

manipulation as well as protocols to assess potential nephrocyte phenotypes are given in 

chapter 2.1 of the results part.  

17



Introduction 

 

1.6 Research objectives 

Actin dynamics and their tight regulation are essential to maintain podocyte morphology and 

function in health and especially disease, as rearrangements of the actin cytoskeleton is an 

outstanding hallmark of FPE and podocyte injury (Kriz et al., 2013; Perico et al., 2016; Sever 

& Schiffer, 2018). Polarity proteins are known to play a role in the organization and 

stabilization of F-actin, and a preliminary link between actin-regulation and differential 

expression of Par polarity proteins has been established (Raman et al., 2018; Scott et al., 

2012). Several studies over the past years have contributed to the hypothesis that polarity 

signalling in podocytes seems to be different to the widely accepted concept of apico-basal 

polarity we know from classical epithelial cells (Hartleben et al., 2012; Koehler et al., 2016). A 

detailed understanding of essential polarity proteins in podocytes and their contribution to 

podocyte injury and FPE is therefore desirable and will potentially contribute to the 

development of therapeutics in the future. The overarching goal of this thesis was to gain 

further insights into the link between polarity signalling and actin cytoskeleton organization 

and to what extent loss of cytoskeletal and polarity regulation contributes to glomerular 

disease. Three main aims have been addressed: 

1. Exploiting the genetic power of the fruit fly Drosophila melanogaster as advanced in vivo 

tool to study podocyte biology. This included the development of solid read outs to assess 

nephrocyte phenotypes on morphological and functional level. Nephrocytes are 

podocyte-like cells in Drosophila and have been emerging as model for podocytopathies 

over the past decade. Chapter 1 within the results part will give an overview of nephrocyte 

biology and ways to genetically manipulate nephrocytes as well as general protocols used 

in our laboratory, which are fundamental to the research questions of chapters 2 and 3. 

2. Establish Drosophila as rapid tool to investigate the pathogenicity of newly discovered 

patient mutations associated with nephrotic syndrome. Here, it was of interest to exploit 

the genetic toolbox of Drosophila and the high similarity between podocytes and 

nephrocytes to characterize a novel ACTN4 variant identified in a paediatric patient 

suffering from nephrotic syndrome. ACTN4 is an actin-binding and -crosslinking protein 

and essential for podocyte morphology and integrity (Dandapani et al., 2007; Kaplan et 

al., 2000; Kos et al., 2003). This is highlighted by increased expression of the protein during 
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FPE (Shirato et al., 1996). By transgenic expression of the new variant and comparison to 

wildtype and previously known pathogenic variants of ACTN4, the aim was to draw 

conclusion on the pathogenicity of the variant, which ultimately affects therapeutic 

strategies of the clinicians. These in vivo experiments hereby accompanied in silico and in 

vitro analyses, leading to a thorough workflow described in chapter 2 of the results part 

as part of an experimental pipeline for our national FOrMe (Völker et al., 2019) patient 

registry for glomerular disease. 

3. Investigating the role of the Par polarity complex for podocyte morphology and function. 

Studies identified the Par complex as component of the SD complex and knockout of 

aPKCiota but not Par3A in podocytes leads to severe glomerular disease in mice (Huber 

et al., 2009; Koehler et al., 2016). Loss of Par3A results in up-regulation of Par3B, which 

led to the hypothesis of a possible redundancy of the two proteins. However, studies 

could show that Par3B does not interact with aPKC (Gao et al., 2002; Kohjima et al., 2002), 

raising the question how Par3B can compensate for the loss of Par3A. It was therefore of 

high interest to explore the polarity proteins aPKC, Par3A as well as Par3B in more detail 

to understand the underlying mechanism of Par3 redundancy. The data on Par3A 

dispensability in podocytes have now been extended by a wide range of experimental 

work in the thesis at hand. Mechanistic insight into the roles of Par3A and Par3B for 

podocyte maintenance and podocyte disease is given in chapter 3 of the results part. First 

data on the role of aPKC and its different domains have recently been collected and will 

be added to this thesis in the appendix and incorporated into the discussion. 
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2 Results 

Each chapter within the results part will be introduced with a short description of the major 

aim of the particular manuscript in the context of the complete thesis, the authors and their 

individual contribution to the manuscript as well as the current status of the manuscript. 
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2.1 Chapter 1 – Drosophila melanogaster and its nephrocytes: A versatile model for 

glomerular research 

Glomerular disorders constitute the predominant cause of nephrotic syndrome and end-stage 

renal disease (Saran et al., 2018). Substantial research has been done over the past decades 

to understand underlying patho-mechanisms, yet therapeutic options other than dialysis and 

renal replacement therapy are still rare. To identify pathways essential for podocyte 

maintenance in health and disease, well-established model organisms are required. Most 

frequently, mice as a mammalian system are used for this purpose. The high conservation and 

similarity between humans and mice however come at the expense of costly husbandry, long 

generation times and increased administrational work. Depending on the purpose, it is 

therefore worthwhile considering other model organisms. 

The following chapter comprises a publication in the 154th edition of the ‘Methods in Cell 

Biology’ series – ‘Methods in Kidney Cell Biology’ – edited by Thomas Weimbs and published 

in 2019. Within this publication, we introduced Drosophila melanogaster as a convenient 

model organism to assess podocyte biology. We first introduced nephrocytes as podocyte-

like cells in the fly and summarized methods of genetic manipulation in Drosophila and 

specifically in nephrocytes, followed by protocols on how to dissect and isolate nephrocytes 

for subsequent ex vivo studies. Finally, we provide protocols on how to assess podocyte 

morphology and function by immunofluorescent stainings and tracer uptake assays, 

respectively.  
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Abstract
Glomerular disorders are a predominant cause of chronic kidney diseases and end-stage renal
failure. Especially podocytes, epithelial cells which represent the outermost part of the filtra-
tion barrier, are affected by disease and experience a gradual loss of function. Despite recent
advances in identifying potential pathways underlying podocyte injury, treatment remains
challenging. It is therefore desirable to employ suitable model organisms in order to study glo-
merular disease and elucidate affected pathways. Due to its diverse ways of genetic manipu-
lation and high genomic conservation,Drosophila melanogaster is a powerful model organism
for biomedical research. The fly was recently used to assess podocytopathies by exploiting the
nephrocyte system. Nephrocytes are spherical cells within the body cavity of the fly respon-
sible for detoxification and clearance of unwanted substances. More importantly, they share
many characteristics with mammalian podocytes. Here, we summarize how to use Drosophila
as a model organism for podocyte research. We discuss examples of techniques that can be
used to genetically manipulate nephrocytes and provide protocols for nephrocyte isolation
and for morphological as well as functional analysis.

1 Introduction
Chronic kidney diseases (CKDs) are often characterized by the gradual loss of kid-
ney function. Disorders affecting the kidney’s filtration units, glomeruli, account for
the majority of CKD cases (Saran et al., 2018; Wanner et al., 2014). Initially, most
individuals affected by CKD do not present with clinical symptoms or critical
limitations and, as a consequence, the disease usually remains undiscovered and pro-
gresses silently. This not only puts patients at high risk for end-stage renal failure as
such. More importantly, CKD patients have a significantly increased prevalence to
develop cardiovascular diseases, making CKD an independent risk factor for cardio-
vascular mortality (Sarnak et al., 2003; Tonelli et al., 2012). Despite continuous pro-
gress in understanding the underlying causes and histological pattern of CKD,
therapeutic interventions remain symptomatic and dialysis and renal replacement
therapy continue to be the ultimate options. Specific therapies are scarce. Hence,
it is important to further study the structure and function of the glomerular filtration
barrier and to unveil the patho-mechanisms of CKD in more detail.

The filtration barrier comprises three well-defined anatomical layers: fenestrated
capillary epithelial cells, the glomerular basement membrane and glomerular
podocytes which form a narrow filtration slit (Fig. 1B) (Haraldsson, Nystr€om, &
Deen, 2008). Podocytes are specialized, terminally differentiated epithelial cells
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characterized by their distinct three-dimensional architecture as they project nu-
merous foot processes which completely enwrap the glomerular capillaries. Foot
processes of neighboring podocytes interdigitate whereby the slit diaphragm (SD)
is established as a unique cell-cell contact between adjacent podocytes (Fig. 1B)
(Brinkkoetter, Ising, & Benzing, 2013; Huber & Benzing, 2005; Pavenst€adt,
Kriz, & Kretzler, 2003). This membranous structure is formed by interaction of
transmembrane proteins Nephrin and Neph1 (Donoviel et al., 2001; Kestil€a et al.,
1998; Rodewald & Karnovsky, 1974). These bridge a slit of approximately 40nm
width and are the outermost barrier that holds back macromolecules larger than

FIG. 1

Nephrocytes are podocyte-like cells in Drosophila melanogaster. (A) Schematic drawing
of Drosophila in the larval stage (left) and the adult animal (right), respectively. The renal
system consists of malphigian tubules and two distinct clusters of nephrocytes. Garland
nephrocytes localize as a necklace around the junction of esophagus and proventriculus.
Pericardial nephrocytes flank the heart tube. (B–C) Comparison of the filtration barrier of
mammals and Drosophila. Transmission electron micrographs and its schematic
representation are shown. (B) The mammalian filtration apparatus is three layered,
comprising fenestrated epithelium (FE) of the capillary, the glomerular basement membrane
(GBM) and the slit diaphragm (SD). The latter is established as unique cell-cell contact
between foot processes (FPs) of neighboring podocytes. (C) Nephrocytes, which are
considered podocyte-like cells, are responsible for clearing the hemolymph of toxic
substances in Drosophila. They show numerous membrane invaginations which are flanked
by foot processes. The filtration barrier consists of the basement membrane (BM)
surrounding the spherical cell, as well as the nephrocyte diaphragm (ND). After entering the
lacunae, substances are endocytosed by the nephrocyte. Scale bars in TEM pictures
represent 1μm.
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65kDa (Brenner, Hostetter, & Humes, 1978; Rennke & Venkatachalam, 1979).
In most cases, patients suffering from glomerular diseases present with podocyte dam-
age resulting in a common ultrastructural finding known as “foot process effacement”
(D’Agati, 2003; Deegens et al., 2008). This is characterized by drastic alterations of
the podocyte’s cyto-architecture such as flattening of foot processes and, eventually,
loss of podocytes, leading to severe filtration defects and, ultimately, increasing
amounts of proteinuria.

In the past decades, the pathogenesis of progressive kidney disease became clearer.
The first models to study podocyte biology in more detail were cell culture models
(Ni, Saleem, & Mathieson, 2012; Shankland, Pippin, Reiser, & Mundel, 2007).
“Podocytes in a dish” can be modified on gene and protein level or challenged exter-
nally by manipulating environmental conditions. Various podocyte cell lines obtained
from human, mouse or rat renal tissue are available and widely used (Kambham et al.,
2000; Kohli et al., 2014; Mele et al., 2011). As well established these cell culture sys-
tems have become over the years, they come with certain limitations. Podocytes are
cultured in the absence of other glomerular cells such as mesangial or endothelial cells
and are not exposed to mechanical forces usually mediated by urine flow and the
filtration pressure (Endlich, Kliewe, & Endlich, 2017). Moreover, the unique architec-
ture of podocytes is completely abolished in cell culture as cells do not form foot
processes nor a slit diaphragm and expression of podocyte specific proteins such as
Nephrin and Podocin is nearly undetectable (Garg, Verma, Nihalani, Johnstone, &
Holzman, 2007; Huber et al., 2003; Rinschen et al., 2016; Schroeter et al., 2018). Thus,
it is inevitable to make use of an in vivo system for more detailed analysis on how the
filtration apparatus is constituted and functions. In this context, mammalian models
such as rodents are widely used and often considered to be the model system of
choice. However, researchers are restricted and less flexible due to costlymaintenance,
a long reproductive cycle and, lastly, strict regulations placed by the respective
authorities. Therefore, additional in vivo models have to be considered that can
accompany or complement mouse experiments.

The fruit fly Drosophila melanogaster has raised attention over the past years
also with regards to modeling renal disease. Flies have an open circulatory system
where excretory organs lay freely in the body cavity and are bathed in hemolymph,
the fly’s blood equivalent (Fig. 1A) (Kovalevsky, 1889; Schmidt-Rhaesa, 2007). The
excretory system consists of physically distinct components: the Malphigan tubules,
analogous to renal tubules, and nephrocytes, equivalents to the glomerular part of the
mammalian kidney (Denholm & Skaer, 2009). Nephrocytes are specialized spher-
ical cells whose primary function is to perform filtration and, subsequently, endo-
cytosis of unwanted substances from the hemolymph regulating hemolymph
composition. Hence, they are responsible for detoxification and maintenance of wa-
ter, salt and pH homeostasis. Nephrocytes were first described in the 19th century as
storage kidneys that take up multiple compounds (Kovalevsky, 1886) and over the
past century, the ultrastructure of these cells was described in more detail:Drosoph-
ila comprises two clusters of nephrocytes – the garland nephrocytes associated with
the esophagus as well as pericardial nephrocytes located along the heart tube
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(Fig. 1A) (Denholm & Skaer, 2009). They form multiple in-foldings of the plasma
membrane, so-called labyrinthine channels or lacunae, which are flanked by cellu-
lar protrusions often simplified as “foot processes” (Fig. 1C) (Aggarwal & King,
1967; Crossley, 1972; Mills & King, 1965). The ca. 30nm wide entrance of these
invaginations is bridged by a diaphragm structure and the whole cell is surrounded
by a basement membrane (Fig. 1C). In 2009, Weavers et al. as well as Zhuang et al.
independently contributed the molecular proof for nephrocytes to be podocyte-like
cells (Weavers et al., 2009; Zhuang et al., 2009). The nephrocyte diaphragm (ND) is
established by interaction of transmembrane proteins Sticks and stones (Sns) and
Dumbfounded (Duf ) (also known as Kirre), which are the homologs of mammalian
SD components Nephrin and Neph1, respectively. Proteins that interact with mam-
malian SD proteins such as Zonula occludens-1 (ZO-1) and Podocin likewise have
respective homologs in Drosophila which are located at the ND (Weavers et al.,
2009), indicating that molecular pathways can be studied in these podocyte-
equivalents. In the following chapter, we will introduce the Drosophila model to
study glomerular function in more detail and describe principles of targeted genetic
modification in nephrocytes. We further show how to dissect nephrocytes from the
animals and provide protocols for immunofluorescence and tracer uptake assays
used to study nephrocytes on a morphological and functional level.

2 Nephrocyte specific genetic modification in Drosophila
melanogaster
2.1 Overview
Drosophila melanogaster has become a highly valued model organism in biomedical
research. More than 75% of human disease associated genes are conserved and have
an identified homolog in the fly genome (Reiter, Potocki, Chien, Gribskov, & Bier,
2001). Drosophila husbandry is cheap and simple and experimental permission can
be arranged quite easily. TheDrosophila life cycle is relatively short and temperature
dependent: at 25 °C, embryogenesis and the larval stages one and two each take
approx. 24h whereas the third larval stage takes 2 days. After larval development,
the holometabolous insects pupate and undergo metamorphosis for approx. 5 days.
Adult flies (imagos) finally eclose from the puparium 9–10 days after egg laying
(Ashburner, 1989). Due to this short generation time, data can be collected in a rea-
sonable time frame as compared to higher organisms. Besides the beneficial factors
of cost and time, it is the broad range of genetic tools which make Drosophila stand
out. The fly’s genome has a reduced size (180Mb) and encodes for about 13,900
genes that are distributed over four chromosomes: the gonosomes X or Y, also re-
ferred to as first chromosome, and three autosomes, the second–fourth chromosome
(Hales, Korey, Larracuente, & Roberts, 2015). This simplicity made it possible to
perform chemical as well as transposable element-mediated mutagenesis on a large
scale and a resulting mutant-library can be ordered from stock centers. Genomic
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engineering approaches have evolved drastically in the past decades. As the fly’s ge-
nome is fully sequenced and well annotated (Adams et al., 2000; Myers et al., 2000),
genes of interest can be targeted by homologous recombination, CrispR/Cas9 or
RNA interference approaches to name a few. In the following, we want to intro-
duce the well-established GAL4-UAS-System for spatial and temporal modifica-
tions on gene and protein level and give an understanding of how protein
expression can be altered specifically in nephrocytes. For further information
on basic Drosophila husbandry, genetics and mating schemes we refer to the book
“Fly Pushing: the theory and practice of Drosophila genetics” (Greenspan, 2004).

2.2 The GAL4-UAS -system for targeted genetic manipulation in
nephrocytes
Being able to introduce transgenes into the fly using a range of genetic tools enables
researchers to recapitulate human diseases in order to study their underlying patho-
mechanisms. Since its first description in 1993, the conventional GAL4-Upstream
Activator Sequence (UAS)-System has proven to be the most applied and powerful
genetic tool for transgenic expression in this context (Brand & Perrimon, 1993).
Based on the Saccharomyces cerevisiae transcription factor GAL4, it can be used
for spatial and temporal expression of transgenic constructs. The approach is bipar-
tite, meaning that two parental fly lines are required (Fig. 2A). One line, the driver
line, harbors the GAL4 transcription factor under the control of an endogenous pro-
motor or enhancer. As a result of this, GAL4 expression can be targeted to a specific
tissue or cell type. The second line, known as the effector line, comprises a target
gene under control of a UAS, the GAL4 binding motif. Both parental lines are phe-
notypically unaffected and considered wild-typic, as the two constructs, GAL4 and
its binding motif, are held separately. After crossing driver and effector line, both
constructs are combined, and transgenes will be expressed in the GAL4 specific tis-
sue or cell type (Fig. 2A). GAL4 is temperature sensitive and a shift from 25 °C to
29 °C, for example, will lead to increased GAL4 activity. Thus, transgene expression
can be controlled by the temperature at which crosses are raised and maintained.

GAL4-driver lines are publicly available or passed down in the fly community.
For nephrocyte “specific” transgene expression, a number of different driver lines
have been described in the past. The most frequently used ones (see Table 1) are
Dorothy-GAL4 (dot-GAL4, Kimbrell et al., 2002; Zhang, Zhao, & Han, 2013), Sticks
and Stones-GAL4 (Sns-GAL4, Kocherlakota et al., 2008; Zhuang et al., 2009), and
Hand-GAL4 (Hermle, Braun, Helmst€adter, Huber, & Hildebrandt, 2017; Sellin
et al., 2006). They are characterized by GAL4 expression in both, the garland
and pericardial nephrocyte population. In contrast, prospero-GAL4 (pros-GAL4,
Ohshiro et al., 2000; Weavers et al., 2009) has rather been utilized for garland
nephrocytes. Each of these driver lines was employed for studies in larval stages,
whereas dot-GAL4, Sns-GAL4 as well as Hand-GAL4 have also been used for an-
alyses in adult flies. In addition and not utilized as frequently, the G447.2-GAL4
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driver was reported to target embryonic garland nephrocytes (Weavers et al., 2009).
All of the above described driver lines do not exclusively exhibit GAL4 expression
in nephrocytes and a detailed study on the expression profiles of these driver
lines is currently missing. Expression data of the respective genes whose enhancer
regulate GAL4 transcription is summarized in Table 1 and can also be found on

FIG. 2

The GAL4-UAS-System is used for nephrocyte specific genetic manipulation. (A) Schematic
of the bipartite GAL4-Upstream Activating Sequence (UAS)-System for targeted genetic
interventions. Necessary are two parental fly lines (F0): the driver line comprises the yeast
transcription factor GAL4 under the control of an endogenous enhancer. The effector line
harbors a target gene of interest downstream of a UAS-binding motif. Upon crossing driver
and effector line, GAL4 will bind the UAS and thereby initiate transcription of the target
gene. Transgenes can thereby be restrictively expressed in only those cells or tissues in
which the enhancer of the utilized GAL4-driver line is active. (B–C) Mating scheme for
nephrocyte specific knockdown (B) and rescue (C) experiments using homozygous viable fly
lines. For simplification, only chromosomes two and three are depicted (chromosomes are
separated by semicolon; +¼wildtype chromosome). (B) To achieve a nephrocyte specific
knockdown, virgin females of the Sns-GAL4-driver line are crossed to males of a UAS-RNAi
line. The F1 generation all comprise a single copy of the respective constructs. In addition, the
Sns-GAL4-driver line harbors a UAS-dcr-2-construct, leading to expression of the Dicer-2
protein and thereby increased knockdown efficiency. (C) For rescue experiments, virgins of
the homozygous Sns-Gal4; UAS-dcr-2 line are crossed to males of a line harboring both, a
UAS-RNAi- as well as an overexpression construct (UAS-HA-geneX) in homozygosity. All
progeny will have the same genotype and nephrocytes specifically will express an HA-tagged
Protein-X in the knockdown background.
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FlyBase (https://www.flybase.org, Thurmond et al., 2019). In most cases, the extra-
nephrocyte expression of GAL4 and the concomitant expression of transgenes in
other tissues or cells does not prevent from morphological and functional analyses
of the nephrocyte itself. It should however be considered when recording systemic
phenotypes such as larval development.

Taken together, the GAL4-UAS-System allows for cell specific targeting of
nephrocytes. Depending on the choice of transgene, it can be used for depletion
or overexpression of proteins, as described in the following.

Table 1 Most common nephrocyte GAL4-driver lines and their expression
profile.

Name Reference
Associated
gene

Expression data of
associated gene

Sns-GAL4 Kocherlakota, Wu,
McDermott, and
Abmayr (2008)

sticks and
stones
(CG33141)

– Embryonic, larval and adult
garland and pericardial cell
(Weavers et al., 2009)

– Interommatidial cell (Hoehne,
Gert de Couet, Stuermer, &
Fischbach, 2005 )

– Differentiated myoblasts (Gildor,
Schejter, & Shilo, 2012)

Dot-GAL4 Kimbrell, Hice,
Bolduc,
Kleinhesselink, and
Beckingham, (2002)

Ugt36A1
(CG2788)
(encoding
the Dorothy
protein)

– Embryonic and larval lymph
gland (Honti et al., 2010)

– Embryonic and larval garland
and pericardial cell (Lim, Wang,
Chen, Ocorr, & Bodmer, 2014;
Pendse et al., 2013)

– Adult pericardial cell (Hartley,
Motamedchaboki, Bodmer, &
Ocorr, 2016; Lim et al., 2014)

Hand-GAL4 Sellin, Albrecht,
K€olsch, and Paululat
(2006)

Hand
(CG18144)

– Heart, muscle fiber, dorsal
vessel, cardial cell, pericardial
and garland cell from embryonic
through to adult stages (Das,
Ashoka, Aradhya, & Inamdar,
2008; Sellin et al., 2006)

pros-GAL4 Ohshiro, Yagami,
Zhang, and
Matsuzaki (2000)

prospero
(CG17288)

– Embroyonic and larval garland
cell (Tutor, Prieto-Sánchez, &
Ruiz-Gómez, 2014; Vaessin
et al., 1991;Weavers et al., 2009)

– Embryonic, larval and adult
central nervous system and
neuroblasts (Doe, Chu-LaGraff,
Wright, & Scott, 1991;
Micchelli & Perrimon, 2006;
Vaessin et al., 1991)

Information on expression data summarized from FlyBase (FB2018_06).
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2.3 Achieving gene silencing in nephrocytes via RNA interference
A simple way to mimic protein loss-of-function is by silencing the gene of interest
post-transcriptionally. A well-established approach utilizes the RNA interference
(RNAi) pathway: Overexpression of long double stranded RNA (dsRNA) or short
hairpin RNAs (shRNAs) in Drosophila leads to degradation of the targeted, partly
complementary mRNA resulting in decreased protein levels and eventually in a
knockdown (Heigwer, Port, & Boutros, 2018; Tomari & Zamore, 2005).

In the past decade, several consortia have contributed to the development of an
off-the-shelf Drosophila RNAi library. Ready to use fly strains in which expression
of the interfering RNA is under UAS control, are publicly available and can be or-
dered from the National Institute of Genetics (NIG; https://shigen.nig.ac.jp/fly/
nigfly/), the Vienna Drosophila Resource Center (VDRC; Dietzl et al., 2007;
https://stockcenter.vdrc.at) as well as the Bloomington Drosophila Stock Center
(BDSC; https://bdsc.indiana.edu/). The NIG was the first institute to make RNAi
strains and offer them for distribution in the fly community. The approach uses long
dsRNAs under UAS control which are integrated randomly into the genome by
P-element-mediated insertion (Hummel & Kl€ambt, 2008). Currently, the NIG col-
lection comprises approx. 11,000 RNAi lines. The VDRC offers RNAi lines of three
independent collections (the GD-, KK- and shRNA-collection), thereby covering
around 12,000 protein-coding genes. The main difference of the libraries concerns
the integration mechanism of the inducible UAS-RNAi-constructs. The
GD-collection was established using a P-element-mediated approach whereby con-
struct insertion occurs randomly (Dietzl et al., 2007). TheUAS-RNAi-constructs are
mapped to a chromosome (X, 2 or 3), but the actual insertion site remains unknown,
resulting in varying expression levels of the RNAi transgenes, depending on its in-
tegration site. In contrast, integration of UAS-RNAi-constructs of the KK-collection
as well as the shRNA-collection is based on phiC31-recombinase-activity where
specific docking sites are targeted (Bischof, Maeda, Hediger, Karch, & Basler,
2007). This approach comes with the advantage of avoiding integration-dependent
differences on the level of transgene expression and the viability of the UAS-RNAi
line itself. A similar approach was followed by the Transgenic RNAi Project (TRiP)
at Harvard Medical School (http://www.flyrnai.org; Perkins et al., 2015). Also here,
UAS-hairpin RNA-constructs are inserted by a phiC31-approach at two distinct in-
tegrations sites, on the second and third chromosome, respectively. Since 2008, the
TRiP generated over 12,000 RNAi lines and are continuing to expand the collection,
which is distributed to the community through the BDSC.

As the interfering RNAs are under control of a UAS, lines can be crossed to any
GAL4-driver line to silence the respective gene in a spatially and/or temporally con-
trolled manner. A mating scheme for RNAi mediated knockdown is exemplified in
Fig. 2B. The parental generation is homozygous for either the GAL4-driver or the
UAS-RNAi-construct. Therefore, all progeny harbors one copy of the respective con-
structs. Heterozygous GAL4-driver or UAS-RNAi lines can also be employed. In this
case, identification of the correct genotype among the progeny is mediated by using
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balancer chromosomes (Greenspan, 2004). In our example, the Sns-GAL4-driver line
was furthermore combined with a UAS-dcr-2-construct which leads to overexpres-
sion of the Dicer-2 (Dcr-2) protein (Fig. 2B). Dcr-2 is part of the RNAi machinery,
where it functions as a double-stranded RNA specific endonuclease responsible for
processing long dsRNA into short siRNA (Lee et al., 2004). A simultaneous expres-
sion of Dcr-2 enhances RNAi efficiency (Dietzl et al., 2007). There are severalUAS-
dcr-2 lines available on the X, second and third chromosome, respectively, fitting
into all mating schemes. They are offered at the RNAi-line distributer’s websites.

A draw-back of RNAi technology are possible false-positive results due to off-
target effects (Ma, Creanga, Lum, & Beachy, 2006). These can appear upon uninten-
tional targeting of other, partially homologous mRNA sequences. Therefore, it is
recommended to perform experiments with at least two independent UAS-RNAi-
constructs that target different parts of the respective mRNA. A different approach
to achieve nephrocyte specific loss-of-function was recently introduced by Hermle
et al. (2017). The authors performed a CrispR/Cas9-mediated knockout specifically
in nephrocytes. Hereby, the expression of Cas9, which is under the control of a UAS
(lines available at the BDSC), was restricted to nephrocytes and initiated by using the
Hand-GAL4-driver. The guide RNA, targeting the gene of interest, on the other side
was expressed ubiquitously under control of the dU6:1 promotor. The plasmid for
gRNA integration into the fly was established by Port, Chen, Lee, and Bullock
(2014) and can be obtained from addgene (pCDF4, #49411; https://www.addgene.
org/).

2.4 Transgenic expression of proteins in nephrocytes
Early-onset CKDs (disease onset before the age of 25) such as steroid resistant ne-
phrotic syndrome are often characterized by mutations in a single gene. To date,
numerous of such disease associated genes and their specific base alterations have
been identified by sequencing patient samples (Vivante & Hildebrandt, 2016).
Recent studies exploited the nephrocyte system to study the function of mamma-
lian renal proteins and their specific mutant alleles. Here, we will describe how
these genes can be introduced into the fly genome and be expressed in nephrocytes
transgenically. In combination with the previously described RNAi approach
(see Section 2.3), it is possible to replace the fly protein with the human homolog
and therefore study function and, if applicable, mutation-related phenotypes of the
disease associated protein in more detail.

As knockdown of the endogenous fly protein is achieved in a GAL4-UAS-
mediated fashion, it is necessary to subclone the cDNA of the respective human
disease gene into a plasmid providing a UAS-motif. Integration of the generated
plasmid is done by injecting Drosophila embryos. This transgenic service is
offered by companies such as BestGene (https://www.thebestgene.com/) or Genet-
iVision (http://www.genetivison.com). A range of vectors that harbor a UAS-motif
can be obtained from the Drosophila Genomics Resource Center (DGRC; https://
dgrc.bio.indiana.edu). The original pUASt vector described in 1993 (Brand &
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Perrimon, 1993, DGRC#1000), for example, can be used for P-element-mediated
random integration into the genome. This vector has to date be modified in much
extend so that a palette of fusion proteins with different tags can be generated
and integrated into the fly. Other vectors are based on homologous recombination
and follow the gateway system (Hartley, Temple, & Brasch, 2000). The plasmids
comprise a gateway cassette for phiC31-integrase-mediated integration into spe-
cific docking sites. Transgenic companies provide different founder lines for this
purpose. One can commission integration into different attP landing sites, covering
all chromosomes, and therefore define a distinct integration locus. In Fig. 2C, we
give an example of a mating scheme for simultaneous expression of a UAS-RNAi-
construct and an HA-tagged protein (HA-gene-X) from our own laboratory. For this
purpose, the pTHW vector (DGRC #1099), providing the HA-tag, was used for site-
specific integration of gene-X into the P2(3L)68A4 docking site (transgenesis by
GenetiVision). The HA-tag hereby allows for detection of the transgenic protein
so that it’s proper expression can be validated.

3 Dissection of nephrocytes in larvae and adult flies
3.1 Overview
As described above, Drosophila has two subsets of nephrocytes: garland nephro-
cytes as well as pericardial nephrocytes (Fig. 1A). Garland nephrocytes (GNs) are
located in proximity of the foregut. Here, they build a chain (a garland) of cells
that surround the junction of esophagus and proventriculus/cardia. Toward the
end of embryogenesis, GNs undergo a fusion process leading to binucleated cells
which makes them easily identifiable (Zhuang et al., 2009). Pericardial nephro-
cytes on the other hand can be found in two rows of approximately 20 cells
flanking both sides of the heart tube (Denholm & Skaer, 2009; Sellin et al.,
2006). Both nephrocyte populations originate from mesodermal precursor cells
and require Drosophila Kr€uppel-like factor 15 (dKLF15) for differentiation,
the functional homolog of the mammalian podocyte differentiation factor
KLF15 (Ivy et al., 2015; Mallipattu et al., 2012). For further reading on biology
and development of nephrocytes as well as utilization of the nephrocyte system,
we refer to excellent previous reviews (Cagan, 2011; Denholm & Skaer, 2009;
Helmst€adter, Huber, & Hermle, 2017; Helmst€adter & Simons, 2017; Simons &
Huber, 2009). GNs and PNs are both frequently utilized for morphological and
functional analyses. We will here demonstrate how nephrocytes can be dissected
from third instar larvae as well as adult flies. Depending on the application for
which they are isolated, they can be dissected in phosphate buffered saline
(PBS) (for immunofluorescence or immunohistochemistry) or, as recommended
for ex vivo assays prior to fixation, in hemolymph like medium (HL3, Stewart,
Atwood, Renger, Wang, & Wu, 1994) or Schneider’s S2 medium to ensure best
possible physiological conditions.
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3.2 Dissection of garland nephrocytes in third instar larvae
3.2.1 Materials and reagents (Fig. 3A)
• Dissection medium (HL3; 70mMNaCl, 5mMKCl, 1.5mMCaCl2"2H2O, 20mM

MgCl2"6H2O, 10mM NaHCO3, 5mM Trehalose, 115mM Sucrose, 5mM
HEPES; Stewart et al., 1994)

• Staining block, glass (VWR, #631-9301)
• Dissection dish (5cm plastic dish filled with Sylgard™ 184 Silicone Elastomer)
• Dumont #5 and #55 forceps (World Precision Instruments, #14098 and # 14099)
• Vannas scissors (World Precision Instruments, #500086)
• Stereo dissecting microscope

3.2.2 Method
Prior to dissection, larvae should be rinsed with water or 1 # PBS in a staining block
to wash off remaining food traces. They are then transferred to a dissection dish filled
with cold dissection medium.

1. Fix the larva with the help of forceps in the head region (Fig. 3B). Remove the
anterior head part at the level of the anterior spiracles (Fig. 3B, dashed line) with

FIG. 3

Dissections of nephrocytes in Drosophila larvae and adults. (A–L) Pictures depicting the
individual steps conducted for nephrocyte dissection. For visualization, fly food was
supplemented with silver nitrate as described in Weavers et al. (2009). (A) Material for
nephrocyte dissection. (B–F) Dissection of garland nephrocytes in third instar wandering
larvae. (G–H) Pericardial nephrocyte dissection in adults. All scale bars represent 500μm.
Dashed lines in B, D, H, and K show cutting lines. Arrows in E, F, K and L point to nephrocytes.
For description of the individual steps see Sections 3.2.2 and 3.3.2.
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forceps or vannas scissors (the latter will help to precisely separate the foregut
from the mouth hooks). The inner organs emerge and the esophagus will
eventually be exposed (Fig. 3C).

2. Grab any part of the gut or the exposed esophagus and pull out the intestine as
much as possible (Fig. 3D).

3. Detach the midgut as much as you prefer (Fig. 3D, dashed line). For further
handling in Eppendorf tubes, we recommend to leave a fair amount of tissue
attached to the proventriculus, so that the tissue is still detectable by eyesight and
sinks by its weight.

4. Remove the gastric caeca from the midgut (Fig. 3E). This will prevent them to
rest on the nephrocytes when mounted.

5. Transfer the tissue with forceps into Eppendorf tubes or PCR tubes containing
fixative for the respective application (formaldehyde or paraformaldehyde for
immunofluorescence; glutaraldehyde for electron microscopic analyses).

3.3 Dissection of pericardial nephrocytes in adult flies
3.3.1 Materials and reagents
• Dissection medium (HL3; 70mMNaCl, 5mMKCl, 1.5mMCaCl2"2H2O, 20mM

MgCl2"6H2O, 10mM NaHCO3, 5mM Trehalose, 115mM Sucrose, 5mM
HEPES; Stewart et al., 1994)

• Dissection dish (5cm plastic dish filled with Sylgard™ 184 Silicone Elastomer)
• Dumont #5 and #55 forceps (World Precision Instruments, #14098 and #14099)
• Vannas scissors (World Precision Instruments, #500086)
• Stereo dissection microscope

3.3.2 Method
Prior to dissection, the flies are anesthetized with CO2 and the head is cut off from the
thorax and abdomen with forceps or vannas scissors. Then, the bodies are transferred
to a dissection dish filled with dissection medium.

1. Position the fly with the ventral side facing upwards and fix the thorax region
with forceps (Fig. 3G). Now, with the help of vannas scissors, perform two
sections orthogonally to the anterior-posterior axis at the anterior part of the
abdomen as well as the posterior end of the fly, respectively (Fig. 3H, dashed
lines).

2. The abdomen is now detached and is open at both ends. With vannas scissors,
perform a straight cut from the posterior opening toward the anterior opening
following the abdomen’s centerline (Fig. 3I).

3. The abdomen can now be unfolded. Clear out the remaining inner organs
(Fig. 3J) and cut off the lateral parts of the cuticle (Fig. 3K, dashed lines).
The heart and nephrocytes (Fig. 3L, arrow) are still attached to the cuticle and
can now be fixed or processed otherwise (Fig. 3L).
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4 Immunofluorescent staining in garland nephrocytes
4.1 Overview
Although considered as complementary to electron microscopy, which gives a
much better depiction of the nephrocyte’s architecture and distinct structure, immu-
nofluorescence (IF) gives a first insight into possible phenotypes arising from
genetic interventions. For example, staining with antibodies for ND proteins
Sns or Duf can reveal if the proteins are correctly localized to the outer aspect of
the cell and whether NDs are present. Moreover, IF is surely mandatory to assess
proper expression of transgenic proteins or to validate knockdown efficiency
when overexpressing UAS-RNAi-constructs. Here, we provide a protocol for IF in
garland nephrocytes and, as an example, depict staining for Duf in a control line
(Sns-GAL4>GFP-RNAi) as well as a line depleted for Duf (Sns-GAL4>duf-RNAi)
(Fig. 4). For this, we crossed Sns-GAL4;UAS-dcr-2 (Dietzl et al., 2007;
Kocherlakota et al., 2008) with UAS-GFP-RNAi (BDSC #41553) and UAS-duf-
RNAi (VDRC #109585), respectively, and flies were maintained at 25 °C. We
co-stained the nephrocytes with anti-HRP, which is known to detect an epitope
on nephrocytes as well as neurons in Drosophila (Jan & Jan, 1982; Weavers
et al., 2009).

4.2 Materials and reagents
• Dissection medium (HL3; 70mMNaCl, 5mMKCl, 1.5mMCaCl2"2H2O, 20mM

MgCl2"6H2O, 10mM NaHCO3, 5mM Trehalose, 115mM Sucrose, 5mM
HEPES; Stewart et al., 1994)

• Formaldehyde solution 37% (FA, Roth #4979)
• Methanol (optional)
• Wash buffer (0.3% Triton-X and 0.5% bovine serum albumin in 1 # PBS)
• Normal donkey serum (NDS, Jackson ImmunoResearch, #017-000-121)
• Primary antibodies (goat-anti-HRP, 1:200, Jackson ImmunoResearch

#123-005-021; rabbit-anti-Duf, 1:100, kind gift from Barry Denholm)
• Secondary antibodies (Jackson ImmunoResearch; donkey-anti-goat-Cy3

#705-165-033; donkey-anti-rabbit-Alexa488 #711-545-152)
• Vectashield mounting medium with DAPI (Linaris, H-1200)

4.3 Method
All steps are performed at room temperature if not specified otherwise. We recom-
mend conducting all steps in 200μL final volume.

1. Dissect nephrocytes in cold dissection medium (as described in Section 3.2)
and collect the tissue of 10 larvae in 3.7% FA in 1# PBS in a 1.5mL Eppendorf or
PCR tube on ice until all samples are prepared.

2. Fix for 20min at room temperature. Depending on the antibody an additional
fixation in methanol for a minimum of 1h might be beneficial.
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3. Carefully pipette off the fixative. The tissue can still be covered with a bit of
liquid. Rinse 1 # and wash the samples 3 # 15min in wash buffer.

4. Incubate with primary antibodies diluted in wash buffer over night at 4 °C.
5. The next day, rinse 1 # and wash 3 # 15min in wash buffer. Afterward, block

with 5% NDS in wash buffer for 30min.

FIG. 4

Immunofluorescene for knockdown validation and morphological analysis. Garland
nephrocytes of third instar control larvae (Sns-GAL4>GFP-RNAi) and Duf knockdown
larvae (Duf kd; Sns-GAL4>duf-RNAi) were stained with anti-HRP and anti-Duf antibodies.
(A) HRP single channel shown in gray. The HRP antibody can be used to identify
nephrocytes, as it is described to detect glycoproteins on membranes of nephrocytes as well
as neurons (arrowhead) in Drosophila (Jan & Jan, 1982; Weavers et al., 2009). In control
animals, HRP staining appears as a ring-like structure and a chain of individual cells can
be observed. Upon knockdown of Duf, a fusion of nephrocytes can be noticed as it has
previously been described in Duf mutants and Duf knockdown animals (Helmst€adter et al.,
2012; Hermle et al., 2017). (B) Duf single channel shown in gray. As a component of the
nephrocyte diaphragm, Duf is localized to the outermost border of the cell, leading to a
ring-like structure in control animals. When depleting Duf levels, no specific signal can be
detected in the Duf channel which validates knockdown efficiency. (C) HRP (magenta)
and Duf (green) channels presented as composite image. Scale bars represent 50μm in all
micrographs. Projection show maximum intensity projection from a z-stack of approx.
70 slices.
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6. Incubate with secondary antibodies diluted in wash buffer for 2h in the dark.
7. Rinse 1 # and wash 3 # 15min in wash buffer before mounting the tissue.

For this, put a drop of mounting medium on a microscope slide and carefully
pipette the tissue into the medium without transferring too much liquid.
Unscramble the individual samples and seal with a cover slip.

5 Tracer uptake assays as functional readouts
5.1 Overview
Nephrocytes are part of the fly’s waste disposal system and detoxify the hemolymph
to ensure a homeostatic state. The process of detoxification involves an interplay
of filtration and endocytosis: molecules smaller than approximately 70kDa are fil-
tered by the nephrocyte diaphragm and enter the labyrinthine channels, where they
are eventually taken up by the cell via receptor mediated endocytosis and degraded or
stored intracellularly (Fig. 1C) (Hermle et al., 2017; Zhang, Zhao, Chao, Muir, &
Han, 2013). Due to the presence of a filtration apparatus but also the high endocytic
activity, nephrocytes share characteristics of both, podocytes and tubular cells
(Zhang, Zhao, Chao, et al., 2013; Zhang, Zhao, & Han, 2013). The nephrocyte’s
capacity of taking up molecules is actively connected to a proper constitution of
the ND. A defective ND, mediated by loss of the ND protein Sticks and stones, leads
to decreased labyrinthine channel area and abolished endocytic activity (Hermle
et al., 2017). Hence, the ability to take up molecules from the hemolymph can be
exploited as a functional assay to analyze possible defects within the nephrocyte.
The first tracer uptake assays were performed by Kovalevsky, when he initially de-
scribed nephrocytes: upon feeding silver nitrate to larvae of the Muscidae family, he
observed accumulation of the substance solely in nephrocytes (Kovalevsky, 1886).
Until today silver nitrate is used to study the nephrocyte’s functionality. However,
even wildtype larvae show a severe developmental delay when fed with the toxic
silver nitrate (own observations and personal communication with Barry Denholm)
and it should be considered to use non-toxic substances instead that are harmless for
the animal. Over the past decade, several alternative substances have been described
to assess nephrocyte function. Among others, the most frequently used tracers are
fluorescent proteins as well as fluorescently labeled proteins and polysaccharides
like albumin and dextrans, respectively. Hereby, two main approaches to perform
tracer uptake assays can be distinguished: nephrocytes can either be isolated from
the animal and exposed to the tracer ex vivo in a pulsed approach. Alternatively,
an endogenous tracer can be used to address nephrocyte function in vivo. The
Han laboratory introduced the tool to perform such in vivo experiments in 2013.
A transgenic construct within the established fly line leads to GFP expression under
the endogenous sequences of the Hand promotor, so that nephrocytes can be iden-
tified. Additionally, the construct initiates expression of an atrial natriuretic factor
(ANF)—red fluorescent protein (RFP) fusion protein under control of the myosin
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heavy chain (MHC) promotor. These flies will express ANF-RFP in muscles, from
which the fusion protein is secreted into the hemolymph and taken up by nephro-
cytes. Finally, the strain contains the pros-GAL4-driver on another chromosome
to enable protein knockdown when crossed to UAS-RNAi lines. It can therefore be
used to analyze possible filtration defects upon protein knockdown in vivo. For fur-
ther reading on this see (Fu et al., 2017; Zhang, Zhao, Chao, et al., 2013; Zhang,
Zhao, & Han, 2013).

Here, we are providing a protocol for ex vivo tracer uptake of fluorescently
labeled albumin in garland nephrocytes. We use FITC-albumin at a concentration
of 0.2mg/mL as described in Hermle et al., 2017. As filtration defects and reduced
tracer uptake is a known phenotype upon nephrocyte specific depletion of Duf
(Helmst€adter et al., 2012; Hermle et al., 2017), we made use of nephrocyte specific
knockdown of Duf (Sns-GAL4>duf-RNAi) to demonstrate the functionality of the
assay (Fig. 5A and C). Moreover, we compare filtration capacity of wildtype larvae
(OregonR; BDSC #5) to that of larvae expressing GFP-RNAi in nephrocytes
(Sns-GAL4>GFP-RNAi) to demonstrate suitability of Sns-GAL4>GFP-RNAi as
a control (Fig. 5A and C). Crosses were set up as described in Section 4.1.

5.2 Materials and reagents
• Dissection medium (HL3; 70mMNaCl, 5mMKCl, 1.5mMCaCl2"2H2O, 20mM

MgCl2"6H2O, 10mM NaHCO3, 5mM Trehalose, 115mM Sucrose, 5mM
HEPES; Stewart et al., 1994)

• FITC-albumin (Sigma #A9771, 10mg/mL stock solution diluted in 10mM TRIS
pH8, working solution further diluted in HL3)

• Formaldehyde solution 37% (FA; Roth #4979)
• Staining block, glass (VWR #631-9301)
• Vectashield Mounting Medium with DAPI (Linaris, H-1200)

5.3 Method
1. Dissect nephrocytes of 10 third instar larvae as described in Section 3.2 in

HL3 medium and collect tissue in staining block in HL3. The medium should be
at room temperature or preheated to 25 °C, so that endocytosis won’t be
prevented.

2. Exchange the HL3 medium with 0.2mg/mL FITC-albumin solution and incubate
for 30s in the dark (the incubation time is variable, however we observe
overexposure when incubating too long, even at a laser intensity as low as 0.1%;
Leica TSC SP8 confocal microscope).

3. Remove the albumin solution and rinse the tissue 3 # with HL3 medium before
fixing it for 15min in 3.7% FA in 1# PBS in the dark.

4. Rinse the tissue 3 # in HL3 or 1# PBS.
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5. Transfer the samples individually to a microscope slide with a drop of mounting
medium and seal with a cover slip. The samples can then be imaged with a
fluorescent microscope (Fig. 5A, in our experiment a Leica TSC SP8 confocal
laser scanning microscope was used). The slides should be scanned for the
brightest sample (usually the control samples) and the laser set accordingly.

FIG. 5

Tracer uptake assays can be used to study nephrocytes on a functional level. Garland
nephrocytes of wildtype (OregonR), control (Sns-GAL4>GFP-RNAi) and Duf knockdown
(Sns-GAL4>duf-RNAi) larvaewere isolated and incubated in 0.2mg/mL FITC-albumin solution
for 30s. Images were taken with a Leica TSC SP8 confocal laser scanning microscope.
(A) Micrographs of third instar garland nephrocytes after ex vivo exposure to FITC-albumin
(FITC, gray) and mounting in Vectashield containing DAPI (cyan). The uptake capacity of
control larvae is comparable to that of wildtype animals, underlining the suitability of GFP
knockdown animals as controls. When knocking down Duf expression levels in nephrocytes,
uptake of FITC-albumin is abolished, indicating that endocytosis is prevented and that
nephrocytes have a severe functional phenotype. All scale bars represent 20μm. (B) Analysis of
the micrograph with FIJI software (Schindelin et al., 2012). Nephrocytes (gray) are defined
as regions of interest (ROI 1–5, cyan) individually and added to the ROI manager. The mean
fluorescence intensity can then be determined and subtracted by the mean intensity of the
background (ROI 6, cyan). (C) Quantification of experiments from (A) represented as
individual data points. Gray line and error bars indicate mean $ SEM. n ¼150–180
nephrocytes of 30–35 animals from at least three different crossings. Statistical significance
was calculated by applying One-way ANOVA and Tukey’s post hoc analysis; ****P < 0.0001.
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6. Analysis: Import files into any image analysis software (e.g., FIJI; Schindelin
et al., 2012) to measure the mean fluorescence intensity of the individual
nephrocytes (e.g., by defining them as regions of interest (Fig. 5B). Additionally,
measure the mean fluorescence intensity of areas, where no tissue was mounted
(Fig. 5B). Once this background intensity is subtracted the mean fluorescence
intensity can be depicted as arbitrary units (Fig. 5C).

6 Conclusion
The Drosophila toolbox enables researchers to study gene and protein function with
straightforward and easy assessable technologies. A vast number of disease associ-
ated genes are conserved in the fly, which makes it possible to interfere with signal-
ing pathways involved in the disease process. In the past decade, Drosophila gained
attractiveness as a model organism for renal diseases and, especially, podocytopa-
thies, as shown for nephrocytes which can be considered as podocyte-like cells. Here,
we summarize how podocyte injury can be studied in the fruit fly and provide pro-
tocols that enable a first evaluation of possible phenotypes such as morphological
changes or impaired functionality arising from genetic manipulation. These methods
can also be used to screen for other undiscovered genes that might be involved in
podocyte disease.
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tracing reveals the plasticity of the hemocyte lineages and of the hematopoietic compart-
ments in Drosophila melanogaster. Molecular Immunology, 47(11 % 12), 1997–2004.

Huber, T. B., & Benzing, T. (2005). The slit diaphragm: A signaling platform to regulate podo-
cyte function. Current Opinion in Nephrology and Hypertension, 14(3), 211–216.

Huber, T. B., Simons, M., Hartleben, B., Sernetz, L., Schmidts, M., Gundlach, E., et al. (2003).
Molecular basis of the functional podocin-nephrin complex: Mutations in the NPHS2 gene
disrupt nephrin targeting to lipid raft microdomains. Human Molecular Genetics, 12(24),
3397–3405.

Hummel, T., & Kl€ambt, C. (2008). Element mutagenesis. In C. Dahmann (Ed.), Drosophila.
Methods in molecular biology (420th ed., pp. 97–117). Humana Press.

Ivy, J. R., Drechsler, M., Catterson, J. H., Bodmer, R., Ocorr, K., Paululat, A., et al. (2015).
Klf15 is critical for the development and differentiation of Drosophila nephrocytes. PLoS
One, 10(8), e0134620.

Jan, L. Y., & Jan, Y. N. (1982). Antibodies to horseradish peroxidase as specific neuronal
markers in Drosophila and in grasshopper embryos. Proceedings of the National Academy
of Sciences of the United States of America, 79(8), 2700–2704.

Kambham, N., Tanji, N., Seigle, R. L., Markowitz, G. S., Pulkkinen, L., Uitto, J., et al. (2000).
Congenital focal segmental glomerulosclerosis associated with beta4 integrin mutation
and epidermolysis bullosa. American Journal of Kidney Diseases: The Official Journal
of the National Kidney Foundation, 36(1), 190–196.

Kestil€a, M., Lenkkeri, U., M€annikk€o, M., Lamerdin, J., McCready, P., Putaala, H., et al.
(1998). Positionally cloned gene for a novel glomerular protein—Nephrin—Is mutated
in congenital nephrotic syndrome. Molecular Cell, 1(4), 575–582.

237References

43

http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0115
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0115
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0120
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0120
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0120
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0125
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0125
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0130
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0130
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0135
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0135
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0140
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0140
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0140
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0145
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0145
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0145
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0145
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0145
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0145
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0150
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0150
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0150
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0155
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0155
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0155
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0155
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0160
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0160
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0160
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0160
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0165
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0165
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0165
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0165
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0165
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0165
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0170
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0170
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0175
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0175
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0175
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0175
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0180
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0180
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0180
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0185
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0185
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0185
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0190
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0190
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0190
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0195
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0195
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0195
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0195
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0200
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0200
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0200
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0200
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0200
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0200


Kimbrell, D. A., Hice, C., Bolduc, C., Kleinhesselink, K., & Beckingham, K. (2002). The Dor-
othy enhancer has Tinman binding sites and drives hopscotch-induced tumor formation.
Genesis, 34(1–2), 23–28.

Kocherlakota, K. S., Wu, J.-M., McDermott, J., & Abmayr, S. M. (2008). Analysis of the cell
adhesion molecule sticks-and-stones reveals multiple redundant functional domains,
protein-interaction motifs and phosphorylated tyrosines that direct myoblast fusion in
Drosophila melanogaster. Genetics, 178(3), 1371–1383.

Kohli, P., Bartram, M. P., Habbig, S., Pahmeyer, C., Lamkemeyer, T., Benzing, T., et al.
(2014). Label-free quantitative proteomic analysis of the YAP/TAZ interactome.
American Journal of Physiology. Cell Physiology, 306(9), C805–C818.

Kovalevsky, A. (1886). Zur Verhalten des R€uckengef€asses und des guirlandenf€ormigen Zel-
lenstrangs der Musciden w€ahrend der Metamorphose. Biologisches Zentralblatt, 6, 74–79.

Kovalevsky, A. (1889). Ein Beitrag zur Kenntnis der Exkretionsorgane. Biologisches Zentral-
blatt, 9, 74–79.

Lee, Y. S., Nakahara, K., Pham, J. W., Kim, K., He, Z., Sontheimer, E. J., et al. (2004). Distinct
roles for Drosophila Dicer-1 and Dicer-2 in the siRNA/miRNA silencing pathways. Cell,
117(1), 69–81.

Lim, H.-Y., Wang, W., Chen, J., Ocorr, K., & Bodmer, R. (2014). ROS regulate cardiac func-
tion via a distinct paracrine mechanism. Cell Reports, 7(1), 35–44.

Ma, Y., Creanga, A., Lum, L., & Beachy, P. A. (2006). Prevalence of off-target effects in Dro-
sophila RNA interference screens. Nature, 443(7109), 359–363.

Mallipattu, S. K., Liu, R., Zheng, F., Narla, G., Ma’ayan, A., Dikman, S., et al. (2012).
Kruppel-like factor 15 (KLF15) is a key regulator of podocyte differentiation. The Journal
of Biological Chemistry, 287(23), 19122–19135.

Mele, C., Iatropoulos, P., Donadelli, R., Calabria, A., Maranta, R., Cassis, P., et al. (2011).
MYO1E mutations and childhood familial focal segmental glomerulosclerosis. The
New England Journal of Medicine, 365(4), 295–306.

Micchelli, C. A., & Perrimon, N. (2006). Evidence that stem cells reside in the adult Drosoph-
ila midgut epithelium. Nature, 439(7075), 475–479.

Mills, R. P., & King, R. C. (1965). The pericardial cells of Drosophila melanogaster. The
Quarterly Journal of Microscopical Science, 106(3), 261–268.

Myers, E. W., Sutton, G. G., Delcher, A. L., Dew, I. M., Fasulo, D. P., Flanigan, M. J., et al.
(2000). A whole-genome assembly of Drosophila. Science, 287(5461), 2196–2204.

Ni, L., Saleem,M., &Mathieson, P. W. (2012). Podocyte culture: Tricks of the trade.Nephrol-
ogy (Carlton, Vic.), 17(6), 525–531.

Ohshiro, T., Yagami, T., Zhang, C., &Matsuzaki, F. (2000). Role of cortical tumour-suppressor
proteins in asymmetric division of Drosophila neuroblast. Nature, 408(6812), 593–596.

Pavenst€adt, H., Kriz, W., & Kretzler, M. (2003). Cell biology of the glomerular podocyte.
Physiological Reviews, 83(1), 253–307.

Pendse, J., Ramachandran, P. V., Na, J., Narisu, N., Fink, J. L., Cagan, R. L., et al. (2013).
A Drosophila functional evaluation of candidates from human genome-wide association
studies of type2diabetes and related metabolic traits identifies tissue-specific roles for
dHHEX. BMC Genomics, 14(1), 136.

Perkins, L. A., Holderbaum, L., Tao, R., Hu, Y., Sopko, R., McCall, K., et al. (2015). The
transgenic RNAi project at Harvard Medical School: Resources and validation. Genetics,
201(3), 843–852.

Port, F., Chen, H.-M., Lee, T., & Bullock, S. L. (2014). Optimized CRISPR/Cas tools for
efficient germline and somatic genome engineering in Drosophila. Proceedings of the
National Academy of Sciences of the United States of America, 111(29), E2967–E2976.

238 CHAPTER 12 Nephrocytes to study glomerular biology

44

http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0205
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0205
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0205
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0210
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0210
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0210
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0210
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0215
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0215
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0215
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0220
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0220
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0220
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0220
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0220
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0220
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0225
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0225
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0230
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0230
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0230
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0235
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0235
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0240
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0240
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0245
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0245
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0245
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0250
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0250
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0250
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0255
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0255
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0260
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0260
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0265
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0265
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0270
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0270
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0275
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0275
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0280
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0280
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0280
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0285
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0285
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0285
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0285
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0285
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0285
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0290
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0290
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0290
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0295
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0295
http://refhub.elsevier.com/S0091-679X(19)30033-0/rf0295


Reiter, L. T., Potocki, L., Chien, S., Gribskov, M., & Bier, E. (2001). A systematic analysis of
human disease-associated gene sequences in Drosophila melanogaster.Genome Research,
11(6), 1114–1125.

Rennke, H. G., & Venkatachalam, M. A. (1979). Glomerular permeability of macromolecules.
Effect of molecular configuration on the fractional clearance of uncharged dextran and
neutral horseradish peroxidase in the rat. Journal of Clinical Investigation, 63(4),
713–717.

Rinschen, M.M., Schroeter, C. B., Koehler, S., Ising, C., Schermer, B., Kann, M., et al. (2016).
Quantitative deep mapping of the cultured podocyte proteome uncovers shifts in proteo-
static mechanisms during differentiation. American Journal of Physiology. Cell Physiol-
ogy, 311(3), C404–C417.

Rodewald, R., & Karnovsky, M. J. (1974). Porous substructure of the glomerular slit dia-
phragm in the rat and mouse. The Journal of Cell Biology, 60(2), 423–433.

Saran, R., Robinson, B., Abbott, K. C., Agodoa, L. Y. C., Bhave, N., Bragg-Gresham, J., et al.
(2018). US renal data system 2017 annual data report: Epidemiology of kidney disease in
the United States. American Journal of Kidney Diseases: The Official Journal of the
National Kidney Foundation, 71(3S1), A7.

Sarnak, M. J., Levey, A. S., Schoolwerth, A. C., Coresh, J., Culleton, B., Hamm, L. L., et al.
(2003).KidneyDisease as a risk factor for development of cardiovascular disease.American
heart association councils on kidney in cardiovascular disease, high blood pressure research,
clinical cardiology, and epidemiology and prevention. Circulation, 108(17), 2154–2169.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al.
(2012). Fiji: An open-source platform for biological-image analysis. Nature Methods,
9(7), 676–682.

Schmidt-Rhaesa, A. (2007). Excretory systems. In 2007. The evolution of organ systems
(pp. 169–190). Oxford University Press.

Schroeter, C. B., Koehler, S., Kann, M., Schermer, B., Benzing, T., Brinkkoetter, P. T., et al.
(2018). Protein half-life determines expression of proteostatic networks in podocyte dif-
ferentiation. The FASEB Journal, 32(9), 4696–4713.

Sellin, J., Albrecht, S., K€olsch, V., & Paululat, A. (2006). Dynamics of heart differentiation,
visualized utilizing heart enhancer elements of the Drosophila melanogaster bHLH tran-
scription factor hand. Gene Expression Patterns: GEP, 6(4), 360–375.

Shankland, S. J., Pippin, J. W., Reiser, J., & Mundel, P. (2007). Podocytes in culture: Past,
present, and future. Kidney International, 72(1), 26–36.

Simons, M., & Huber, T. B. (2009). Flying podocytes. Kidney International, 75(5), 455–457.
Stewart, B. A., Atwood, H. L., Renger, J. J., Wang, J., & Wu, C. F. (1994). Improved stability

of Drosophila larval neuromuscular preparations in haemolymph-like physiological solu-
tions. Journal of Comparative Physiology. A, Sensory, Neural, and Behavioral Physiol-
ogy, 175(2), 179–191.

Thurmond, J., Goodman, J. L., Strelets, V. B., Attrill, H., Gramates, L. S., Marygold, S. J., et al.
(2019). FlyBase 2.0: The next generation. Nucleic Acids Research, 47(D1), D759–D765.

Tomari, Y., & Zamore, P. D. (2005). Perspective: Machines for RNAi.Genes &Development,
19(5), 517–529.

Tonelli, M., Muntner, P., Lloyd, A., Manns, B. J., Klarenbach, S., Pannu, N., et al. (2012). Risk
of coronary events in people with chronic kidney disease compared with those with
diabetes: A population-level cohort study. The Lancet, 380(9844), 807–814.

Tutor, A. S., Prieto-Sánchez, S., & Ruiz-Gómez, M. (2014). Src64B phosphorylates dumb-
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Results 

 

2.2 Chapter 2 – Modelling of ACTN4-based podocytopathy using Drosophila nephrocytes 

In paediatric patients, the most cases of steroid resistant nephrotic syndrome (SRNS), i.e. non-

responders to corticoid treatment, are due to inherited, monogenic forms of glomerular 

disorders (Vivante & Hildebrandt, 2016). Besides clinical and histological analyses, a genetic 

diagnosis in these patients is essential to ultimately pave the way for the individual 

therapeutic strategy. Occasionally, next generation sequencing hereby leads to the 

identification of previously uncharacterized genetic variants or single nucleotide 

polymorphisms (SNPs), which are likely to constitute the origin of disease, but whose 

pathogenic potential still needs to be evaluated properly. 

In the following article, we characterized a so far unknown genetic variant in the ACTN4 gene, 

found in a paediatric patient suffering from SRNS. Our aim for this manuscript was to 

demonstrate the thorough characterization of a newly discovered SNP that causes nephrotic 

syndrome using Drosophila melanogaster and its nephrocytes in addition to more established 

methods such as cell culture work and computational analyses. The genetic toolbox of 

Drosophila hereby allowed us to transgenically express the novel ACTN4 variant in 

nephrocytes and analyse its impact on nephrocyte morphology and function in comparison 

to the wildtype variant as well as other, previously described pathogenic variants of the 

protein. The interplay of in silico, in vitro and in vivo analyses offers a time efficient 

experimental workflow, we hereby aim at introducing as pipeline that could accompany the 

diagnostic workup of monogenic forms of the disease in the future. 
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Introduction: Genetic disorders are among the most prevalent causes leading to progressive glomerular

disease and, ultimately, end-stage renal disease (ESRD) in children and adolescents. Identification of

underlying genetic causes is indispensable for targeted treatment strategies and counseling of affected

patients and their families.

Methods: Here, we report on a boy who presented at 4 years of age with proteinuria and biopsy-proven

focal segmental glomerulosclerosis (FSGS) that was temporarily responsive to treatment with ciclo-

sporin A. Molecular genetic testing identified a novel mutation in alpha-actinin-4 (p.M240T). We describe a

feasible and efficient experimental approach to test its pathogenicity by combining in silico, in vitro, and

in vivo analyses.

Results: The de novo p.M240T mutation led to decreased alpha-actinin-4 stability as well as protein

mislocalization and actin cytoskeleton rearrangements. Transgenic expression of wild-type human alpha-

actinin-4 in Drosophila melanogaster nephrocytes was able to ameliorate phenotypes associated with the

knockdown of endogenous actinin. In contrast, p.M240T, as well as other established disease variants

p.W59R and p.K255E, failed to rescue these phenotypes, underlining the pathogenicity of the novel alpha-

actinin-4 variant.

Conclusion: Our data highlight that the newly identified alpha-actinin-4 mutation indeed encodes for a

disease-causing variant of the protein and promote the Drosophila model as a simple and convenient tool

to study monogenic kidney disease in vivo.
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F
SGS represents a histopathological pattern of injury
and is classified as primary or secondary depending

on whether an underlying cause can be identified. These
entities are further subdivided on the basis of their
response to immunosuppressive therapy, relapse fre-
quency, and histologic subvariants and whether genetic
variants can be identified. Clinically, FSGS can present
with proteinuria in the nephrotic or subnephrotic range,
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and signs of nephrotic syndrome may be present.1 The
prevalence of FSGS is rising, and FSGS is a major
contributor to ESRD requiring dialysis or kidney trans-
plantation.2,3 The driving factors leading to FSGS are
diverse and differ between pediatric and adult pop-
ulations. Although immunologic causes and genetic mu-
tations predominate in children, obesity or reduced
nephron mass leading to glomerular hyperfiltration, viral
infections, or autoimmune diseases as well as medications
are further factors in adult populations. Therefore, a very
careful examination of each patient is required to (i)
determine the underlying cause, (ii) optimize the patient’s
treatment and counseling, and (iii) predict the risk of
recurrence after kidney transplantation.

A monogenetic form of glomerular and podocyte
disorders can be detected in up to one-third of pa-
tients.4 Genotype information is important for person-
alized treatment approaches because it predicts
response to treatment options and risk of FSGS recur-
rence after transplantation, helps to avoid unnecessary
drug toxicity and side effects, and aids in the selection
of an appropriate kidney donor in the case of a living
transplant strategy as well as the assessment of other
family members at risk. To date, more than 50 FSGS-
associated genes have been discovered, most of which
encode proteins that play central roles in regulating the
podocyte’s architecture and function.5 Among these,
especially proteins associated with the slit diaphragm
such as nephrin or podocin and components of the
cytoskeleton and cytoskeleton-associated proteins such
as ACTN4 and INF2 were identified as causative for
inherited forms of FSGS.6 Although most mutations in
children are inherited in an autosomal recessive mode,
there are autosomal-dominant forms with rather slowly
progressive courses that present mainly in adults.

These patients often do not respond well to standard
immunosuppressive therapy. However, recently, several
case reports have been published reporting on partial or
complete remission in particular types of genetic FSGS.7

Large cohort studies combining comprehensive analyses
of both genotypes and phenotypes with a long-term
follow-up over several years will be essential to stratify
patients to a specific management course. Recently, we
established a clinical research unit (CRU329–www.
podocyte.org) and a clinical registry (FOrMe registry,
ClinicalTrials.gov identifier: NCT039499728) in Germany.
Within this registry, we provide comprehensive genetic
analysis, monitor the clinical outcome, and provide
in vitro and in vivo analysis of novel mutations to predict
the outcome.

Here, we report on 3 patients with de novo ACTN4
mutations that were identified within the clinical
research unit and that developed kidney disease with a
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rapid deterioration of kidney function at a rather
younger age than most published patients with muta-
tions in ACTN4.9 The mutation of 1 patient was pre-
viously analyzed in vitro10. Applying in silico, in vitro,
and in vivo analyses using the Drosophila melanogaster
nephrocyte model, we now characterized the biological
consequences of a further ACTN4 mutation resulting in
amino acid change p.M240T and demonstrate its
pathogenicity. We established a thorough workflow to
elucidate and evaluate the pathogenic potential of un-
known variants that might be disease-causing in
nephrotic syndrome, eventually guiding and facili-
tating further treatment options for the individual
patient and hereby emphasize the genetic power of the
Drosophila model in translational kidney research.

METHODS

Probands

All investigations were conducted in accordance with
the principles of the Declaration of Helsinki and after
obtaining written informed consent from the patient
and his parents. Clinical and biochemical data were
collected from medical charts. Standard methods were
used to analyze electrolytes, creatinine, and other lab-
oratory parameters. This study was carried out with
the approval of the ethics committee of the University
Hospital Cologne (number 15-215).

Genetic Analysis

DNA of patients 1 and 2 was analyzed by next-
generation sequencing as described previously.10 We
performed Sanger sequencing of DNA from patient 3
for 8 genes commonly found in mainly nonsyndromic
steroid-resistant nephrotic syndrome (SRNS)/FSGS
(NPHS1, NPHS2, WT1, TRPC6, INF2, ACTN4,
PLCE1, and PAX2). Segregation of all parents DNA
confirmed that all pathogenic ACTN4 variants occurred
de novo in the patients (see Supplementary Table S1).

Analysis of Thermodynamic Stability In Silico

Computational analyses were carried out as described
before10: The respective protein data bank files were
obtained from the PubMed structure (protein data
bank: 2EYN [ACTN1], 1WKU [ACTN3], 2R0O
[ACTN4]). Because there is no crystal structure for
wild-type (WT) ACTN4 available, we used the struc-
ture of ACTN4 K255E, which shows no significant
structural change in comparison with the WT pro-
tein.11 The files were uploaded to the respective web
servers, and calculation of free energy (delta-delta-G)
was performed using the default settings. The effect of
an amino acid substitution (M to P for the respective
residues) was calculated.12-16
Kidney International Reports (2023) 8, 317–329
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Actin Fractionation Assay

Differential centrifugation was performed to investi-
gate the subcellular localization of ACTN4 and its
clustering with components of the actin cytoskeleton.
For this, Flag-tagged hACTN4-WT or hACTN4-M240T
was transfected into human embryonic kidney 293 T
cells, which were harvested in ice-cold phosphate-
buffered saline the next day. Cells were lysed in lysis
buffer (20-mM Tris-HCl, pH 7.5, 50-mM NaCl, 50-mM
NaF, 15-mM Na4P2O7, 2-mM Na3VO4, 1% Triton X-
100, and protease inhibitor mix complete protease in-
hibitor mix [Roche]). After low-speed centrifugation of
the whole-cell lysate at 14,000 � g for 15 minutes, large
cytoskeletal structures such as actin bundles were
pelleted into the Triton insoluble fraction. The super-
natant (Triton soluble fraction) was further cen-
trifugated at 100,000 � g for 30 minutes, after which
fractions were separated into F-actin (pellet) and G-
actin (supernatant). The fractions were then analyzed
by western blot.

Fly Lines and Husbandry

Flies were kept on standard medium and maintained at
25 �C. As a nephrocyte-specific driver, we used Sticks
and Stones–GAL4 (sns-GAL4)17 combined with up-
stream activating sequence (UAS)-dcr2,18 to achieve
higher knockdown efficiency. UAS-GFP-RNA inter-
ference (RNAi) (BDSC #41553) served as control, and
UAS-actn-RNAi-1 (VDRC #7762) and UAS-actn-RNAi-2
(VDRC #110719) were used to silence the actinin gene.
Strains transgenically expressing the human hemag-
glutinin (HA)-tagged alpha-actinin-4 variants were
generated via phi31-mediated recombination into the
attP1:(2R) 55C4 locus (GenetiVision) and recombined
with VDRC #110719 to generate stable lines expressing
both UAS-actn-RNAi2 and HA-hACTN4-variants.

Immunofluorescence Stainings in Nephrocytes

Immunofluorescence stainings in nephrocytes were per-
formed as described before.19 In brief, nephrocytes were
dissected in phosphate-buffered saline followed by fixa-
tion in 4% formaldehyde for 20minutes andmethanol for
1 hour at room temperature. After 3 washing steps in
wash buffer (phosphate-buffered saline, 0.3% Triton,
0.5% bovine serum albumin), primary antibodies were
incubated in wash buffer overnight at 4 �C. Primary an-
tibodies were as follows: mouse antipolychaetoid 2
(Developmental Studies Hybridoma Bank, 1:25), goat
anti–horseradish peroxidase (Jackson ImmunoResearch
#123-005-021, 1:200), and rabbit anti–HA (Sigma
#H6908, 1:100). After 3 washing steps and 30 minutes
blocking in 5% normal donkey serum, the tissue was
incubated with secondary antibodies (donkey anti-
rabbitCy3, Jackson ImmunoResearch #711-165-152,
Kidney International Reports (2023) 8, 317–329 52
1:250; donkey anti-goatAlexa488, Jackson ImmunoR-
esearch #705-545-003, 1:250; goat anti-mouseAtto647N,
Sigma #50185, 1:1000) for 1 hour at room temperature.
Following 3 washing steps, the tissue was mounted in
Vectashield mounting medium (Linaris, H-1200).

Tracer Uptake Assay in Nephrocytes

Tracer uptake assays were performed using fluorescein
isothiocyanate (FITC)–labeled bovine albumin (Sig-
ma#A9771) as described earlier.19 Nephrocytes were
dissected in HL3 medium (70-mM NaCl, 5-mM KCl, 5-
mM CaCl2*2H2O, 20-mM MgCl2*6H2O, 10-mM
NaHCO3, 5-mM trehalose, 115-mM sucrose, 5-mM
HEPES) and incubated in 0.2 mg/ml FITC-albumin for
30 seconds at room temperature. After rinsing the tis-
sue with HL3 medium several times, nephrocytes were
fixed for 20 minutes in 4% formaldehyde and mounted
in Vectashield mounting medium (Linaris, H-1200).

Microscopy and Image Analysis

Cultured cells were imaged using an Axiovert 200 mi-
croscope (C-Apochromat 63x/1.22W objective, Carl Zeiss
MicroImaging, Jena, Germany) usingAxiovision 4.8 (Carl
Zeiss MicroImaging) for acquisition and subsequent im-
ageprocessing.Drosophilanephrocyteswere imagedwith
a Leica TCS SP8 confocal microscope using a 20� air
objective with a numerical aperture of 0.75 (PL APO 20x/
0.75 DRY, Leica Microsystems). Images were analyzed
using Fiji20, and the fluorescence intensity of the neph-
rocytes was quantified as described previously.19 For
high-resolution stimulated emission depletion (STED)
images, a Leica TCS SP8 gSTED 3� microscope (Leica
Microsystems) equipped with a white light laser for
excitation and hybrid detectors (HyDs) for time-gated
detection was used. After acquisition with a 100� oil
immersion objective with a numerical aperture of 1.4 (PL
APO 100�/1.4 Oil STED, LeicaMicrosystems), the images
were further processed using the Huygens Essential
software (Scientific Volume Imaging) for deconvolution.
Quantification of the nephrocyte diaphragm (ND) length
was done using a previously published Fiji macro.21

Further Methods are provided in Supplementary
Methods.

RESULTS

Clinical Course and Genetic Findings

All patients presented as sporadic cases of childhood
onset of nephrotic syndrome (Supplementary Table S1).
Patient 1 presented with SRNS at the age of 17 years.
Renal biopsy confirmed FSGS, and genetic analysis by
whole-exome sequencing identified the previously re-
ported recurrent ACTN4 p.F153L mutation. Proteinuria
could be reduced by ciclosporin A treatment and
supportive medication.
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Figure 1. Identification of a novel ACTN4 mutation in a patient presenting with steroid-resistant nephrotic syndrome. (a–d) Periodic acid–Schiff
stainings of kidney biopsies of the index patient. (a) Initial kidney biopsy in 2015 showing glomeruli with normal appearing capillary tuft. Electron
microscopy revealed foot process effacement of the podocytes leading to the diagnosis of minimal change glomerulopathy. (b) Kidney biopsy in
2017 with 1 glomerulum showing a perihilar focal and segmental glomerulosclerosis. (c,d) Nephrectomy specimen of (c) right and (d) left native
kidney with increased globally sclerosed glomeruli and increased interstitial fibrosis and tubular atrophy. (e) Overview of the clinical course of
the patient. Gray: urinary protein/creatinine ratio in mg/g. Black: serum-creatinine level in mg/dl. The patient first presented with proteinuria in
December 2015. After a first biopsy (2015) showing minimal change glomerulopathy and, in the absence of clinical nephrotic syndrome, rampiril
was initiated in June 2016. A second biopsy in June 2017 confirmed focal segmental glomerulosclerosis. Therapy with CSA resulted in a prompt
but transient decrease of proteinuria and was stopped in May 2020 when renal function declined and proteinuria increased despite treatment.
The patient was then prepared for kidney transplantation and received a living-donor graft in December 2020. (f,g) Pedigree of the index patient
and targeted Sanger sequencing of ACTN4 exon 7. Electropherograms depict the relevant sequence section around c.719T>C (p.M240T) in the
index patient (II-1) and both parents (I-1 and I-2). Scale bars: 50 mm in (a) and (c), 100 mm in (b) and (d). CSA, ciclosporin A; KTx, kidney
transplantation; RS, reference sequence.
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Patient 2 presented with ESRD at the age of 13 years.
The identified de novo mutation in ACTN4 (p.G195D)
was analyzed in vitro and published before.10 Initiation
of dialysis was necessary. After living-related kidney
transplantation, no recurrence of FSGS occurred in the
follow-up.

Patient 3 presented with asymptomatic proteinuria at
the age of 4 years. A first kidney biopsy at the age of 5
years showed minimal change glomerulopathy
(Figure 1a). Comprehensive workup excluded immuno-
logic or infectious causes. Because proteinuria persisted
though treatment with angiotensin-converting enzyme
inhibition (Figure 1e), a second kidney biopsy was per-
formedat the age of 6 years that revealed FSGS (Figure 1b).

At the same time, a gene panel analysis of 8 genes
commonly found in mainly nonsyndromic SRNS/FSGS
(NPHS1, NPHS2, WT1, TRPC6, INF2, ACTN4,
PLCE1, and PAX2) was performed and yielded unre-
markable results except for a heterozygous variant
c.719T>C (p.M240T) in ACTN4. Segregation of the
parents’ DNA confirmed that p.M240T occurred de
novo in the patient (Figure 1f and g). The identified
ACTN4 variant p.M240T could not be found in either
large genome databases (gnomAD22 and HGMD muta-
tional databases [HGMD professional 2022.2]) or our
local rare kidney disease database.

Therapy with ciclosporin A was initiated (targeted
blood level trough 80–120 ng/ml) and resulted in a sig-
nificant decrease of proteinuria (Figure 1e). In 2020, at
the age of 9 years, however, the patient developed
increasing proteinuria, edema, and deterioration of
kidney function (Figure 1e). Ciclosporin A therapy was
discontinued at that time, and the patient progressed to
Figure 2. In silico and in vitro characterization of hACTN4-M240T stability
stability (delta-delta-G) using 4 different computational algorithms. M>T
effect in ACTN4 as well as ACTN1 and ACTN3. (b) Representative western
WT or Flag-hACTN4-M240T and Flag-GFP serving as expression control
shown in (b). Compared with the WT variant, hACTN4-M240T is significan
tailed t test). GFP, green fluorescent protein; WT, wild-type.
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end-stage kidney failure within 6 months. He received a
preemptive living-donor kidney transplant from his fa-
ther and has had a stable transplant function since then.
A nephrectomy of both native kidneys was performed
(Figure 1c and d) due to persisting proteinuria, and since
removal, the boy has not shown any signs of proteinuria.

ACTN4-M240T Leads to Decreased Stability In

Silico and In Vitro

The ACTN4 mutation c.719T>C leads to amino acid
change p.M240T in the N-terminal actin-binding cal-
ponin-homology domain. This is similar to other, pre-
viously described disease-associated mutations such as
p.W59R, p.G195D, and p.K255E, which were reported
to result in altered protein stability.10,23,24

To evaluate the impact of p.M240T exchange within
the molecule, we used molecular dynamics analyses
based on the solved crystal structure. All algorithms and
platforms12-16 predicted a strong decrease in stability
caused by introduction of the amino acid exchange
M240T (Figure 2a). Similar results were obtained for the
highly conserved structures ofACTN1 andACTN3.25,26

In line with these observations, p.M240T showed a
reduced expression in human embryonic kidney 293T
cells compared with ACTN4-WT (Figure 2b and c).

ACTN4-M240T Expression Results in Protein

Mislocalization and Aggregate Formation

To analyze functional consequences of the M240T
mutation, we created human podocyte cell lines that
either overexpress hACTN4-WT or hACTN4-M240T.
In cells expressing hACTN4-WT, the protein could be
detected at the cell cortex where it colocalized with F-
. (a) In silico prediction of M240T mutation on alpha-actinin protein
amino acid exchange in the conserved domain has a destabilizing
blot analysis of whole-cell lysates cotransfected with Flag-hACTN4-
. (c) Densitometric quantification of 3 independent experiments as
tly lower expressed (n ¼ 3, error bars indicate SD, *P < 0.05, two-
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actin (Figure 3a). In contrast, hACTN4-M240T expres-
sion led to severely perturbed localization of the pro-
tein. hACTN4-M240T was observed to be located
toward the center of the cell forming large aggregates
that partially overlapped with F-actin (Figure 3a).
Similar observations were made by performing an actin
fractionation assay in human embryonic kidney 293T
cells. Cell lysates of cells either expressing hACTN4-
WT or hACTN4-M240T were subjected to differential
Figure 3. ACTN4-M240T mutation leads to perturbed cellular localizati
podocyte cell lines stably expressing Flag-tagged hACTN4-WT or hACT
Phalloidin and 40,6-diamidino-2-phenylindole to visualize filamentous actin
variant, where the protein is located in the cortical region together with F-a
center of the cells, partially associated with large F-actin positive aggregat
in ‘ and 25 mm in ‘‘. (b) Representative western blot analysis of fractionation
or hACTN4-M240T. Whole-cell lysates were subjected to differential cent
and pellet derived from the Triton X-100 soluble fraction were analyzed b
analysis of ACTN4 distribution in TI, S, and P fractions for ACTN4-WT a
insoluble; WCL, whole-cell lysates; WT, wild-type.
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centrifugation. The Triton insoluble fraction contains
large actin bundles, whereas the Triton soluble frac-
tion, further divided into a pellet and supernatant
fraction, contains unbundled filamentous actin and
globular actin, respectively. Upon western blot anal-
ysis, it was observed that the mutated protein was
more abundant in the Triton insoluble fraction
(Figure 3b and c), that is, associated with bundled
actin.
on and aggregate formation. (a) Immunofluorescence analysis of
N4-M240T. Cells were stained with anti-FLAG antibody as well as
and the nucleus, respectively. In contrast to cells expressing the WT
ctin, localization of ACTN4-M240T can be detected more toward the
es. Single channels are shown in gray, and scale bar indicates 50 mm
assays performed in cells transiently expressing either hACTN4-WT
rifugation and the Triton X-100 insoluble as well as the supernatant
y western blot stained with anti-FLAG antibodies. (c) Densitometric
nd ACTN4-M240T (n ¼ 4). P, pellet; S, supernatant; TI, Triton X-100
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Knockdown of Actinin in Drosophila

Nephrocytes Leads to Reduced ND Length and

Filtration Deficits

Next, we made use of the model organism Drosophila
melanogaster and analyzed the impact of hACTN4-M240T
on nephrocyte morphology and function in vivo. Neph-
rocytes are podocyte-like cells in the fly that built an ND
(Figure 4a) via nephrin and NEPH1 homologous proteins
Sticks and Stones and Dumbfounded, respectively, and
Figure 4. Knockdown of Drosophila actinin in nephrocytes results in d
micrograph depicting a wild-type nephrocyte. Scale bars indicate 5 mm in
binding domain of human ACTN4 and Drosophila actinin. Highlighted are am
Actinin shares 68.83% overall identity with ACTN4, the actin-binding dom
crographs of nephrocytes stained with (c) anti-Pyd and (d) quantification
larvae with nephrocyte-specific knockdown of actinin (ACTN), by using 2
with control nephrocytes, the ND length of actn-depleted nephrocytes is si
dots represent means of n ¼ 3 independent experiments performed in 3
0.001, one-way ANOVA with Tukey’s post hoc test). (e,f) Representative mic
quantification of fluorescence intensity as a measure of uptake capacity. C
ml FITC-albumin solution for 30 seconds, and fluorescence intensity was q
levels. Both, actn-RNAi1 and actn-RNAi2 nephrocytes show a significant
nephrocytes, indicating severe filtration defects (gray dots show all neph
experiments performed in 3 experimental crossings, error bars indicate SD
test). Scale bars indicate 5 mm in (c) and 25 mm in (f). FITC, fluorescein isoth
interference.
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they are responsible for clearing the hemolymph, thefly’s
blood equivalent, by an interplay of filtration and endo-
cytosis.27,28 To express human variants of ACTN4 in a
knockdown background, we first aimed to characterize
the nephrocyte-specific RNAi-mediated knockdown of
endogenous actinin (ACTN), the sole homolog of alpha-
actinin 1 to 4 proteins in the fly, using the GAL4-UAS-
System.29 TheActin protein shows an amino acid identity
of about 68% with human ACTN4, whereby the actin-
ecreased ND length and reduced filtration function. (a) Electron
A’ and 500 nm in A’’ (b) Protein alignment of the N-terminal actin-
ino acids known to be causative of monogenic nephrotic syndrome.

ain of the 2 proteins shares 78.8% identity. (c,d) Representative mi-
of the ND length. Nephrocytes derived from either control larvae, or
different UAS-RNAi-lines (actn-RNAi1 and actn-RNAi2). Compared

gnificantly reduced (gray dots show all nephrocytes measured, green
experimental crossings, error bars indicate SD, **P < 0.01, ***P <
rographs of nephrocytes subjected to (e) FITC-albumin tracer and (f)
ontrol and ACTN knockdown nephrocytes were incubated in 0.2 mg/
uantified using Fiji. The data are presented as normalized to control
ly reduced capacity of FITC-albumin uptake with respect to control
rocytes measured, green dots indicate means of n ¼ 3 independent
, **P < 0.01, ****P < 0.0001, one-way ANOVA with Tukey’s post hoc
iocyanate; ND, nephrocyte diaphragm; Pyd, polychaetoid; RNAi, RNA
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binding domain in general as well as also single critical
amino acids known to be affected in patients with
glomerular disease, are especially conserved (Figure 4b).
For nephrocyte-specific expression of target genes, the
Sticks and Stones-GAL4 driver line17 was used. To
exclude off-target effects, 2 different actn-RNAi lines
(actn-RNAi1 and actn-RNAi2, respectively) were used to
achieve nephrocyte-specific depletion of actn levels.
Overexpression of a short hairpin directed against green
fluorescent protein served as control.

To study morphologic consequences of actn deple-
tion in nephrocytes, we first performed immunofluo-
rescent stainings with an antibody directed against
polychaetoid, the homolog of ZO-1, which localizes to
the ND. Visualizing the cells’ surface by super-
resolution microscopy, a fingerprint-like pattern of
NDs can be detected, which can be quantified as a
representation of the ND length (Figure 4b and c) using
a previously published ImageJ/Fiji macro.21 Knock-
down of actn resulted in a loosened ND pattern with
both RNAi-lines. Quantification showed that the
reduction in ND length is comparable in both lines
(Figure 4c and d). To analyze nephrocyte function, we
performed a tracer uptake assay19 and assessed the
nephrocytes’ capacity of taking up FITC-labeled albu-
min. As described before,30,31 knockdown of actn led to
a severe functional phenotype, as uptake capacity was
significantly decreased in both knockdown lines with
respect to control nephrocytes (Figure 4e and f).

hACTN4-M240T Is Not Able to Rescue the actn

Knockdown Phenotype in Drosophila

To elucidate whether hACTN4-M240T is a disease-
causing variant of ACTN4, we studied its potential to
rescue the above-described actn knockdown–associated
phenotypes in comparison to hACTN4-WT. We also
included hACTN4-W59R and hACTN4-K255E in our
studies, 2 well-characterized pathogenic ACTN4 vari-
ants. We expressed the individual HA-tagged hACTN4-
variants in the background of actn-RNAi2, owing to its
more pronounced and robust phenotype regarding both
morphology and filtration. The newly generated fly
lines, which were holding both constructs, UAS-actn-
RNAi2 and UAS-HA-hACTN4-variant, were validated
on the level of protein expression by detection of the
protein’s HA-tag in immunofluorescence stainings
(Supplementary Figure S1).

When expressing hACTN4-WT in the knockdown
background, we could observe a significant rescue ca-
pacity of ND length (Figure 5a and b) and of filtration
capacity (Figure 5c and d). hACTN4-M240T, however,
was not able to ameliorate either the morphologic or the
functional phenotype, which was also observed when
expressing hACTN-W59R and hACTN-K255E (Figure 5).
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DISCUSSION

In childhood and adolescence, genetic causes are among
the most common origins of chronic kidney disease. Even
in adults, a significant number of patients carry a known
genetic defect that contributes to the development of
ESRD.32 INF2, TRPC6, and ACTN4 are the prime exam-
ples of autosomal-dominant forms of SRNS, whereas most
of the mutations leading to ESRD are inherited in an
autosomal recessivemanner and often occur as compound
heterozygous alleles.9,24,33 To date, 20 differentmutations
have been reported for ACTN4-associated glomerular
disease, most of them (nonsynonymous) missense muta-
tions (HGMD professional 2022.2).

Within the CRU329, we identified disease-causing
mutations in ACTN4 in 3 patients (Supplementary
Table S1). One of these mutations was already re-
ported in 3 other patients (p.F153L). A second identi-
fied mutation (p.G195D) was analyzed in vitro and
reported in 2016.10 Here, we report on the analysis of
the mutation identified in the third patient who
developed proteinuria at the age of 4 years and
responded temporarily to ciclosporin A. Genetic
workup revealed a de novo ACTN4 p.M240T single-
nucleotide polymorphism. To test the pathogenicity
of ACTN4 p.M240T, we established a time-efficient
experimental pipeline using in silico, in vitro, and
in vivo experiments. ACTN4 p.M240T was found to be
less stable and mislocalized, resulting in aggregates
disturbing the actin-based cytoskeleton. In vivo ex-
periments using the Drosophila nephrocyte model
confirmed the pathogenicity of hACTN4-M240T and
thereby establish the diagnosis for the described
patient.

Mutations in ACTN4 are inherited in an autosomal-
dominant fashion and mostly lead to FSGS and ESRD in
adult patients,9 although several reports including this
manuscript describe patients that develop severe kid-
ney disease at a rather young age.10,24 The responsible
mutations are located in 1 of the 2 calponin-homology-
domains constituting the N-terminal actin-binding
domain. Among other scaffolding proteins, ACTN4
has been shown to colocalize with nephrin at the
podocytes’ slit diaphragm.34,35 As part of this group of
slit diaphragm complex proteins, it is involved in
anchoring the actin cytoskeleton to junctional proteins
and the glomerular basement membrane.35 Ultimately,
ACTN4 is implicated in several cellular functions and,
in particular, to establish and maintain the podocyte’s
sophisticated 3D structure, adhesion to the glomerular
basement membrane, and signal transduction pro-
cesses.36-38 The biological consequences of ACTN4
mutations and the mechanism by which they lead to
disease are not fully understood. It is postulated that a
Kidney International Reports (2023) 8, 317–329



Figure 5. hACTN4-M240T reexpression does not ameliorate actinin knockdown–associated phenotypes. (a,b) Representative micrographs of
nephrocytes stained with (a) anti-Pyd and (b) quantification of the ND length. Nephrocytes derived from either control larvae, larvae with
nephrocyte-specific knockdown of actinin (actn-RNAi2) as well as larvae reexpressing the indicated hACTN4-variant in the knockdown
background. hACTN4-WT is able to partially rescue the actinin knockdown–associated reduction in ND length, whereas reexpression of
hACTN-M240T does not lead to increased ND length. This is also true for FSGS-associated mutations FSGS-W59R and FSGS-K255E (gray dots
indicate all nephrocytes measured, green dots show means of n ¼ 3 independent experiments performed in 3 experimental crossings, error
bars indicate SD, ***P < 0.001, *P < 0.05, one-way analysis of variance with Tukey’s post hoc test). (c,d) Representative micrographs of
nephrocytes subjected to (c) FITC-albumin tracer and (d) quantification of fluorescence intensity as a measure of uptake capacity. Nephrocytes
were incubated in 0.2 mg/ml FITC-albumin solution for 30 seconds, and fluorescence intensity was quantified using Fiji. The data are presented
as normalized to control levels. Reexpression of hACTN4-WT also leads to a significant increase in tracer uptake capacity, compared with
hACTN4-M240T, hACTN4-W59R, and hACTN4-K255E, where a rescue of actinin knockdown–associated reduction of tracer uptake cannot be
observed (gray dots indicate all nephrocytes measured, green dots show means of n ¼ 3 independent experiments performed in 3 (continued)
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conformational change occurs when ACTN4-mutants
bind to F-actin, which results in an altered binding
affinity for mutant proteins as compared with WT
ACTN4.39 The dissociation rate of ACTN4-K255E from
F-actin is much slower as compared with the WT
protein40 and also promotes the formation of F-actin
aggregates,39 a finding that is also observed with
further ACTN4 mutations including this study.10 One
might speculate whether the disease is driven by the
loss of ACTN4 function itself or owing to its mis-
localization or both. Several other ACTN4 mutants
have been described to be less stable in vitro and to be
more rapidly degraded whereby protein synthesis re-
mains stable41 or to possess a higher affinity for F-
actin.10,23,24,41 Moreover, ACTN4 knockout mice
develop profound proteinuria and FSGS at the age of 10
weeks and show a decreased number of glomerular
podocytes.36,42 Lower expression levels of ACTN4 were
also reported in patients with glomerulopathies
including FSGS.43

We used the genetic toolbox of Drosophila mela-
nogaster to study the impact of ACTN4-M240T on
nephrocyte morphology and function. The Drosophila
system has several advantages over higher organisms
such as mouse models. In addition to simple and cheap
husbandry, the fruit fly stands out with its diverse
methods of genetic manipulation.44,45 Numerous
commercially available fly lines, including mutant and
RNAi libraries and custom-made stocks for the expres-
sion of, for example, human transgenes make it possible
to study a gene of interest and its genetic interactors in a
shorter time frame. It is noteworthy, that although it is
an invertebrate system, Drosophila shares a high
genomic, molecular, and structural conservation with
mammals, which is why its use in biomedical research
has been and still is increasing.46-52 The rediscovery of
nephrocytes and their structural and functional simi-
larity tomammalian podocytes27,28 broadened that scope
to glomerular kidney diseases, emphasizing the feasi-
bility of the Drosophila nephrocyte system not only to
address basic podocyte research but also to accompany
diagnostics of glomerular diseases in the future.

The presented case underlines several important
aspects regarding diagnostics and treatment in patients
with FSGS. First, the trigger leading to the FSGS has to
be identified. An in-depth workup is necessary and
genetic testing is a central piece in diagnostics, espe-
cially when no other overt cause is found. Second,
apart from the growing number of known genes and
Figure 5. (continued) experimental crossings, error bars indicate SD, ***P
post hoc test). Scale bars indicate 5 mm in (a) and 25 mm in (c). FITC, fluore
WT, wild-type.
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mutations contributing to SRNS and FSGS, sequencing
approaches facilitate the establishment of a potential
genetic diagnosis.53 In this context, it is necessary to
keep in mind that there is a substantial rate of poly-
morphisms or rare benign variants that are not disease-
causing.54,55 Therefore, further workup is necessary to
provide evidence of whether a novel discovered
variant is indeed pathogenic. Besides in silico pre-
dictions and in vitro cell culture experiments, the
Drosophila nephrocyte is an attractive and feasible
system to add in vivo data to these critical analyses.
This is not just necessary to ensure the diagnosis in the
individual patient, but it also helps to guide therapy
decisions (e.g., avoiding medications with potentially
adverse side effects that are unlikely to be effective in
certain conditions) and to counsel the patient and the
family regarding future treatment options, such as
whether a living-donor kidney transplantation is sug-
gested and possible. Third, the presented case confirms
and adds to the growing body of literature that in-
dicates that in cases of FSGS attributed to a genetic
cause, immunosuppressive treatment strategies such as
ciclosporin A might result at least in a partial response
and can delay the time until a kidney replacement
therapy or transplantation is necessary.7,56 This posi-
tive effect might be attributed to direct effects of
certain drugs on podocyte structures such as the
cytoskeleton.57 Furthermore, proteinuria itself triggers
an immune response that accelerates the glomerular
injury. This can be controlled—at least to some
extent—by immunosuppressive drugs.58

The growing complexity in genetics, clinical pre-
sentation, molecular characterization of the affected
proteins, and individual treatment options of these
patients also emphasizes the need for inclusion of pa-
tients in registries and databases.8,59,60 The character-
ization of unclear variants is key to optimizing patient
care and guidance, especially when the clinical pre-
sentation and course differ from the published litera-
ture. Bioinformatic prediction tools such as the
ClinPred score61 are helpful to estimate the potential
pathogenic impact of novel sequence variants, but
formal proof of deleterious effects and altered function
should be aimed for in cases where far-reaching clinical
decisions such as preemptive living-donor kidney
transplantation depend on the genotype data. Of note,
the presented cases underline that ACTN4 mutations
should also be considered in young (sporadic) patients
with FSGS.
< 0.001, ****P < 0.0001, one-way analysis of variance with Tukey’s
scein isothiocyanate; ND, nephrocyte diaphragm; Pyd, polychaetoid;
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In conclusion, we present a feasible combined way
to evaluate the pathogenic potential of novel mutations
in podocyte genes. This might be a blueprint for a
pipeline analyzing unclear genetic variants in patients
with podocyte diseases such as FSGS.
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Supplementary Material 

 

Supplementary Methods: 

Molecular cloning 

Human ACTN4 wildtype plasmids were already available from 1. Site-directed mutagenesis to 

clone hACTN4-W59R, -M240T, and -K255E was performed according to standard protocols 

using hACTN4-WT in a modified pENT1A vector (Invitrogen). For transient transfection of 

HEK293T cells, the constructs were subcloned into a modified pcDNA6 vector (Invitrogen) 

containing an N-terminal Flag-tag. Generation of human podocyte cell lines, which stably 

express Flag-tagged hACTN4-WT or ACTN4-M40T, or transgenic Drosophila fly lines expressing 

HA-tagged hACTN4 variants under UAS control was achieved by recombining the constructs 

into pLenti6.3 (Invitrogen) or pTHW (Drosophila Genomics Resource Centre), respectively, 

using standard GATEWAY technology protocols. All plasmids were verified by sequencing. 

 

Cell culture 

HEK293T cells were kept in Dulbecco’s modified Eagle’s medium supplemented with 10 % fetal 

bovine serum (FBS). Transient transfection of the cells was achieved using standard calcium-

phosphate transfection protocols, adding pcDNA6-GFP as a transfection control. HEK293T 

cells were also utilized for the production of lentivirus using the pLenti6.3 system. Change to 

regular podocyte growth medium with 20 mM HEPES was done after 8 hours. Virus containing 

medium was finally collected after 72 hours, filtered, and stored at 4 °C. For stable expression 

of human ACTN4 variants in podocyte cell culture, a previously described immortalized human 

podocyte cell line 2 was used. Cells were cultivated in RPMI 1640 medium supplemented with 

10 % FBS as well as insulin-transferrin supplement. They were transduced with lentivirus for 

24 hours adding polybrene under growth conditions, before performing medium changes 

every 24 hours. For selection purposes, blasticidin (1 µg/ml) was added to the medium 48 

hours after transduction. Cells were used for further experiments after 96 hours. 

 

Western Blot analysis 

For western blot analysis, equal amounts of protein were separated by SDS-PAGE and blotted 

onto a PVDF membrane using semi-dry transfer methods. After blocking in 5 % BSA for 30 

minutes and three washing steps in 1x PBS, the membranes were incubated in primary 
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antibodies in PBS-T (0.1 % Tween in 1x PBS) overnight at 4 °C. The following primary antibodies 

were used: Mouse anti-Flag (Sigma F1804, 1:10000) and rabbit anti-pan-actin (Cell Signaling 

#8456). After three washing steps, membranes were incubated in secondary antibodies 

coupled to horseradish peroxidase (goat anti-mouse, Jackson #115-035-003, goat anti-rabbit, 

Jackson #111-035-003, 1:15000) or fluorescent secondary antibodies (IRDye 800CW Goat anti-

Mouse, LI-COR #926-32210), followed by three further washing steps. Visualization was 

performed using the FUSION or LI-COR detection systems, respectively. 

 

Immunofluorescence of cultured cells 

After splitting the human podocyte cell line onto coverslips and growth to a confluency of 

about 60 % (24 hours), cells were washed in PBS and fixed in 4 % PFA for 15 minutes at room 

temperature. After several washing steps and blocking in 5 % normal donkey serum in PBS 

containing 0.1 % Triton-X for 1 hour, the samples were incubated in primary antibody (mouse 

anti-Flag, Sigma F1804, 1:1000) overnight at 4 °C. Incubation with secondary antibody (goat 

anti-mouse 488, Jackson #115-545-003, 1:500) and Phalloidin-Alexa647 (Dyomics, 647P1-33, 

1:250) was performed at room temperature for 1 hour. The coverslips were finally mounted 

in ProLong Diamond + DAPI (Thermofisher, P36971). 
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Supplementary Figure S1: 

 

 

 

Supplementary Figure S1: Validation of protein expression of hACTN4-variants in Drosophila 

nephrocytes. Immunofluorescence analysis of nephrocytes expressing HA-tagged hACTN4-variants 

under UAS-control. Nephrocytes were stained with anti-HRP (nephrocyte membrane) and anti-HA 

(detecting HA-tag of hACTN4-variants). Scale bar indicates 25 µm. 
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Supplementary Table S1: 
 
Patient Number 1 2 3 

HGVS cDNA c.457T>C c.584G>A c.719T>C 

HGVS protein p.F153L p.G195D p.M240T 

Mutation type missense missense missense 

ACMG class 5 4 4 

Status reported thrice 

 

reported once 

 

novel 

this study 

Reference 

ClinVar 

ClinPred 

prediction 

PMID: 23014460 3 

NA 

0.997 

PMID: 26740551 1 

1 submission 

0.999 

this study 

2 submissions 

0.998 

AF gnomAD not found not found not found 

Patient course Clinical presentation 

at age 17 with SRNS, 

KB: FSGS. 

PR with cyclosporine 

A (reduction of 

proteinuria from 

15g/d to 6-8g/d), 

moderate decline in 

kidney function 

Clinical presentation 

with NS and ESRD at 

age 13, 

initiation of PD, 

L-KTX one year later  

Clinical presentation 

at age 4 with 

proteinuria, first KB: 

MCD; persisting 

proteinuria, second 

KB: FSGS, PR with 

cyclosporine A; 

progression to ESRD 

and preemptive L-

KTX at 9 years of age   

 
Supplemental Table S1: ACNT4 de novo variants identified in pediatric SRNS /FSGS cases.  

Abbreviations: NS, nephrotic syndrome, PD, peritoneal dialysis; L-KTX, living donor kidney transplantation; PR, 

partial remission; KB, kidney biopsy; MCD, minimal change disease; FSGS, focal segmental glomerulosclerosis  
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Results 

 

2.3 Chapter 3 – Scaffold proteins Par3A and Par3B share redundant functions while Par3B 

acts independent of atypical protein kinase C/Par6 in podocytes to maintain the kidney 

filtration barrier 

Apico-basal polarity is essential for the integrity of any epithelium and has been studied 

intensively (Assémat et al., 2008; Roignot et al., 2013; Wilson, 1997). Polarity in podocytes, 

being highly specialized and morphologically distinct epithelial cells, is hereby far less 

understood. The necessity of Par polarity complex for podocyte integrity has been shown by 

several groups over the past years. Loss of aPKCiota in podocytes leads to early proteinuria 

and glomerulosclerosis as well as premature death of the mice (Huber et al., 2009). Moreover, 

podocyte specific knockout of Cdc42, a small GTPase and important actin-regulating protein, 

was accompanied by decreased levels of aPKCiota and Par3A and a severe glomerular 

phenotype in mice (Scott et al., 2012). Since dysregulation of actin dynamics and de-

differentiation of podocytes are key principles of FPE (Kriz et al., 2013; Perico et al., 2016; 

Shankland, 2006), maintaining the podocytes polarity might be a way to counteract podocyte 

injury. Previous work in our group focussed on the Par complex protein Par3A. Surprisingly, 

loss of Par3A in podocytes did not lead to a glomerular phenotype (Koehler et al., 2016). 

Subsequent analyses then revealed Par3B to be the predominant isoform of Par3 in 

podocytes. Moreover, loss of Par3A results in increased expression levels of Par3B, from 

which it was hypothesized, that the two proteins share redundant functions (Koehler et al., 

2016). Interestingly, Par3B does not contain an aPKC binding domain (Gao et al., 2002; 

Kohjima et al., 2002) but still has compensatory properties, which tackles the overall concept 

of apico-basal polarity regulation we know from classical epithelial cells. 

The following chapter comprises a publication in Kidney International, published online in 

December 2021 and printed in Volume 101, Issue 4 in April 2022. Within this article, we 

functionally analysed the Par polarity complex and especially the Par3 protein in murine 

podocytes and Drosophila nephrocytes. We found that Par3A and Par3B share redundant 

functions and are upstream of important actin-regulating and -binding proteins such as small 

GTPases and synaptopodin, linking podocyte polarity signalling to actin cytoskeleton 

regulation. We furthermore identified Par3B as new SD-associated protein and showed that 

it acts independent of the usual Par complex members aPKC and Par6, indicating functional 
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specificity of the protein that paves the way for further studies on Par3B function in 

podocytes. 
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Translational Statement

Glomerular disorders are a leading cause of chronic
kidney diseases. An early hallmark of almost all
Glomerular diseases are a major cause for chronic kidney
disorders. In most cases podocyte injury is causative for
disease development. Cytoskeletal rearrangements and
morphological changes are hallmark features of podocyte
injury and result in dedifferentiation and loss of podocytes.
Here, we establish a link between the Par3 polarity complex
and actin regulators necessary to establish and maintain
podocyte architecture by utilizing mouse and Drosophila
models to characterize the functional role of Par3A and Par3B
and its fly homologue Bazooka in vivo. Only simultaneous
inactivation of both Par3 proteins caused a severe disease
phenotype. Rescue experiments in Drosophila nephrocytes
revealed atypical protein kinase C (aPKC)-Par6 dependent
and independent effects. While Par3A primarily acts via
aPKC-Par6, Par3B function was independent of Par6. Actin-
associated synaptopodin protein levels were found to be
significantly upregulated upon loss of Par3A/B in mouse
podocytes. Tropomyosin2, which shares functional
similarities with synaptopodin, was also elevated in Bazooka
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depleted nephrocytes. The simultaneous depletion of
Bazooka and Tropomyosin2 resulted in a partial rescue of the
Bazooka knockdown phenotype and prevented increased
Rho1-GTP, a member of a GTPase protein family regulating
the cytoskeleton. The latter contribute to the nephrocyte
phenotype observed upon loss of Bazooka. Thus, we
demonstrate that Par3 proteins share a high functional
redundancy but also have specific functions. Par3A acts in an
aPKC-Par6 dependent way and regulates RhoA-GTP levels,
while Par3B exploits Par6 independent functions influencing
synaptopodin localization. Hence, Par3A and Par3B link
elements of polarity signaling and actin regulators to
maintain podocyte architecture.
glomerular injuries comprises morphologic changes in
the filtration barrier, in particular, in podocytes. Herein,
we show that the polarity proteins Par3A and Par3B are
essential for podocyte function. They share redundant
and exclusive functions, and only loss of both proteins
leads to a breakdown of the filtration barrier. Utilizing
the genetic power of the Drosophila model, we delin-
eated the downstream effects linking polarity proteins to
actin cytoskeleton regulation. These findings have the
potential to form the basis for new diagnostics and
therapeutics in the future.
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Table 1 | List of plasmids

Name Origin

Flag.Par3A pcDNA6.3 Self-made
Flag.Par3B pcDNA6.3 Self-made
Flag.pcDNA6.3 Self-made

bas i c re sea r ch S Koehler et al.: Par3A/B share redundant functions
Kidney International (2022) 101, 733–751; https://doi.org/10.1016/
j.kint.2021.11.030

KEYWORDS: cell polarity signaling; Drosophila melanogaster; glomerular

disease; nephrocyte; Par3 polarity complex; podocyte

Copyright ª 2021, International Society of Nephrology. Published by

Elsevier Inc. All rights reserved.

M ost kidney diseases originate from glomeruli, small
vascular units responsible for the filtration of plasma
into protein-free urine. The glomerular filtration

barrier is composed of a fenestrated endothelium, the glomer-
ular basement membrane, and podocytes. The latter exhibit
primary and secondary foot processes and enwrap the
glomerular capillaries completely. Foot processes from adja-
cent podocytes are joined by a specialized cell-cell contact
known as the slit diaphragm (SD).1–3 During glomerular dis-
ease, podocytes dedifferentiate into a columnar epithelial cell
phenotype, and plasma proteins leak into the urine. Ulti-
mately, podocytes detach from the glomerular basement
membrane and are lost into the urine, leaving denuded cap-
illaries, resulting in glomerulosclerosis and progressive kidney
failure.4

Most of the 50þ known gene defects leading to inherited
forms of podocyte diseases are mainly genes encoding for
cytoskeleton- or SD-associated proteins, thereby emphasizing
the importance of the podocytes’ architecture.5–7 However,
there is still limited knowledge about how podocyte
morphology is established during development. In single-
layered, columnar epithelial cells, there are 3 major polarity
complexes: the Par complex, the Scribble complex, and the
Crumbs complex.8 Surprisingly, neither loss of Par3A (Pard3)
nor Scribble did result in a glomerular phenotype.9,10 In
contrast, loss of the atypical protein kinase C i/l (aPKCi/l),
which is part of the Par complex, caused a severe glomerular
disease phenotype.11,12

Recently, we identified a second Pard3 variant known as
Pard3B/Pard3L13,14 to be expressed in podocytes. Par3B pro-
tein function and particularly whether the 2 Par3 proteins
might share compensatory functions remain elusive. Par3B
shows high sequence similarity to Par3A with respect to its 3
PDZ (post-synaptic density protein [PSD95], Drosophila disc
large tumor suppressor [Dlg1], and zonula occludens-1 pro-
tein [zo-1]) domains and localizes to podocyte foot processes
similar to Par3A.9 In contrast to Par3A, Par3B does not
contain a classic aPKC binding domain and, as a consequence,
does not directly interact with aPKC.13,14

Herein, we utilized the Drosophila nephrocyte model to
investigate the functional role of the Par-complex compo-
nents. Nephrocytes share evolutionary conserved functional
similarities with mammalian podocytes as they filter fly he-
molymph and present with a highly comparable morphology,
including foot processes connected by the nephrocyte dia-
phragm.15,16 This highly specialized cell contact is built out of
homologous proteins to the mammalian SD proteins Nephrin
(Drosophila sticks and stones [Sns]) and Neph1 (Drosophila
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Dumbfounded [Duf]).15,17 We show a critical role for Par3
proteins in controlling podocyte architecture. Par3A and
Par3B have redundant functions despite their ability to
interact with other components of the Par complex, as only
loss of both orthologues resulted in a severe glomerular dis-
ease phenotype. We demonstrate, that the role of the Par
complex is highly conserved, as loss of Bazooka (Baz), the
only Par3 homologue in Drosophila melanogaster, results in
loss of shape and function in nephrocytes. Rho-guanosine
triphosphate (GTP) serves as downstream effector of the
Par complex, involving the actin-associated protein synapto-
podin. Taken together, we identified how Par3A and Par3B
link elements of polarity signaling and actin regulators to
maintain podocyte architecture.

METHODS
Cell culture experiments
For cell culture experiments, murine inner medullary collecting duct
cells were used, as these cells are highly polarized. They were culti-
vated with Dulbecco’s modified Eagle’s medium (Sigma-Aldrich)
with 5% fetal bovine serum and 1% Glutamax. Cells were kept at 37
�C with 5% CO2.

For transfection purposes, cells were grown to a 60% density.
Transfection was performed with GeneJuice (MerckMillipore), ac-
cording to manufacturer’s description, using the plasmids listed in
the plasmid section (Table 1). After 48 hours, cells were lysed in
immunoprecipitation buffer (20 mM Tris, 1% [v/v] Triton X-100, 50
mM NaCl, 15 mM Na4P2O7, and 50 mM NaF, pH 7.5) with protease
inhibitor mix without ethylenediamine tetraacetic acid (Roche).
Lysates were incubated with anti-flag M2 beads (Sigma-Aldrich) for
1 hour at 4 �C. After washing with immunoprecipitation buffer, the
beads were incubated with 80 ml 5% sodium dodecylsulfate at 95 �C
for 5 minutes. The supernatant was reduced using 5 mM dithio-
threitol for 30 minutes and alkylated using 10 mM iodoacetamide for
45 minutes at dark. Proteins were prepared and digested using
trypsin and lysin C using the SP3 ultrasensitive proteomics tech-
nique, as previously described.18

Fly husbandry
Flies (for stocks, see Table 219–21) were kept at 25 �C for all exper-
iments. To achieve a nephrocyte-specific knockdown, flies were
mated with an Sns regulatory protein Gal4 (GAL4)-driver line.

Transgenic mouse models
The Par3Afl/fl mouse model was previously published9 and kept in a
pure CD-1 background. The Par3Bfl/fl mouse model was generated
using embryonic stem cells from the European Conditional Mouse
Mutagenesis Program (EUCOMM) and crossed onto a pure CD-1
background. Double-knockout animals were generated by mating
and kept in a pure CD-1 background. Mating with a podocyte-
specific Cre mouse model22 resulted in podocyte-specific knock-
outs of Par3A, Par3B, and both together. For podocyte isolation,
Kidney International (2022) 101, 733–751
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Table 2 | List of fly stocks

Fly strain Origin Purpose Localization

Baz-GFP-trap bazCC01941 Buszczak et al.19; BDSC (51572) Rescue X Chr
Sns-GAL4;UAS-Dicer2 Nephrocyte-specific driver 2. þ 3. Chr
UAS-baz-RNAi VDRC (2915) Knockdown 2. Chr
UAS-GFP-RNAi BDSC (41551) Knockdown 3. Chr
UAS-Par3A 180 kDa Self-made/injections done by GenetiVision Rescue 3. Chr
UAS-Par3A 150 kDa Self-made/injections done by GenetiVision Rescue 3. Chr
UAS-Par3A 100 kDa Self-made/injections done by GenetiVision Rescue 3. Chr
UAS-Par3A delta E18 Self-made/injections done by GenetiVision Rescue 3. Chr
UAS-Par3B Self-made/injections done by GenetiVision Rescue 3. Chr
UAS-Par3B Self-made/injections done by GenetiVision Rescue X Chr
UAS-aPKC-CAAX-wt Sotillos et al.20 Rescue 3. Chr
UAS-aPKC-CAAX-DN Sotillos et al.20 Rescue 3. Chr
UAS-baz-wt Krahn et al.21 Rescue 3. Chr
UAS-baz-delta 968-996 Self-made/injections done by GenetiVision Rescue 3. Chr
UAS-tropomyosin2-RNAi BDSC (41695) Knockdown 3. Chr
UAS-Par6-RNAi VDRC (19731) Knockdown 3. Chr
UAS-Vinculin-RNAi VDRC (34586) Knockdown 3. Chr
UAS-Titin-RNAi VDRC (47300) Knockdown 3. Chr
UAS-Tiggrin-RNAi VDRC (28257) Knockdown 3. Chr
UAS-CG1674-RNAi VDRC (42276) Knockdown 3. Chr
UAS-Coracle-RNAi VDRC (9788) Knockdown 3. Chr
UAS-RhoGDI-RNAi VDRC (46154) Knockdown 3. Chr
UAS-mouseSYNPO BDSC (41770) Overexpression 2. Chr
UAS-Rok-RBD-GFP BDSC (52290) Rho1 sensor 3. Chr
UAS-Pak-RBD-GFP BDSC (56548) Rac/Cdc42 sensor 3. Chr
UAS-Rho1-N19 BDSC (7328) Dominant negative 3. Chr
UAS-Rho1-V14 BDSC (8144) Constitutively active 3. Chr
W1118 Wild type X Chr

2. Chr, second chromosome; 3. Chr, third chromosome; BDSC, Bloomington Drosophila Stock Centre; Chr, chromosome; VDRC, Vienna Droosphila Resource Centre.
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floxed animals were mated with R26mTmG mice,23 which were
mated with hNphs2.PodCre mice to achieve green fluorescent pro-
tein (GFP) expression exclusively in podocytes.22,23 For all animal
experiments shown, we used both sexes. The mouse husbandry was
done in the University of Cologne animal facility, according to
standardized specific pathogen-free conditions. The experimental
protocol was approved by the Landesamt für Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen (State Agency for Nature,
Environment and Consumer Protection North Rhine-Westphalia;
AZ 84-02.04.2013.A375).

Isolation of primary podocytes
Primary podocytes were isolated after sacrificing mice and glomer-
ular preparation, as previously described.24 Glomeruli were either
digested to get a single-cell suspension, which was further used for
FACs sorting, or were used for DNA isolation using the Blood and
Tissue kit from Qiagen, according to manufacturer’s instructions.

Immunofluorescence stainings and high-resolution imaging
of Drosophila nephrocytes
Isolated nephrocytes were fixed with 4% formaldehyde for 20 mi-
nutes, followed by fixation in methanol for 2 hours at room tem-
perature. Afterwards, they were washed 3 times in washing buffer
(phosphate-buffered saline [PBS] with 0.5% bovine serum albumin
and 0.3% Triton-X). Antibodies were used, as described in Table 3,24

and incubated overnight at 4 �C. On the second day, nephrocytes
were washed 3 times, blocked with 5% normal donkey serum for 30
minutes, and incubated with secondary antibody (see Table 3, either
for normal confocal or superresolution microscopy) for 1 hour at
room temperature and in the dark. Afterwards, nephrocytes were
washed 3 times and mounted using Vectashield (Vectorlabs).
Kidney International (2022) 101, 733–751 73
Confocal images were obtained using a Zeiss confocal microscope
LSM710/Axiobserver Z1 or a Leica SP8 confocal microscope and
further processed using ImageJ/Fiji 1.50f8 and Adobe Photoshop
Version 11.0. Superresolution images were acquired using a STED
microscope (TCS SP8 gSTED 3x; Leica Microsystems) equipped with
a white light laser for excitation and sensitive hybrid detectors for
time-gated detection. A 100� oil immersion objective with a nu-
merical aperture of 1.4 (PL Apo 100�/1.4 Oil STED; Leica Micro-
systems) was used, and the acquired images were processed using the
deconvolution software Huygens Essential (Scientific Volume Im-
aging). Quantification was done using a previously published macro
for FIJI to quantify SD length in mouse glomeruli.26 We adapted the
macro for Drosophila nephrocytes and used it for all STED images.

Electron microscopy of Drosophila nephrocytes
For structural analysis, garland cells were prepared from L3 larvae and
fixedin2.5%glutaraldehydeinHL3buffer(70mMNaCl,4mMMgCl2�
6H2O, 115mMsucrose, 5mMKCl, 10mMNaKO3, and 5mMHEPES,
pH 7.1). After washing in 100 mM phosphate buffer (NaH2PO4 and
NaH2PO4, pH 7.2), the cells were post fixed in 2% osmium tetroxide in
phosphate buffer for 1 hour on ice. After several washings in phosphate
buffer and distilled H2O, the specimens were dehydrated in increasing
ethanol and embedded in Araldit using acetone as an intermediate sol-
vent. Thin sections were stained with 2%uranyl acetate and lead citrate.
The 50-to 100-nm sections were observed under an EM 109 (Zeiss)
transmission electronmicroscope at80KV. Further processingwasdone
by using ImageJ/Fiji 1.50f8 and Adobe Photoshop Version 11.0

Histologic analysis on mouse tissue
For histology, mice were sacrificed via perfusion with PBS via the
heart. Kidneys were either fixed in 4% paraformaldehyde overnight,
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Table 3 | List of antibodies

Name Company/provider Catalog no./ reference Host species Dilution IF

Anti-Baz A. Wodarz Wodarz et al.25 Rabbit 1:500
Anti-Duf M. Ruiz-Gomez (via B. Denholm) Weavers et al.15 Rabbit 1:100
Anti-HRP Jackson ImmunoResearch 123-005-021 Goat 1:200
Anti-Nephrin R&D Systems AF4269 Sheep 1:50
Anti-Nephrin Fitzgerald 20R-NP002 Guinea pig 1:100
Anti-Pyd Developmental Studies Hybridoma Bank PYD2 Mouse 1:25
Anti-Par3A Millipore 07-330 Rabbit 1:100
Anti-Par3B Santa Cruz sc-168899 Goat 1:100
Anti-Podocin Sigma P0372 Rabbit 1:100
Anti-Rab7 Developmental Studies Hybridoma Bank Rab7 Mouse 1:25
Anti-synaptopodin Sigma S9442 Rabbit 1:50
Anti- synaptopodin (human samples) Sigma HPA034631 Rabbit 1:200
Abberior STAR 635P anti-rabbit Abberior ST653P Goat 1:1000
Abberior STAR 580 anti-mouse Abberior ST580 Goat 1:1000
Abberior STAR 580 anti-rabbit Abberior ST580 Goat 1:1000
Abberior STAR 635P anti-mouse Abberior ST653P Goat 1:1000
Anti-rabbit-Cy3 Jackson ImmunoResearch 711-165-152 Donkey 1:250
Anti-mouse-Cy5 Jackson ImmunoResearch 715-175-150 Donkey 1:250
Anti-mouse-488 Jackson ImmunoResearch 715-545-150 Donkey 1:250
Anti-goat-Cy3 Jackson ImmunoResearch 705-165-147 Donkey 1:250
Anti-goat-549 Thermo Fisher A-11058 Donkey 1:250

Baz, Bazooka; Duf, Dumbfounded; HRP, horseradish peroxidase; IF, immunofluorescence; Pyd, Polychaetoid.
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followed by embedding in paraffin, or fixed in 4% paraformaldehyde
for 2 hours and further kept in PBS at 4 �C (for high-resolution
imaging). Periodic acid staining and trichrome (acidic fuchsine or-
ange G) staining were performed on 2-mm-thick sections, according
to standard methods. All images were taken with a Leica SCN400
slide scanner and further processed using Aperio ImageScope
v12.0.1.5030.

For immunofluorescence staining, kidneys were embedded in
Tissue-TEK O.C.T. compound, and 5-mm-thick sections were used
for imaging. Tissue was fixed with 4% paraformaldehyde for 8 mi-
nutes, followed by washing for 3 times with PBS þ 1% Triton-X.
Afterwards, tissue was blocked with 5% normal donkey serum for
30 minutes, and subsequent primary antibody incubation was per-
formed overnight at 4 �C (for antibodies, see Table 2). After 3
washing steps, the secondary antibody was incubated for 1 hour at
room temperature, followed by washing and mounting with Prolong
40,6-diamidino-2-phenylindole (New England Biolabs). Images were
obtained using a Zeiss confocal microscope LSM710/Axiobserver Z1.
Images were further processed using ImageJ/Fiji 1.50f8 and Adobe
Photoshop Version 11.0. Exposure time was identical for compara-
tive analyses.

For high-resolution microscopy, fixed pieces of kidney were
incubated at 4 �C in hydrogel solution (4% v/v acrylamide, 0.25% w/
v VA-044 initiator, and PBS 1�) overnight. The gel was polymerized
at 37 �C for 3 hours, and the presence of oxygen was minimized by
filling tubes all the way to the top with hydrogel solution. After that,
kidney pieces were cut into 0.3-mm-thick slices using a Vibratome.
Slices were then incubated at 50 �C in clearing solution (200 mM
boric acid and 4% sodium dodecylsulfate, pH 8.5) for 24 hours.
Before immunolabeling, samples were washed in 0.1% Triton-X in
1� PBS for 10 minutes.

For all steps, PBS 1� with 0.1% v/v Triton-X was used as dilu-
tant. Samples were incubated in primary antibody for 24 hours at 37
�C and were then washed in 0.1% Triton-X in 1� PBS for 10 mi-
nutes at 37 �C, followed by secondary antibody incubation for 24
hours at 37 �C, and washed for 10 minutes at 37 �C before
mounting. To stain for nephrin, a sheep anti-nephrin primary
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antibody and a donkey anti-goat Alexa-594 conjugated or a donkey
anti-sheep Abberior STAR-635P conjugated secondary antibody was
used. To stain for synaptopodin, a rabbit anti-synaptopodin primary
antibody and a donkey anti-rabbit Atto-594 conjugated secondary
antibody was used. Samples were immersed in 80% (w/w) fructose
with 0.5% (v/v) 1-thioglycerol at 37 �C for 1 hour before imaging.
Samples were then mounted in a glass bottom dish (MatTek P35G-
1.5-14-C) and imaged using a Leica SP8 3X STED system. SD length
per area was determined using ImageJ/Fiji. In brief, the fluorescent
signal was enhanced using background subtraction, mean filtering,
and contrast enhancement. The SD signal was detected with the help
of the ridge detection plugin, similarly to previously published data
by Siegerist et al. and Butt et al.26,27 For quantification of synapto-
podin intensity, a line profile was manually assigned to cross-
sectional images. The thickness of the line profile was adjusted to
include the whole filtration barrier. After this, the mean fluorescence
intensity within the line profile was measured. The measurement was
repeated at least 20 times in 3 different animals per group.

Electron microscopy of mouse tissue
Primary fixation was done with 2% glutaraldehyde and 4% form-
aldehyde in 0.1 M phosphate buffer for 48 hours. For transmission
electron microscopy, the tissue was then postfixed in 0,5% osmium
tetroxide in double-distilled H2O for 60 minutes on ice and then
washed 6 times in double-distilled H2O. The tissue was incubated in
1% aqueous uranyl acetate solution for 2 hours in dark and washed 2
times in double-distilled H2O.

Dehydration was performed by 15-minute incubation steps in
30%, 50%, 70%, 90%, and 2� 100% ethyl alcohol and 2� 100%
acetone. After embedding in Durcupan resin, ultrathin sections were
performed using a UC7 Ultramicrotome (Leica), collected on For-
mvar-coated copper grids. Post staining was done for 1 minute with
3% lead citrate, followed by imaging using a Zeiss Leo 912 trans-
mission electron microscope.

For scanning electron microscopy, the fixated kidneys were
dehydrated in 70%, 80%, 90% and 100% ethanol (each step for 1
hour at room temperature) and incubated in a 1:1 solution of ethyl
Kidney International (2022) 101, 733–751
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alcohol and hexamethyldisilazane for 30 minutes. After incubation in
100% hexamethyldisilazane, the solvent was allowed to evaporate.
The dehydrated tissue was mounted onto sample holders and
sputtered with gold using a Polaron Cool Sputter Coater E 5100. The
resulting samples were imaged using a scanning electron microscope
(Leo 1450 VP scanning).

Urinary analysis
Urinary albumin levels were measured with a mouse albumin
enzyme-linked immunosorbent assay kit (ICL/Dunn Labortechnik
GmbH), whereas urinary creatinine levels were measured with a
urinary creatinine kit (Biomol). Urinary albumin levels were then
normalized on the urinary creatinine.

Deletion polymerase chain reaction with glomerular lysates
Glomerular DNA was used for polymerase chain reaction using the
RedTaq Ready MasterMix (Sigma-Aldrich), according to manufac-
turer’s instructions. Used primers are listed in the primers section
(Table 4). Cycling conditions were as follows: 95 �C for 3 minutes, 95
�C for 30 seconds, 60 �C for 30 seconds, 72 �C for 30 seconds, go to
step 2, repeat 35 times, and 72 �C for 3 minutes. DNA was separated
using agarose gel electrophoresis and UV light.

RNA isolation and quantitative polymerase chain reaction of
murine podocytes
Podocytes were lysed with 500 ml Trizol (Sigma-Aldrich), and RNA
was isolated using the Direct-Zoll RNA MiniPrep Kit from Zymo,
according to manufacturer’s instructions. Isolated RNA was used for
cDNA synthesis by using the High Capacity cDNA RT-Kit (Applied
Biosystems), according to manufacturer’s instruction. Quantitative
polymerase chain reaction was performed using the SYBR Green
Mastermix (Thermo Fisher) and primers specific for mPar3B and
murine actin B (mACTB; listed in the primers section). Par3B
mRNA level were normalized to mACTB.

Fluorescein isothiocyanate–albumin uptake assay
To analyze the uptake and filtration capacity of nephrocytes, L3
larvae were dissected and garland nephrocytes were isolated.
They were incubated in fluorescein isothiocyanate–albumin (0.2
mg/ml; Sigma-Aldrich) for 1 minute.28 Afterwards, they were
washed in HL3 buffer for 1 minute and then fixed in 4%
formaldehyde for 20 minutes. Nephrocytes were mounted in
Vectashield (Vectorlabs). Images were obtained with a Zeiss
confocal microscope LSM710/Axiobserver Z1 or a Leica SP8
confocal microscope and further processed using ImageJ/Fiji
1.50f8 and Adobe Photoshop Version 11.0. Exposure time was
identical for comparative analyses. The mean intensity of single
Table 4 | List of primers

Name Sequence

Par3B deletion PCR
Par3B del for TACCATTACCAGTTGGTCTGG
Pard3b-5’arm GAAATGCCATATCCCTTTGTGACTGG
Pard3b-3’arm CACAGCAACAGAACATGATTAATGGC
Quantitative PCR
mPar3B sense CGGTGCCATGCTGAGATTTG
mPar3B anti-sense TTCTGCTCAGCCTTTCCGAC
mACTB sense AAGAGCTATGAGCTGCCTGA
mACTB anti-sense TACGGATGTCAACGTCACAC

mACTB, murine actin B; PCR, polymerase chain reaction.
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nephrocytes was measured, and the values of the control cells
(Sns-GAL4) were used for normalization.

Proteomic analysis of Drosophila nephrocytes
Garland nephrocytes from single larvae were isolated and directly
transferred into 40 ml 8% sodium dodecylsulfate buffer. Samples
were further reduced with 5 mM dithiothreitol and alkylated with 10
mM iodoacetamide in the dark. Afterwards, proteins were further
prepared and digested with trypsin and lysin C, applying the SP3
method for ultrasensitive proteomics. Proteomics acquisition was
performed on a quadrupole Orbitrap hybrid mass spectrometer
(QExactive Plus; Thermo) coupled to a easynLC, as previously
described, using 1-hour gradients for nephrocytes.29

Proteomic raw data deposition
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the Proteomics Identification
Database - EMBL-EBI (PRIDE)30 partner repository with the data
set identifiers: project name: Par3A and Par3B interactome inner
medullary collecting duct cells; project accession: PXD018637;
reviewer account details: username: reviewer86334@ebi.ac.uk; pass-
word: F7M8n2xo; project name: Drosophila nephrocytes Par3A and
B rescue; project accession: PXD018636; reviewer account details:
username: reviewer34880@ebi.ac.uk; password: efI2ztnt; project
name: Drosophila nephrocytes Bazooka knockdown vs control;
project accession: PXD018635; reviewer account details: username:
reviewer40147@ebi.ac.uk; password: tkxbDsCF.

Study approval and human patients
All investigations involving human subjects were conducted in
accordance with the principles of the Declaration of Helsinki. All
investigations were conducted after obtaining informed consent
from the patients or their parents. All procedures were approved by
local ethics committees in Cologne, Rare Kidney Disease 15-215, and
FOrMe 21-1013.

The patient material used for immunohistochemistry was ob-
tained from renal biopsy specimens after routine diagnostics were
performed. The use of routine archival tissue sections for retro-
spective epidemiologic research, as described, is permitted by state
law in Cologne (Berufsordnung der Nordrheinischen Ärztinnen und
Ärzte, x15 Abs. 1).

Statistical analysis
Statistical significance was evaluated using GraphPad Prism version 6
for Windows (GraphPad Software). All results are expressed as
means � SEM. One data point represents one nephrocyte cell. We
repeated experiments from 3 independent matings. For comparison
of 2 groups, the Student t test was used. A P < 0.05 was considered
to be significant. For 1 independent variable, 1-way analysis of
variance combined with the Tukey multiple comparison test was
performed. A P < 0.05 was considered to be significant. For 2 in-
dependent variables, 2-way analysis of variance combined with the
Sidak multiple comparison test was applied, and a P < 0.05 was
considered significant.

RESULTS
Par3A and Par3B maintain podocyte morphology and
function
Previously, we were able to show that loss of Par3A does not
result in a glomerular disease phenotype, but causes an
upregulation of Par3B in podocytes.9 In contrast to Par3A,
737
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Figure 1 | Simultaneous depletion of Par3A and Par3B causes a severe glomerular disease phenotype. (a) Urinary albumin levels show
an increase after 6 weeks only in Par3A/B double-knockout mice. Loss of Par3A or Par3B alone did not result in increased albumin levels. (b)
Immunofluorescence stainings visualizing podocin revealed complete disruption of the slit diaphragm on loss of both Par3A and Par3B. Bar ¼
50 mm. (c) Histologic analysis by performing periodic acid–Schiff (PAS) staining showed severe glomerulosclerosis and protein casts in the
tubular system in Par3A/B double-knockout mice. Bar ¼ 50 mm. (d) Histologic analysis by performing acidic fuchsine orange G (AFOG) staining
revealed a large amount of protein deposits and thickening of the glomerular basement membrane on loss of Par3A and Par3B. (Continued)
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which is expressed ubiquitously throughout the whole
glomerulus, Par3B is expressed specifically in podocytes
(Supplementary Figure S1), where the protein localizes to foot
processes,9 suggesting a putative role for Par3B in the podo-
cyte. Furthermore, coexpression of Par3A and Par3B in
podocytes raises the possibility of functional redundancy,
which may explain the lack of phenotype observed for loss of
Pard3a alone.9 To investigate Par3A/B function in more detail,
we employed conditional in vivo targeting strategies specif-
ically in podocytes to delete Pard3b alone or both Pard3a and
Pard3b. Podocyte-specific gene deletion of Pard3b did not
result in an overt glomerular disease phenotype, neither in
mice held on a pure C57Bl/6 nor in a more susceptible CD-1
background (Figure 1 and Supplementary Figures S2 and S3).
This is in line with the lack of any disease phenotype in
podocyte-specific Pard3a knockout mice.9 Although Par3A
and Par3B single-knockout mice did not present with pro-
teinuria or severe foot process effacement, high-resolution
STED microscopy revealed mildly but statistically significant
effaced foot processes compared with control mice, as
quantified by measuring the SD length per capillary area
(Supplementary Figure S4D). To study a functional redun-
dancy between the 2 Par3 proteins, we generated podocyte-
specific Pard3a/b double-knockout mice held in pure CD-1
background (Figure 1 and Supplementary Figure S4A and
B). Loss of both Pard3 genes resulted in a severe glomerular
disease phenotype with significantly increased urinary albu-
min levels already evident after 6 weeks (Figure 1a). Histo-
logic analyses revealed loss of the podocytes’ ultrastructure,
including foot process effacement (Figure 1b and e and
Supplementary Figure S4C and D), glomerulosclerosis, and
protein casts in the tubular apparatus (Figure 1c and d).
Additional analysis, including body weight and histology,
revealed a progressive disease phenotype, as Par3A/B double-
knockout mice did not show any differences in body weight in
the first weeks of life. At 5 weeks of age, we observed the first
signs of glomerular disease in histology (Supplementary
Figure S5). These data show Par3 activity is required in
podocytes to maintain their morphology and function and
that Par3A and Par3B have redundant functions in podocytes.
However, as Par3B is able to compensate for the loss of Par3A
despite its inability to interact with aPKC, we hypothesized
that Par3 function in podocytes is at least partially indepen-
dent of aPKC.

Loss of Baz causes severe morphologic and functional
disturbances in Drosophila nephrocytes
To characterize the cellular and molecular function of the Par
complex in the podocyte in greater detail, we utilized the
Drosophila nephrocyte model, where bazooka is considered to
be the only Par3 homologue for both Par3A and Par3B. Baz is
=

Figure 1 | (Continued) Bar ¼ 50 mm. (e) Scanning electron microscopy (
effacement, after loss of Par3A and Par3B, whereas the single knockouts
bar ¼ 30 mm; lower panel: bar ¼ 5 mm. All data shown herein are obtaine
optimize viewing of this image, please see the online version of this art
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expressed in nephrocytes from the late embryonic stage on-
wards, where it colocalizes with the Neph homologue Duf and
the nephrin homologue Sns (garland cells, third instar larvae)
(Supplementary Figure S6A and B). Baz localization is not
restricted to the nephrocyte diaphragm, but also expands into
the cell body along the lacunae membranes (Supplementary
Figure S6A and B). To determine the function of Baz, we
generated a nephrocyte-specific knockdown of baz using RNA
interference and assessed the morphologic phenotype by
observing the localization of the diaphragm proteins Duf and
Polychaetoid (the Drosophila Zonula occludens-1 [ZO-1]
orthologue) with high-resolution STED microscopy. In con-
trol nephrocytes (sns-GAL4/þ), the nephrocyte diaphragm
was visualized as a fingerprint-like pattern (similar to the SD
pattern in podocytes; Supplementary Figure S4D) (Figure 2a).
On loss of Baz, this fingerprint-like pattern was almost
completely lost and the integrity of the nephrocyte diaphragm
was significantly disrupted (Figure 2a). Disruption to the
nephrocyte diaphragm was confirmed by the severe mis-
localization of Duf, which no longer localized to the dia-
phragm at the periphery of the cell and was instead found
within the cell (Figure 2b). The nephrocyte foot processes in
Baz-depleted nephrocytes were also markedly reduced,
resembling podocyte foot process effacement in Par3A/B
double-knockout mice (Figure 2c). In line with the
morphologic changes, loss of Baz also caused a severe filtra-
tion/uptake phenotype (Figure 2d). To differentiate between
defective filtration and endocytosis, we used Rab7 staining to
quantify endocytotic processes (Figure 2e). Rab7 regulates late
endocytic trafficking and is important for nephrocyte
biology.31 Quantification of Rab7 vesicles did not reveal any
differences between control and Baz-depleted nephrocytes.
Hence, the severe phenotype observed upon decreased Baz
levels in nephrocytes seems to be mainly caused by filtration
disturbances. Loss of Baz resulted in a pronounced neph-
rocyte phenotype, including morphologic and functional
disturbances. This phenotype is highly similar to that caused
by loss of Par3A/B in mammalian podocytes.

Par3A and Par3B are both required to compensate for loss of
Baz
To investigate redundant functions of Par3A and Par3B in
greater detail, we tested the ability of different mammalian
Par3 variants to rescue the baz knockdown phenotype
(Supplementary Figure S7). We examined 4 different
mammalian Par3A isoforms comprising the 180-, 150-, and
100-kDa variant as well as a fourth variant lacking parts of the
aPKC binding domain (delta exon 18), which were previously
identified in podocytes by mRNA sequencing.32 In addition,
we also studied the Par3B full-length variant, which is the pre-
dominant Par3 variant in mouse podocytes (Figure 3a and b).
SEM) revealed severe morphologic changes, including foot process
did not present with any morphologic abnormalities. Upper panel:
d from 10-week-old mice in a CD-1 background. Crea, creatinine. To
icle at www.kidney-international.org.
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Figure 2 | Loss of Bazooka (Baz) causes severe morphologic and functional disturbances in nephrocytes. (a) High-resolution
microscopy revealed a fingerprint-like pattern in control cells (sns-GAL4/þ). Dumbfounded (Duf) and Polychaetoid (Pyd) (dZO-1) show an
interdigitating pattern. Upon loss of Baz, the fingerprint-like pattern is lost almost completely and the integrity of the nephrocyte diaphragm is
severely disrupted. Bar ¼ 5 mm. Control: w;Sns-GAL4;UAS-Dicer; Baz kd: w; sns-GAL4/UAS-baz-RNAi; UAS-dicer2/þ. Quantification of the
nephrocyte diaphragm length in control and baz knockdown nephrocytes revealed a significant reduction in diaphragm length on loss of Baz.
Student t test: ****P < 0.0001. One data point represents one nephrocyte from at least 9 different animals obtained from 3 (continued)
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Morphologic assessment using high-resolution STED and
electron microscopy, together with a functional analysis,
revealed different degrees of rescue potential with respect to
nephrocyte morphology and function (Figure 3c–e).
Expression of Par3A 180 kDa, Par3A delta exon 18, or the
combination of Par3A 180 kDa and Par3B resulted in a sig-
nificant rescue of the nephrocyte diaphragm integrity based
on the localization of Duf and Pyd by high-resolution STED
microscopy and quantification of the nephrocyte diaphragm
integrity by measuring its length.26 However, expressing
Par3B alone did not cause a significant rescue of the
morphologic phenotype induced by Baz depletion
(Figure 3c).32 Electron microscopy revealed a reduction of
foot processes in Baz-depleted nephrocytes, which was
rescued by the expression of the different mammalian Par3
variants (Figure 3d). In addition, we performed functional
analyses and investigated the filtration/uptake capacity of the
different rescue strains (Figure 3e). Expressing both Par3A
and Par3B resulted in the best rescue (Figure 3e), superior to
the full-length single rescue strains of Par3A and Par3B
(Figure 3e). Expression of the Par3A 100-kDa variant lacking
the aPKC binding domain alone also led to a partial rescue,
although the increase of the fluorescein isothiocyanate–
albumin intensity was not significant (mean intensity
values: Baz knockdown, 0.25; Par3A 100 kDa, 0.36). Taken
together, our data suggest that Par3A and Par3B have both
redundant and independent functions. The expression of
Par3A 180 kDa resulted in a substantially better morphologic
rescuewhencomparedwithPar3B.However, the significantly
better fluorescein isothiocyanate–albumin uptake in the
Par3A/B double rescue strain indicates additional, comple-
mentary downstream pathways of Par3A and Par3B.

Par3 function is mediated via aPKC-dependent and aPKC-
independent signaling pathways
As neither the Par3A 100-kDa variant nor Par3B possesses an
aPKC binding domain but rescue the baz knockdown
phenotype at least partially, Par3 may exert some of its
function independently from aPKC. aPKC is normally local-
ized to the appropriate region at the membrane by binding
the aPKC binding domain in Baz.33–35 Therefore, we analyzed
an aPKC variant (aPKC-CAAX) that localizes to the cell
membrane independently of Baz to uncouple aPKC-
dependent and aPKC-independent functions of Baz. In
addition, we also investigated the impact of the kinase domain
on nephrocyte function by using a dominant negative
aPKCK293W-CAAX construct.20 With regard to morphology,
expression of the aPKC-CAAX variant was able to restore Duf
=

Figure 2 | (continued) independent matings. (b) Confocal microscopy s
plane; lower panel: Z-projection). Bar ¼ 25 mm. (c) Electron microscopy o
defect in the Baz knockdown cells, including loss of foot processes and
isothiocyanate (FITC)–albumin filtration assays revealed a severe nephro
0.0001. Bar ¼ 25 mm. (e) Visualization of Rab7-positive vesicles revealed n
t test was used. AU, arbitrary unit; HRP, horseradish peroxidase; NS, not sig
of this image, please see the online version of this article at www.kidne
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and Pyd localization comparable to the Par3A/B double
rescue (Figure 4a). Quantification of the nephrocyte dia-
phragm length revealed a significant rescue by expressing
aPKC-CAAX as well as aPKCK293W-CAAX-DN. Both result in
a better rescue of the Baz knockdown phenotype as the
Par3A/B double rescue. Transmission electron microscopy
confirmed the rescue potential as seen in high-resolution
microscopy (Figure 4b). However, functional analysis of the
aPKC-CAAX rescue only revealed a partial rescue, which was
significantly less efficient compared with the Par3A/B double
rescue (Figure 4c). The aPKC-CAAX-DN variant showed the
least rescue potential when compared with the Par3A/B
double and aPKC-CAAX rescue (Figure 4c).

Next, we also studied the functional role of Par6 as a po-
tential linker between aPKC and Par3B. Both morphology
and filtration were significantly disrupted on loss of Par6
(Figure 5c and d). Although we did not identify Par6 as a
significant interactor of Par3B in an interactome approach,
Par6-specific peptides were identified (Supplementary
Figure S9D and E). To unravel whether Par3B forms a com-
plex with Par6 and aPKC and thereby exhibits aPKC-
dependent functions, we simultaneously depleted Baz and
Par6 in nephrocytes. This resulted in a morphologic and
functional phenotype that was comparable to the single
knockdown effects (Figure 5a and b). We also expressed the 2
mammalian Par3 proteins in Baz and Par6 double knock-
down nephrocytes. The expression of Par3A did not result in
a rescue of morphology or function (Figure 5a and b).
Expressing Par3B, however, revealed a significant rescue of
both morphology and filtration, even in the absence of Par6
(Figure 5a and b). In line with this, flies expressing a mutant
form of Baz lacking the aPKC-binding domain (Baz delta
968–996) also showed a partial rescue of morphology and
function (Supplementary Figure S8A–C).

Taken together, these results further emphasize aPKC-
dependent and aPKC-independent functions of Par3A,
Par3B, and Baz.

Actin cytoskeleton, matrix-associated, and junction proteins
are upregulated on loss of Baz
On the basis of the findings that Baz exhibits aPKC-Par6
independent functions, we aimed to delineate potential
downstream pathways and targets. To this end, we performed
whole proteome analysis of isolated control and Baz-depleted
garland nephrocytes and identified a significant upregulation
of actin cytoskeleton–associated proteins (actin and tropo-
myosin), focal adhesion proteins (Vinculin), as well as
matrix-associated proteins (Tiggrin), junction proteins
hows an internalization of Duf on loss of Baz (upper panel: single
f control and Baz-depleted nephrocytes shows a severe morphologic
nephrocyte diaphragm structures. Bar ¼ 2500 nm. (d) Fluorescein
cyte filtration defect after depletion of Baz. Student t test: ****P <
o difference between control and Baz-depleted nephrocytes. Student
nificant; TEM, transmission electron microscopy. To optimize viewing
y-international.org.
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Figure 3 | Both Par3A and Par3B are required for proper nephrocyte function. (a) mRNA sequencing data from primary mouse
podocytes revealed expression of 3 different Par3A variants (180 kDa, 100 kDa, and 180-kDa delta exon 18), whereas full-length Par3B was the
most abundant Par3 protein.32 (b) Par3A, Par3B, and Bazooka (Baz) share high sequence similarity in the 3 PDZ domains. The Par3A 100-kDa
variant and Par3B do not have an atypical protein kinase C (aPKC) binding domain. (c) High-resolution microscopy of all rescue fly strains
shows the best rescue potential in the Par3A 180-kDa/B double rescue fly strain. Nephrocyte diaphragm integrity was assessed (continued)
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(Coracle), and GTPase inhibitors (RhoGDI) (Figure 6a). This
upregulation was prevented by simultaneous expression of
either Par3A or Par3B in the Baz knockdown background,
suggesting a Baz-related effect (Figure 6b–d). To further
investigate whether these changes are specific to Baz depletion
rather than more general changes associated with nephrocyte
dysfunction, we compared the Baz data set with whole pro-
teome data sets from nephrocytes depleted for either Sns
(nephrin homologue) or Mec2 (podocin homologue;
Supplementary Figure S9A–C). This comparison revealed a
specific upregulation of most of the candidates only upon loss
of Baz and was not observed in injured nephrocytes lacking
other functionally important proteins, like Mec2 or Sns. We
then generated a list of candidates and investigated their
functional role comprising Tiggrin, Titin, Vinculin, Coracle,
and RhoGDI. Loss of Titin and Coracle resulted in a severe
morphologic phenotype with a significant loss of nephrocyte
diaphragm structures (Figure 6e). Depletion of Vinculin and
Coracle as well as Tiggrin and RhoGDI revealed a significant
decrease of filtration/uptake activities, with Tiggrin and
RhoGDI mutants showing the most tremendous effect
(Figure 6f).

Loss of Baz results in increased tropomyosin2 levels,
exhibiting a detrimental effect on nephrocyte biology
Tropomyosin2 (Tm2), one of the candidates identified in our
proteomics screen to be significantly upregulated upon loss of
Baz, was further investigated, as Tm2 shares functional sim-
ilarities with synaptopodin in Drosophila.36 In addition,
CG1674 was described to encode for and share some func-
tional properties with a synaptopodin2-like related protein.37

On the basis of these findings, we investigated the functional
role of Tm2 and CG1674 for nephrocyte biology and whether
overexpression of murine synaptopodin has an effect on
nephrocyte morphology and function. Interestingly,
morphology was not altered after depleting Tm2 or CG1674
or expressing murine synaptopodin. However, all genotypes
resulted in a significant filtration defect (Figure 7a and b and
Supplementary Figure S10A). To verify whether synaptopodin
is also increased in our mammalian models, we performed
high-resolution STED microscopy of control, Par3A and
Par3B single, as well as Par3A/B double knockout animals,
=

Figure 3 | (continued) by visualizing Dumbfounded (Duf) and Polychae
efficient and comparable rescue. Bar ¼ 5 mm. Control (sns-GAL4/þ), Par3A
Par3A 150 kDa (w; sns-GAL4/UAS-baz-RNAi;UAS-Par3A150kDa/UAS-dicer2
dicer2), Par3A delta E18 (w; sns-GAL4/UAS baz-RNAi;UAS-Par3A delta Exo
dicer2), Par3A 180 kDa/B (UAS-Par3B; sns-GAL4/UAS-baz-RNAi;UAS-Par3A
length revealed a significant rescue of the baz knockdown phenotype, af
and Par3B simultaneously. One-way analysis of variance (ANOVA) plus Tu
0.0001. (d) Performing electron microscopy confirmed the results obtaine
and Par3B resulted in the best rescue potential, when compared with B
function, fluorescein isothiocyanate (FITC)–albumin assays were performe
Par3B resulted in the best rescue potential. Bar ¼ 25 mm. One-way ANO
FPKM, fragments per kilo base per million mapped reads; TEM, transmis
viewing of this image, please see the online version of this article at ww
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which revealed a significant upregulation of synaptopodin in
the Par3A/B double knockout mice (Figure 7c–e). Strikingly,
synaptopodin formed clusters along the SD in Par3B
knockout mice (arrowheads; Figure 7c). We did observe
similar staining patterns in mice treated with doxorubicin.
Also, treatment with doxorubicin led to an increased syn-
aptopodin expression (Figure 7d and e). Intrigued by the
increased synaptopodin expression on injury and cluster
formation in areas of foot process effacement, we also
examined synaptopodin in human tissue derived from pa-
tients experiencing focal segmental glomerular sclerosis,
minimal change disease, or diabetic nephropathy (DN)
(Supplementary Figure S11). In line with our mouse data, we
identified an accumulation of synaptopodin in areas of foot
process effacement, characterized by loss of nephrin staining,
in all 3 diseases (Supplementary Figure S11).

Next, we studied potential rescue effects and included
vinculin and RhoGDI in our experiments. We could
demonstrate a rescue of the morphologic baz knockdown
phenotype only when depleting Tm2 in parallel (Figure 7f).
To a minor extent, depletion of vinculin and RhoGDI resulted
in a partial rescue of the functional phenotype (Figure 7g).
Taken together, our data show that Tm2 and synaptopodin
levels are increased on loss of Baz or Par3A/B, respectively,
and that loss of Tm2 resulted in a filtration defect. Of note,
loss of CG1674, which shares a small region of similarity
within the PDZ domain protein synaptopodin2-like related
protein, also resulted in a decreased filtration capacity.
However, only the reduction of Tm2 levels, which shares
functional similarities with synaptopodin, can rescue the
morphologic baz knockdown phenotype. Together with the
synaptopodin overexpression data, this suggests that syn-
aptopodin levels need to be precisely regulated to achieve a
protective function and no detrimental effects.

To provide further experimental evidence for the potential
connection between Par3 and synaptopodin, we generated
interactome data sets of Par3A and Par3B and identified
unique and common interactors of the 2 Par3 proteins in
inner medullary collecting duct cells (Supplementary
Figures S9D and E and S10B and C). Among the common
interactors, we identified CD2AP, which was previously
shown to interact with synaptopodin in podocytes.38,39 We
toid (Pyd). Expression of the 2 full-length variants resulted in an
180 kDa (w; sns-GAL4/UAS-baz-RNAi;UAS-Par3A180kDa/UAS-dicer2),

), Par3A 100 kDa (w; sns-GAL4/UAS-baz-RNAi;UAS-Par3A100kDa/UAS-
n 18/UAS-dicer2), Par3B (w; sns-GAL4/UAS-baz-RNAi;UAS-Par3B/UAS-
180kDa/UAS-dicer2). Quantification of the nephrocyte diaphragm
ter expressing Par3A 180 kDa, Par3A delta exon 18, or Par3A 180 kDa
key multiple comparison test: **P < 0.01, ***P < 0.001, and ****P <
d from the high-resolution microscopy. The expression of both Par3A
az-depleted nephrocytes. Bar ¼ 2500 nm. (e) To assess filtration
d and again showed that the simultaneous expression of Par3A and
VA plus Tukey multiple comparison test: *P < 0.05, ****P < 0.0001.
sion electron microscopy; WT-1, Wilms tumor protein. To optimize
w.kidney-international.org.
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Figure 4 | Rescue of the baz knockdown phenotype with atypical protein kinase C (aPKC) reveals a predominant role of aPKC in
maintaining nephrocyte morphology rather than function. (a) High-resolution microscopy of nephrocytes expressing either aPKC-CAAX or
aPKC-CAAX-DN in a Bazooka (Baz) knockdown background shows a good rescue capacity in aPKC-CAAX nephrocytes, whereas expression of
aPKC-CAAX-DN only resulted in a partial rescue. The rescue capacity of aPKC-CAAX was comparable to the rescue of the Par3A/B double rescue
fly strain. Bar ¼ 5 mm. Control (w;sns-GAL4/þ;þ), Baz knockdown (kd) (w;sns-GAL4/UAS-baz-RNAi; UAS-dicer2/þ), Par3A 180 kDa/B (UAS-
Par3B;sns-GAL4/UAS-baz-RNAi;UAS-Par3A180kDa/UAS-dicer2), aPKC-CAAX (w;sns-GAL4/UAS-baz-RNAi;UAS-aPKC-CAAX/UAS-dicer2), (continued)
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Figure 5 | Par3B exhibits Par6/ aPKC C–independent functions. (a) High-resolution microscopy revealed a severe morphologic phenotype
when depleting Bazooka (Baz), Par6, or Baz and Par6 simultaneously. This morphologic phenotype could not be rescued by expressing Par3A
180 kDa but resulted in a significant rescue by expressing Par3B. One-way analysis of variance (ANOVA) plus Tukey multiple comparison test:
****P < 0.0001. (b) Fluorescein isothiocyanate (FITC)–albumin assay revealed a significant decrease of FITC intensity after depletion of Baz,
Par6, and Baz and Par6 in parallel. This filtration phenotype could only be rescued by expressing Par3B, whereas Par3A 180 kDa failed to do so.
One-way ANOVA plus Tukey multiple comparison test: ****P < 0.0001. AU, arbitrary unit; Duf, Dumbfounded; Pyd, Polychaetoid; NS, not
significant. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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also identified the Calpain-2 catalytic subunit as a unique
interactor of Par3B. Calpain is involved in the cleavage of
calcineurin and the dephosphorylation of synaptopodin.40

Loss of Baz resulted in increased active Rho1 levels, which
could be reversed by either depleting Tm2 or expressing
Par3A

As both synaptopodin and Tm2 regulate RhoA signaling (in
Drosophila Rho1),36,41 we employed Rho1 sensor flies (Rok-
RBD-GFP) to analyze active Rho1 levels (Supplementary
Figure S12A). Doing so, we identified a significant increase
=

Figure 4 | (continued) aPKC-CAAX-DN (w;sns-GAL4/UAS-baz-RNAi;UAS-a
quantification revealed a significant rescue of the baz knockdown phenot
analysis of variance (ANOVA) plus Tukey multiple comparison test: ****P
potential of aPKC-CAAX, whereas the expression of aPKC-CAAX-DN only c
(FITC)–albumin filtration assays revealed a significant rescue in both aPK
double rescue with Par3A/B resulted in a significantly better rescue, whe
ANOVA plus Tukey multiple comparison test: **P < 0.01, ****P < 0.001.
microscopy. To optimize viewing of this image, please see the online ve
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of active Rho1 levels in Baz depleted cells (Figure 8a). This
upregulation could be reversed by depleting Tm2, which
shares functional similarities with synaptopodin (Figure 8a).
Interestingly, only the expression of Par3A 180 kDa reversed
the elevated Rho1-GTP levels, whereas Par3B expression did
not result in decreased Rho1-GTP levels (Figure 8a).

To further assess the functional role of small GTPases in
nephrocyte biology, we investigated the effects after express-
ing different GTPase variants in wild-type flies. Expression of
a dominant-negative Rho1 variant did not result in a neph-
rocyte phenotype, whereas expression of a constitutively
PKC-CAAX-DN/UAS-dicer2). Nephrocyte diaphragm length
ype, when expressing either aPKC-CAAX or aPKC-CAAX-DN. One-way
< 0.0001. (b) Electron microscopy confirmed the good rescue
aused a partial rescue. Bar ¼ 2500 nm. (c) Fluorescein isothiocyanate
C-CAAX and aPKC-CAAX-DN fly strains, but also showed that the
n compared with the reintroduction of aPKC. Bar ¼ 25 mm. One-way
Duf, Dumbfounded; Pyd, Polychaetoid; TEM, transmission electron
rsion of this article at www.kidney-international.org.
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Figure 6 | Actin cytoskeleton, matrix-associated, and junction proteins are upregulated on loss of Bazooka (Baz). (a) Volcano plot
depicting differentially regulated proteins in Baz-depleted nephrocytes compared with control cells. Isolated garland nephrocytes from single
L3 larvae were used for proteome analysis. Significantly upregulated or downregulated proteins are depicted in purple. False discovery rate
(FDR) ¼ 0.05, s0 ¼ 0.1. (b,c) Volcano plot representing differentially regulated proteins in (b) Par3A 180-kDa rescue nephrocytes and (c) Par3B
rescue nephrocytes compared with control cells (sns-GAL4/þ). Blue: all proteins that are significantly upregulated or downregulated. Purple:
proteins that are not significantly regulated but were identified as significantly regulated on loss of Baz. FDR ¼ 0.05, s0 ¼ 0.1. (d) Comparison
of interesting candidates of the baz knockdown and the Par3A 180 kDa and Par3B rescue proteome. Depicted is the log2 fold change. (e)
Interesting candidates (Tiggrin, Titin, Vinculin, Coracle, and RhoGDI) were depleted in nephrocytes by using specific RNA interference strains
and used for high-resolution microscopy and nephrocyte diaphragm length quantification. Loss of Titin and Coracle resulted in a significant
reduction of diaphragm length, whereas the others showed either a mild phenotype or no morphologic changes at all. One-way analysis of
variance (ANOVA) plus Tukey multiple comparison test: ***P < 0.001, ****P < 0.0001. (f) Fluorescein isothiocyanate (FITC)–albumin uptake
assays revealed a filtration phenotype in all genotypes, with Tiggrin and RhoGDI depletion resulting in the most severe effect. One-way ANOVA
plus Tukey multiple comparison test: ****P < 0.0001. AU, arbitrary unit; Duf, Dumbfounded; Pyd, Polychaetoid. To optimize viewing of this
image, please see the online version of this article at www.kidney-international.org.
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Figure 7 | Increased tropomyosin2 (Tm2) and synaptopodin levels appear to be detrimental for nephrocyte and podocyte biology.
(a) Depletion of Tm2 and CG1674 as well as expression of murine synaptopodin (mSYNPO) in nephrocytes did not result in a morphologic
phenotype, as depicted with high-resolution STED microscopy. Bar ¼ 5 mm. (b) Fluorescein isothiocyanate (FITC)–albumin assays revealed a
filtration defect in nephrocytes either depleted of Tm2 and CG1674 or expressing mSYNPO. One-way analysis of variance (ANOVA) plus
Tukey multiple comparison test: ****P < 0.0001. (c) Synaptopodin visualization in control, Par3A ko, Par3B ko, and Par3A/B (continued)
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active Rho1 caused a severe morphologic phenotype and
filtration disturbances (Figure 8b and c). As proof of concept
and to further strengthen the hypothesis of a functional
interaction between Baz, Tm2, and Rho-GTP levels, we
generated flies expressing dominant negative Rho1 and baz-
RNA interference simultaneously. Expression of a dominant
negative Rho1 variant was able to restore morphologic fea-
tures and filtration function of the baz knockdown phenotype
at least partially (Figure 8d and e). Active Rac1/Cdc42 levels
were unchanged on loss of Baz compared with control cells
(Supplementary Figure S12B). Taken together, we observed
an elevation of Rho1-GTP levels after depleting Baz, which
could be reversed by depleting Tm2 as well as by expressing
Par3A. Diminishing Rho1-GTP levels in baz knockdown
nephrocytes also resulted in a partial rescue of the phenotype.

DISCUSSION

In this study, we link elements of polarity signaling to actin
regulators to support the cellular architecture of glomerular
podocytes to maintain the kidney filtration barrier. We
describe novel and redundant functions of Par3A and Par3B.
Although Par3B is expressed at much higher levels in podo-
cytes, only simultaneous loss of both Par3 proteins results in a
severe glomerular disease phenotype. This was recapitulated
in the Drosophila nephrocyte model by depleting the Par3
homologue Baz. Baz-depleted nephrocytes presented with
severely affected cellular morphology and nephrocyte
dysfunction. Loss of Par3 and its homologue Baz caused a
significant increase of synaptopodin and Tm2 levels, respec-
tively, and an activation of Rho1. This activation could be
reversed by depleting Tm2, which shares functional similar-
ities with synaptopodin.36 Interestingly, expressing Par3A also
reversed the increased Rho1-GTP levels, whereas Par3B failed
to do so. Renal specimens from patients with focal segmental
glomerular sclerosis, minimal change disease, and DN
revealed a cluster formation of synaptopodin in effaced areas,
characterized by loss of nephrin. In addition, available pro-
teomics data also confirm an increase of synaptopodin pro-
tein levels in 2 patients with pathogenic Nephrin (NPHS1)
mutations.18

The stringent control of GTPase signaling in podocytes in
mice and humans is of central importance for podocyte
function.42–46 Expression of both dominant negative or
=

Figure 7 | (continued) double-knockout mice revealed an increased sig
Arrowheads show synaptopodin clusters. Bar ¼ 5 mm. (d) Quantification
in a significant increase of SYNPO levels in Par3A/B double-knockout mi
for SYNPO level investigation and did not show a significant increase. O
areas in glomeruli from Par3A/B double-knockout and Doxo-treated mic
whereas only the Doxo-treated group showed a significant effect. Stude
significant rescue of the nephrocyte diaphragm length, when depleting
knockdown with a CG1674 knockdown, a vinc knockdown, or a RhoGDI
Control (w;sns-GAL4/þ; UAS-dicer2/þ), Baz knockdown (kd) (w;sns-GAL4/
RNAi; UAS-dicer2/UAS-tm2-RNAi), Baz kd; CG1674 kd (w;sns-GAL4/UAS-b
GAL4/UAS-baz-RNAi; UAS-dicer2/UAS-vinc-RNAi), Baz kd; RhoGDI kd (w;sn
albumin assays show only a slight rescue of all genotypes tested, when
***P < 0.001, ****P < 0.0001. AU, arbitrary unit; Duf, Dumbfounded; Pyd, P
version of this article at www.kidney-international.org.
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constitutively active RhoA results in proteinuria and foot
process effacement, whereas the expression of constitutively
active Rac1 results in a spectrum of disease, including phe-
notypes resembling focal segmental glomerular sclerosis or
minimal change disease.42,45 The inhibition of Rho-associated
protein kinase (ROCK), which is downstream of RhoA,
protects kidney function, whereas patients harboring muta-
tions in Rho GDP-Dissociation Inhibitor Alpha (ARHGDIA)
experience steroid-resistant nephrotic syndrome.43,44 This
effect was also observed in our study, as depletion of RhoGDI,
a Rho GDP-dissociation inhibitor, also resulted in a severe
nephrocyte phenotype. On the basis of these findings, the
activation of Rho1 on loss of Baz contributes to the neph-
rocyte phenotype. Epidermal deletion of Par3A resulted in an
inactivation of RhoA in keratinocytes.47 This opposite effect
might be explained by the postmitotic nature of podocytes, as
the upstream regulation of RhoA via Par3A in keratinocytes
seems to be important to maintain mitotic accuracy.47 Given
that podocytes are different in shape to keratinocytes, one
may also envision that cycling of RhoA between active/inac-
tive states might be important in regulating the cytoskeleton
to help maintain podocyte architecture.

Intrigued by the upregulation of Tm2 and synaptopodin
on loss of Baz and Par3A/B and the previously described
protective role of synaptopodin during acute podocyte
injury,48 we unraveled the effect of elevated synaptopodin
levels in nephrocytes. This approach revealed a detrimental
effect of increased synaptopodin levels on nephrocyte filtra-
tion, suggesting a tight control of synaptopodin levels is
needed to exhibit protective functions.

In a recent study, the gene CG1674 was described to
encode for and share some functional similarities with a
synaptopodin2-like related protein.37 CG1674 localizes to the
Z-disc and is required for normal flight muscle development
and function. Because of the similarities with the synapto-
podin2-like protein, we investigated its function in neph-
rocytes as well, although CG1674 was not identified in our
proteomic screen. Although loss of CG1674 also resulted in a
filtration defect, its depletion failed to rescue the Baz
phenotype.

Because of the podocytes’ unique morphology, several
studies have been performed to investigate the functional role
of different polarity proteins belonging to the 3 major polarity
nal in areas of effacement, as visualized by loss of nephrin signal.
of the synaptopodin (SYNPO) intensity at the slit diaphragm resulted
ce. For comparison, doxorubicin (Doxo)-treated mice were also used
ne-way ANOVA: **P < 0.01. (e) Comparison of normal and effaced
e showed an increase of SYNPO in effaced areas in both groups,
nt t test: ***P < 0.001. (f) High-resolution microscopy revealed a
Bazooka (Baz) and Tm2 simultaneously. The combination of the baz
knockdown did not result in a morphologic rescue. Bar ¼ 5 mm.
UAS-baz-RNAi; UAS-dicer2/þ), Baz kd; Tm2 kd (w;sns-GAL4/UAS-baz-
az-RNAi; UAS-dicer2/UAS-CG1674-RNAi), Baz kd; Vinculin kd (w;sns-
s-GAL4/UAS-baz-RNAi; UAS-dicer2/UAS-RhoGDI-RNAi). (g) FITC-
compared with the baz knockdown phenotype. One-way ANOVA:
olychaetoid. To optimize viewing of this image, please see the online
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Figure 8 | Bazooka (Baz) depletion results in elevated Rho1-guanosine triphosphate (GTP) levels. (a) Confocal microscopy of Rho1
sensor flies showed a significant increase of Rok-RBD-GFP intensity in Baz-depleted nephrocytes, representing elevated Rho1-GTP levels on
loss of Baz. Bar ¼ 50 mm. Quantification of the mean Rok-RBD-GFP intensity revealed a rescue of the elevated Rho1-GTP levels almost back to
baseline by either depleting tropomyosin2 or expressing Par3A 180 kDa. Expression of Par3B did not result in a reduction of Rho1-GTP levels.
One-way analysis of variance (ANOVA): ***P < 0.001, ****P < 0.0001. (b) Expression of dominant negative Rho1 did not result in a morphologic
phenotype, whereas expression of constitutively active Rho1 caused severe morphologic abnormalities, as depicted by high-resolution
microscopy and quantification of the nephrocyte diaphragm length. Bar ¼ 5 mm. Control: w;sns-GAL4/þ;UAS-dicer2/þ, Rho1 DN: w;sns-GAL4/
þ;UAS-dicer2/UAS-rho1-DN, Rho1 CA: w;sns-GAL4/þ;UAS-dicer2/UAS-rho1-CA. One-way ANOVA: ****P < 0.0001. (c) Fluorescein isothiocyanate
(FITC)–albumin filtration assays showed a severe filtration defect on expression of constitutively active Rho1. Expression of dominant negative
Rho1 did not result in any changes in comparison to the control nephrocytes. One-way ANOVA: ****P < 0.0001. (d) High-resolution microscopy
and nephrocyte diaphragm length quantification revealed a partial rescue by expression of dominant negative Rho1 in a baz knockdown
background. Bar ¼ 5 mm. Control: w;sns-GAL4/þ;UAS-dicer2/þ, Baz kd;Rho1 DN: w;sns-GAL4/UAS-baz-RNAi;UAS-dicer2/UAS-rho1-DN. One-way
ANOVA: **P < 0.01. (e) FITC-albumin filtration assays revealed a significant and partial rescue of the filtration function on expression of
dominant negative Rho1 in a Baz knockdown background. One-way ANOVA: ****P < 0.0001. AU, arbitrary unit; Duf, Dumbfounded; Pyd,
Polychaetoid. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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complexes (Par, Crumbs, and Scribble). Although loss of
aPKCi and Crumbs resulted in a disease phenotype in mice,
zebrafish, and Drosophila,12,49,50 depletion of Scribble and
Par3A remained without any overt phenotype.9,10 As podo-
cytes only exhibit a single type of cell-to-cell contact,
combining properties of tight and adherens junctions, one
can easily envision that polarity complexes localize and
function differently in comparison to classic epithelial cells.
Further studies need to be done to unravel these potential
redundant interactions of the different polarity proteins.

Our data emphasize the importance of aPKC domains,
such as the PB1 domain for nephrocyte function, as the
expression of a kinase-dead membrane-associated aPKC
variant (aPKC-CAAX-DN) also resulted in a partial rescue of
the baz knockdown phenotype. Kinase activity independent
functions of aPKC have been described before in other
Drosophila tissues, including the follicular epithelium.51 As
aPKC has several protein-protein interaction domains, it may
function as a scaffold to bring together proteins important for
SD formation.

The functional role of Par3B is only poorly understood so
far. Studies in mammary gland stem cells revealed a unique
interaction of Par3B with the tumor suppressor Serine/
threonine-protein kinase STK11/liver kinase B1 (LKB1),
which results in the inhibition of its kinase activity.52,53 In
contrast, Par3A does not seem to have a function in mam-
mary gland stem cells.52 Our data show that Par3A and
Par3B seem to have common functions, such as the inter-
action with CD2AP, which might influence the synaptopo-
din levels, but also distinct functions such as regulation of
Rho1-GTP levels. Although Baz exhibits both functions,
these were apparently divided into Par3A and Par3B during
evolution. A similar effect was observed in a study rescuing
depletion of Duf (dNeph) in nephrocytes by expressing the
different Neph variants, Neph1, Neph2, and Neph3.54 Only
Neph1 was able to rescue the phenotype, suggesting a
duplication of the genes during evolution and a division of
functions. Our fly data also illustrate different localization
patterns of Par3A and Par3B in nephrocytes, with Par3A 180
kDa localizing homogenously at the cell cortex, whereas
Par3B forms cluster at the cell edges.

To date, no pathogenic mutations have been identified in
Pard3A or Pard3B, suggesting that both Pard3 genes are
required for the establishment and maintenance of cellular
polarity during epithelial development and differentiation.

In conclusion, Par3A and Par3B are critical regulators of
the podocyte architecture with high levels of redundancy, but
also distinct functional roles, interactors, and localization
patterns. Mechanistically, Par3 proteins regulate Rho-GTP
and synaptopodin levels, thereby linking elements of polar-
ity signaling to actin regulators to maintain the podocytes’
architecture.
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Supplementary Figure 12: Validation of GTPase sensor flies in nephrocytes. 

Supplementary Figure legends 

Supplementary Figure 1: Single cell sequencing data from murine glomeruli. A 
Single cell sequencing of murine glomeruli revealed five subclusters of different cell 
types. B Pard3a was found ubiquitously, while C Pard3b was highly enriched in the 
podocyte subcluster. 

Supplementary Figure 2: Generation of a novel podocyte-specific Par3B 
knockout mouse model. A Mating scheme to achieve podocyte-specific knockout 
mice of Par3A, Par3B and Par3A/B double knockouts. B Scheme to present the 
generation and knockout strategy. Exon 3 was flanked by loxP sites, which results in 
a premature STOP after Cre-mediated excision. Embryonic stem cells were obtained 
from EUCOMM and used for in vitro fertilization. C Deletion PCR with glomerular DNA 
lysates revealed an additional band after Cre-mediated excision, which represents the 
truncated gene. As we used glomerular lysates other cell types such as mesangial or 
endothelial cells still carry the wildtype gene, wherefore a wildtype band can be seen. 
D The remaining mRNA levels were investigated by quantitative PCR and showed a 
significant reduction of Par3B levels in primary mouse podocytes. For normalization 
ActinB primers were used. Students t-test: ***: p< 0.001. E Immunofluorescence 
stainings confirmed the loss of Par3B in podocytes. To visualize the slit diaphragm a 
Podocin antibody was used. Scale bar = 100µm.  

Supplementary Figure 3: Loss of Par3B does not result in a glomerular disease 
phenotype. A Histological analysis such as periodic acid schiff and methylene blue 
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staining as well as electron microscopy did not reveal any differences between Par3B 
knockout mice and the control animals. Upper panel: scale bar =100µm, middle panel: 
scale bar = 30µm, lower panel: 1µm. B Urinary albumin levels did not show any 
significant differences between podocyte-specific Par3B knockout and control animals 
for up to one year. 1way ANOVA with Sidak’s multiple comparison test. 

Supplementary Figure 4: Generation of Par3A and Par3B double knockout mice. 
A Immunofluorescence staining revealed complete loss of Par3A and Par3B 
expression at the slit diaphragm, visualized by Podocin staining, in podocyte-specific 
Par3A/B double knockout mice. Scale bar = 25µm. B FACS analysis of isolated primary 
podocytes revealed a severely decreased ratio of podocyte to non-podocyte fraction 
in Par3A/B double knockout cells. C Transmission electron microscopy revealed foot 
process effacement in Par3A/B double knockout mice, while depletion of Par3A and 
Par3B alone did not result in morphological abnormalities. Scale bar = 500nm. D High-
resolution microscopy visualizing Nephrin showed a decreased slit diaphragm 
coverage in all three knockout models, while loss of both Par3 proteins caused the 
most severe phenotype. Scale bar = 5µm. 3 animals per genotype. 1way ANOVA with 
Tukey’s multiple comparison test: **: p < 0,01; ****: p < 0,0001. 

Supplementary Figure 5: Par3A/B double knockout mice present with a 
progressive disease phenotype. A Bodyweight analysis of male Par3A/B double 
knockout and control littermates revealed a similar development until the age of 8 
weeks. B Survival curve depicting premature death of Par3A/B double knockout mice 
beginning at 8 weeks, while control littermates and Par3A and Par3B single knockout 
mice did not present with premature death. C Histology (periodic acid schiff staining) 
revealed early signs of morphological changes in Par3A/B double knockout mice, 
already evident at an age of 5 weeks. These changes include sclerotic lesion and 
protein casts in the tubular system. D Scanning electron microscopy showed that loss 
of Par3A/B does not cause severe morphological changes at 8 weeks of age, but 
shortening of foot processes became visible at 10 weeks of age. Scale bar 5µm. 

Supplementary Figure 6: Bazooka expression in nephrocytes. A,B 
Immunofluorescence staining confirmed expression of Baz in wildtype nephrocytes 
(w1118), which are visualized by using a Duf (dNeph) and a Sns (dNephrin) antibodies. 
Baz expression was assessed in garland nephrocytes of A late stage embryos and B 
L3 larvae. Scale bar = 25µm. C Comparison of confocal and high-resolution 
microscopy (STED). Scale bar = 5µm. D Immunofluorescence staining of control and 
Duf depleted nephrocytes confirming the Duf antibody specificity. Scale bar = 25µm. 

Supplementary Figure 7: Generation of Par3 rescue fly strains. A Four different 
Par3A variants are expressed in a Baz knockdown background. Expression of the 
different mammalian variants as well as the Baz knockdown was confirmed by 
immunofluorescence staining. Scale bar = 25µm. Control (sns-GAL4/+), Par3A 
180kDa (w;sns-GAL4/UAS-baz-RNAi;UAS-Par3A180kDa/UAS-dicer2), Par3A 
150kDa (w;sns-GAL4/UAS-baz-RNAi;UAS-Par3A150kDa/UAS-dicer2), Par3A 
100kDa (w;sns-GAL4/UAS-baz-RNAi;UAS-Par3A100kDa/UAS-dicer2), Par3A delta 
E18 (w;sns-GAL4/UAS-baz-RNAi;UAS-Par3A delta Exon 18/UAS-dicer2) B 
Expression of Par3B and simultaneous depletion of Baz was confirmed by 
immunofluorescence staining. Scale bar = 25µm. Control (sns-GAL4/+), Par3B (w;sns-
GAL4/UAS-baz-RNAi;UAS-Par3B/UAS-dicer2) C Par3A and Par3B expression as well 
as loss of Baz was confirmed by immunofluorescence staining. Scale bar = 25µm. 
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Control (sns-GAL4/+), Par3A 180kDa/B (UAS-Par3B;sns-GAL4/UAS-baz-RNAi;UAS-
Par3A180kDa/UAS-dicer2).  

Supplementary Figure 8: Baz exhibits Par6/aPKC-independent functions. A High-
resolution microscopy using a Duf and a Pyd antibodies revealed a very efficient 
rescue, when either wildtype Baz or a Baz mutant lacking the aPKC-binding domain, 
were expressed in a Baz knockdown background. Scale bar = 5µm. Control (w1118),  
Baz kd (Baz-GFP-trap; sns-GAL4/+;UAS-GFP-RNAi/+),  Baz wt (Baz-GFP-trap; sns-
GAL4/+;UAS-GFP-RNAi/UAS-baz-wt),  Baz delta 968 – 996 (Baz-GFP-trap; sns-
GAL4/+;UAS-GFP-RNAi/UAS-baz-delta968-996).  Quantification of the nephrocyte 
diaphragm length showed a rescue of the baz knockdown phenotype when expressing 
both, Baz wt and Baz delta 968-996 mutant. 1way ANOVA: *: p<0.05; ****: p<0.0001. 
B,C FITC-Albumin filtration assays resulted in a partial, but significant rescue of both 
Baz expressing fly strains when compared to Baz depleted nephrocytes. The 
expression of the Baz delta 968-996 mutant caused an even better rescue in 
comparison to the wildtype Baz. 1way ANOVA: **: p < 0.01; ****: p < 0.0001. Scale bar 
= 25µm. 

Supplementary Figure 9: Whole proteome analysis of Sns and Mec2 depleted 
nephrocytes and Par3 interactome studies. A Volcano plot depicting differentially 
regulated proteins in Mec2 (dPodocin)  depleted nephrocytes compared to controls 
(sns-GAL4/+).  Blue: significant proteins. Purple: proteins, which are significantly up-
regulated in Baz knockdown nephrocytes. FDR = 0.05, s0 = 0.1.  B Volcano plot 
depicting differentially regulated proteins in Sns (dNephrin)  depleted nephrocytes 
compared to controls (sns-GAL4/+).  Purple: proteins, which are significantly up-
regulated in Baz knockdown nephrocytes. FDR = 0.05, s0 = 0.1.  C Bar graph 
comparing the students t-test difference of interesting candidates between Baz, Sns 
and Mec2 knockdown nephrocytes. D,E Interactome analysis of D Par3A and E Par3B 
in inner medullary collecting duct cells. As control we used flag expressing cells. aPKC 
was only identified in the Par3A interactome, further confirming that there is no 
interaction between Par3B and aPKC. CD2AP (green)  was identified as common 
interactor and potential link between Synaptopodin and Par3A and Par3B.  Red: Par3A 
or Par3B, Blue: significant interactors, FDR = 0.05, s0 = 0.8. 

Supplementary Figure 10: Quantification of nephrocyte diaphragm integrity after 
manipulating Synaptopodin levels and interactome analysis of Par3A and Par3B 
in IMCDs A Quantification of the nephrocyte diaphragm length did not reveal any 
differences after depleting Tm2 and CG1674 or expressing mSYNPO. B List of 
significant Par3A interactors. Blue: shared interactors with Par3B, Red: Par3A. C List 
of significant Par3B interactors. Blue: shared interactors with Par3A, Red: Par3B. 

Supplementary Figure 11: Synaptopodin levels in human patient material. 
A,B,C Immunofluorescence staining revealed an increase of Synaptopodin levels in 
areas of effacement (identified as loss of Nephrin expression, arrowheads) in human 
material derived from patients suffering from FSGS (A), diabetic nephropathy 
(DN) (B) and minimal change disease (MCD) (C). Scale bar = 50µm. D Confocal 
microscopy again visualized an Synaptopodin accumulation in effaced areas, as 
marked by less Nephrin expression (arrowheads). Scale bar = 5 µm and 25µm. 

Supplementary Figure 12: Validation of GTPase sensor flies in nephrocytes. A 
Expression of Rok-RBD-GFP and Pak-RBD-GFP was verified by confocal microscopy. 
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Garland nephrocytes of L3 larvae were visualized using a Duf antibody and showed a 
clear GFP signal in both sensor fly strains. Scale bar = 25µm. Control (w;sns-
GAL4/+:UAS-dicer2/+), Pak-RBD-GFP (w; sns-GAL4/+;UAS-Pak-RBD-GFP/UAS-
dicer2), Rok-RBD-GFP (w; sns-GAL4/+;UAS-Rok-RBD-GFP/UAS-dicer2). B Utilizing 
a Rac sensor fly strain (Pak-RBD-GFP) revealed no differences in active Rac/Cdc42 
levels upon loss of Baz, when compared to control cells. (Control: w; sns-GAL4/+;UAS-
Pak-RBD-GFP/UAS-dicer2, Baz kd; Pak1-GFP: w; sns-GAL4/UAS-baz-RNAi;UAS-
Pak-RBD-GFP/UAS-dicer2). 

105



Discussion 

 

3 Discussion 

Despite recent advances in studying glomerular diseases and ongoing progress in 

understanding the fundamental mechanisms that underlie podocyte injury and the 

development of nephrotic syndrome, therapeutic options to treat individuals suffering from 

nephrotic syndrome remain merely symptomatic. Ultimate options for when the disease 

progresses to kidney failure still are dialysis and kidney transplantation. It is therefore highly 

important to gain further evidence on critical unifying pathways that lead to foot process 

effacement and potential, ideally druggable targets to counteract its progression. 

This thesis assessed dysregulated actin dynamics and the loss of podocyte polarization as key 

principles of FPE and glomerular disease. To investigate the function of polarity and actin-

regulating proteins, cell culture, mouse as well as fruit fly models were employed. Hereby, a 

strong focus was put on utilizing Drosophila melanogaster nephrocytes as genetic model for 

podocyte injury. Complementing the individual discussion of the chapters within the results 

part, a summary of the main findings and conclusions of this thesis will be given in the 

following sections. 

3.1 Drosophila as convenient model to assess podocyte biology and monogenic nephrotic 

syndrome 

To date, Drosophila melanogaster has been the most studied model organism in biological 

research (Rubin & Lewis, 2000; Stephenson & Metcalfe, 2013). Due to the various options of 

genetic manipulation and transgene expression as well as high genomic conservation, 

Drosophila is nowadays also emerging as a convenient model to address biomedical questions 

(Jennings, 2011). 50 % of the human genome is conserved in the fly and about 75 % of disease-

associated genes have a Drosophila homolog (Kornberg & Krasnow, 2000; Reiter et al., 2001). 

Many disease-models, such as models for diabetes or neurodegenerative diseases have 

evolved over the years (Cauchi & van den Heuvel, 2006; Wangler et al., 2015). They 

demonstrate that fly and human proteins are partially interchangeable and that transgenic 

expression of disease-variants of such proteins recapitulates major hallmarks of the disease, 

such as aggregate formation, synaptic degeneration, neuronal loss and locomotion defects in 
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fly models for Alzheimer’s disease (Fernandez-Funez et al., 2015; Tsuda & Lim, 2018; Y. Wang 

et al., 2022). 

Chapter 2.1 aimed at introducing the fruit fly and in particular nephrocytes as model for 

glomerular diseases. Since nephrocytes were introduced as podocyte-equivalent cells in the 

fly (Weavers et al., 2009; Zhuang et al., 2009), establishing foot process like cell protrusions 

that flank a filtration slit bridged by SD-homologous proteins, Drosophila has gained attention 

in basic glomerular research and in modelling monogenic glomerular diseases. Meanwhile, it 

has been shown by several independent research groups that nephrocyte specific depletion 

of genes associated with nephrotic syndrome results in perturbed morphology of the 

nephrocyte diaphragm, responsible for filtration of macromolecules from the haemolymph, 

and consequently reduced filtration function (Fu et al., 2017; Hermle et al., 2017). Hence, 

manipulating nephrotic syndrome-associated genes in nephrocytes recapitulates the main 

hallmarks of the human disease. Very recently, also other Drosophila models of podocyte 

injury have been developed such as diet induced models of diabetic nephropathy or renal 

lipotoxicity (K. Kim et al., 2021; Lubojemska et al., 2021). Within the publication in chapter 

2.1, we discuss advantages of the fly model over other model systems such as rodents or cell 

culture systems with a focus on genetic manipulation. We moreover give examples for read-

outs to assess nephrocyte morphology and function by immunofluorescent stainings and 

tracer uptake assays, respectively (Chapter 2.1, Fig. 4+5), which have been established as 

experimental standard within the laboratory. It is hereby worth mentioning that we extended 

our methodical repertoire since the publication in 2019, by performing super resolution 

microscopy to study the nephrocytes surface in more detail. Visualizing the nephrocyte 

diaphragm pattern in high resolution enables us to also observe minor morphological 

changes, which can be quantified using a published Fiji macro (Butt et al., 2020) and plotted 

as nephrocyte diaphragm length per area. 

A significant portion of this thesis was devoted to utilizing Drosophila as an in vivo tool to 

characterize novel mutations identified through genetic analysis in patients with nephrotic 

syndrome (Chapter 2.2). Here, we identified a novel ACTN4 mutation in a paediatric patient 

suffering from steroid resistant nephrotic syndrome. As an actin-binding and -crosslinking 

protein, ACTN4 is directly involved in the regulation of actin dynamics and especially during 

actin-rearrangement upon FPE (Djinović-Carugo et al., 1999; Feng et al., 2015; Kaplan et al., 
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2000; Smoyer et al., 1997). Within this chapter, the Drosophila model was used to 

complement in silico and in vitro analyses (Chapter 2.2, Fig. 2+3). Transgenic expression of 

several variants of the ACTN4 gene in nephrocytes enabled us to establish the newly identified 

variant ACTN4-pM240T as a pathogenic variant of the protein (Chapter 2.2, Fig. 5). Since 

expression of human ACTN4-pM240T, unlike wildtype human ACTN4, was not able to rescue 

the morphological and functional phenotypes associated with knockdown of endogenous 

actinin levels, but rescue capacity was rather comparable to that of other, previously 

published pathogenic ACTN4 variants, we could conclude, that the novel variant is indeed 

pathogenic and therefore underlying disease development in our patient. Deciphering the 

pathogenic potential of novel gene variants is of high importance for a) the therapeutic 

proceeding in the individual patient and b) the evaluation of a possible disease-recurrence 

after kidney transplantation. Computational modelling and cell culture experiments of course 

comprise a valuable first hint towards a possible pathogenicity of the genetic variant, but they 

must be accompanied by further in vivo analyses. Mouse models in this regard would of 

course be most desirable and most convincing, but they come with several disadvantages: In 

addition to costly and elaborate husbandry as well as longer generation times, the application 

and acceptance of the animal model, genetic manipulation, and establishment of the mouse 

line, followed by the experimental workup, would take well over a year, under the best of 

circumstances. Regarding this time issue, Drosophila is clearly advantageous here: As 

discussed in chapter 2.1, the short generation times and simple husbandry and maintenance 

are extremely favourable as well as the genetic toolbox provided by large, publicly accessible 

fly stock repositories. These include mutant libraries, several collections of fly lines for 

controlled expression of hairpin ribonucleic acids (RNAs) to perform RNA-interference (RNAi) 

mediated knockdown experiments as well as diverse driver-lines for tissue- and cell-specific 

expression of target genes. These parameters make Drosophila an ideal model organism to 

express and characterize human transgenes in a simple way and reasonable time frame. 

In summary, we hope to have shown that Drosophila is a convenient model to assess 

podocyte biology and in the context of chapter 2.2, to elucidate the potential pathogenicity 

of newly-identified disease variants, which was implemented as additional diagnostic tool as 

part of the national FOrMe registry of patients with glomerular diseases in order to help 

clinicians shape the individual therapy of a patient. 
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3.2 The Par complex signals to the actin cytoskeleton and is crucial for podocyte integrity 

Over the past decades, many proteins have been found to be essential for podocyte integrity 

in health and disease. Hereby, a recurrent hypothesis is, that perturbed actin dynamics and 

the re-organization of the actin cytoskeleton is a common final pathway that underlies FPE 

(Blaine & Dylewski, 2020; Kriz et al., 2013; Shankland, 2006; Shirato et al., 1996). In this 

context, podocyte polarity and especially the Par complex came into focus, when it was shown 

that podocyte specific loss of Cdc42, an important actin regulator, leads to glomerular disease 

and was accompanied by reduced expression levels of aPKCiota and Par3A (Scott et al., 2012). 

Indeed, knockout of aPKCiota in podocytes results in a severe glomerular phenotype, upon 

which the mice die prematurely within four to five weeks of age (Huber et al., 2009). These 

data and the fact that upon FPE podocytes experience a de-differentiation from their 

sophisticated three-dimensional structure back to more columnar shaped epithelial cells 

(May et al., 2014) raises the following hypothesis: “Would stabilizing the podocyte’s 

polarization be beneficial in counteracting the progress of FPE and are polarity proteins 

potential druggable targets in this context?” Seminal subsequent studies have investigated 

the significance of the three major epithelial polarity complexes in podocytes. Since 

podocytes are characterized by a sophisticated three-dimensional structure and are missing 

classical cell-cell contacts like tight or adherens junctions (Kreidberg, 2003; Pavenstädt et al., 

2003), the crosstalk of those complexes might be significantly different to what we know from 

classical epithelial cells. Indeed, knockout of Scrib in murine podocytes did not result in 

glomerular disease (Hartleben et al., 2012), further indicating that the strict concept of how 

these complexes achieve apico-basal polarity must be reconsidered for podocytes. Within this 

thesis, we were now able to provide further insight on how polarity signalling functions in 

podocytes. 

Podocyte-specific loss of members of the Par complex was analysed in mouse and Drosophila 

models to study Par polarity signalling and a possible link to cytoskeletal reorganization. 

Previous work in our group already revealed, that loss of Par3A in podocytes does not lead to 

an apparent glomerular phenotype and that the predominant Par3 isoform in podocytes is 

Par3B, which is expressed at higher levels upon Par3A knockout (Koehler et al., 2016). We 

now showed, that also single knockout of Par3B in podocytes does not result in glomerular 

disease and that mice only develop a phenotype, when both Par3 isoforms are lost in 
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podocytes (Chapter 2.3, Fig. 1). Hence, Par3A and Par3B seem to share redundant functions. 

This finding is remarkable, since Par3B does not interact with aPKC (Gao et al., 2002; Kohjima 

et al., 2002) – a protein interaction which is indispensable in the classical concept of epithelial 

polarity. Yet, Par3B is apparently still able to compensate for Par3A loss in podocytes. To 

exclude possible indirect binding of aPKC via the third complex member Par6, we went into 

the fly model and performed further rescue analyses in nephrocytes depleted for both, 

Bazooka (Baz, the Drosophila Par3 homologue) and dPar6 (Drosophila Par6). Whereas Par3A 

was not able to rescue the double knockdown-associated nephrocyte phenotypes, transgenic 

expression of Par3B in the knockdown background led to partial rescue of nephrocyte 

diaphragm length and full rescue of filtration capacity (Chapter 2.3, Fig. 5). These data show, 

that Par3A ultimately functions in a complex with aPKC/Par6 and that Par3B strikingly acts 

independent of aPKC and Par6. Thus, Par3B might exhibit completely novel functions, which 

might be worth studying in detail, as will be discussed in the next section. 

To understand loss of Par3 and its impact on podocyte biology in more detail, we investigated 

podocyte-expressed isoforms of Par3A and Par3B and their functions and potential 

downstream signalling pathways in nephrocytes. Nephrocyte-specific depletion of Baz results 

in reduced nephrocyte diaphragm length and decreased filtration function, resembling the 

murine Par3A/B phenotype. This phenotype could be partially rescued when either 

expressing murine Par3A or Par3B in the knockdown background. However, rescue potential 

of nephrocyte filtration capacity was best, when expressing both proteins simultaneously, 

indicating that besides a functional redundancy, the proteins do exhibit independent 

characteristics that are both needed to maintain podocyte integrity. This hypothesis is 

strengthened by observations in super resolution microscopy on tissue derived from Par3A 

and Par3B single knockout mice: The single knockouts do develop a minor phenotype shown 

by slight reduction of SD length (Chapter 2.3, Supp. Fig. 4). However, this reduction does not 

result in proteinuria or sclerotic lesions in the animals. As Butt et al. recently showed, 

decreasing SD length needs to overcome a certain threshold until it manifests as glomerular 

disease (Butt et al., 2020). This potentially is what we can observe in our Par3A and Par3B 

single knockout mice. Redundant functions of the two proteins are sufficient to compensate 

for loss of the respective other protein and to not overcome this particular threshold. 
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However, they do comprise distinct individual functions that lead to a slight reduction in SD 

length.  

We then performed proteomic analyses in baz knockdown nephrocytes. These revealed 

increased expression of various actin-binding and -regulating proteins such as Vinculin, Alpha-

actinin and Tropomyosin 2 (Tm2), the functional orthologue of synaptopodin (Chapter 2.3, 

Fig. 6). Elevated expression levels of these actin-associated proteins could be reversed by 

transgenic expression of murine Par3A or Par3B, showing that both proteins are signalling to 

the actin cytoskeleton. Furthermore, an increase in Rho1, the Drosophila homologue of 

mammalian RhoA, which is downstream of Tm2 or synaptopodin, respectively, could be 

observed in Baz depleted nephrocytes (Chapter 2.3, Fig. 8a). Interestingly, Rho1 activation 

could be reversed, when either knocking down tm2 or by expression of Par3A. Expressing 

Par3B in the baz knockdown background on the other hand failed to ameliorate Rho1 activity. 

From this, we concluded, that there is a possible link from Par3A to actin-regulation via 

synaptopodin and the small GTPase RhoA. Whether Par3A is directly interacting with 

synaptopodin leading to RhoA activity or whether there are other intermediary effectors 

needs to be investigated further. 

We were intrigued by the fact, that Tm2 levels are increased in baz knockdown nephrocytes. 

Prior research demonstrated that synaptopodin is dispensable for podocytes under normal 

conditions, but has a protective effect in the event of podocyte injury (Ning et al., 2020). To 

examine the synaptopodin effect in the mammalian system, we went back to the mouse 

model and performed immunofluorescent stainings of synaptopodin in Par3A/B double 

knockout mice and could observe an increase in synaptopodin intensity (Chapter 2.3, Fig. 7, 

c+d). This could then also be observed in renal specimen derived from patients suffering from 

glomerular diseases (Chapter 2.3, Supp. Fig. 11). Here, increased expression of synaptopodin 

could be seen in areas where FPE was advanced. Whether increased levels or ‘aggregation’ of 

synaptopodin in effaced areas has a protective effect, as postulated before, remains however 

elusive. To this end, we overexpressed murine synaptopodin in nephrocytes, which resulted 

in impaired filtration function (Chapter 2.3, Fig. 7b), indicating a rather negative impact of 

elevated synaptopodin levels on nephrocyte integrity. Aggregation of the protein in 

podocytes has also been described in other studies. Mutations in ACTN4 for example lead to 

the formation of ACTN4 positive aggregates into which the synaptopodin protein is 
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sequestered, leading to perturbed synaptopodin localization (Weins et al., 2005, 2007). 

Concerning this issue, it is worth mentioning, that the ACTN4 patient reported in chapter 2.2, 

initially responded to Cyclosporin A therapy over a course of two years, which is known to 

have a stabilizing effect on the synaptopodin protein. Hence, stabilization of synaptopodin at 

its native location seems to counteract the progression of FPE to some extent. This further 

hints towards a negative impact of synaptopodin mislocalization and aggregation in podocyte 

injury and lets us speculate whether the enrichment of synaptopodin to effaced areas of the 

podocytes in mice and human tissues is potentially driving FPE progression. 

In conclusion, our data provide further evidence on a link between the Par polarity complex 

and the regulation of actin dynamics. Therefore, the Par complex constitutes an important 

target to maintain proper actin cytoskeleton regulation in health and disease. Moreover, our 

data describe redundant functions of Par3A and Par3B but also novel functions of the two 

proteins. We could show that Par3A exerts its functions in a complex with aPKC and Par6, as 

known from classical epithelial cells. Par3B on the other hand acts independent of the 

complex. To what extent these novel functions are important for podocyte biology and upon 

podocyte injury now need to be analysed in more detail. 
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3.3 Outlook – Redefining podocyte polarity 

In addition to studying the Par3 proteins and their role in podocytes, ongoing work in the 

laboratory has been focussing on investigating the role of aPKCiota and its kinase function for 

podocyte integrity. The following section therefore serves as short discussion of so far 

unpublished data and an experimental outlook into future experimental plans. 

In columnar epithelial cells, aPKC functions as a molecular switch, by either phosphorylating 

Par3A or Lgl1 and -2 (Nagai-Tamai et al., 2002; Plant et al., 2003; Yamanaka et al., 2003). Par3 

phosphorylation leads to localization of Par3 to tight junctions, whereas phosphorylated Lgl 

will dissociate from aPKC and translocate to basal regions where it then interacts with SCRIB. 

Hence, kinase activity of aPKC is indispensable in classical epithelial cells to assure proper 

segregation into apical and basal properties. In podocytes, knockout of aPKCiota leads to 

severe glomerular disease (Huber et al., 2009), highlighting that the protein is essential for 

podocyte biology. Due to the growing evidence, that polarity in podocytes might be quite 

different most notably because Par3B can compensate for loss of Par3A despite the lacking 

aPKC interaction, we were intrigued and asked, whether aPKCiota has other functions besides 

being a kinase. Kinase-independent functions of aPKC have already been reported in several 

Drosophila tissues (S. Kim et al., 2009), underlining the importance of other aPKC domains. As 

part of our publication in chapter 2.3, we could also observe kinase-independent functions of 

aPKC in nephrocytes (Chapter 2.3, Fig. 4). Overexpression of a membrane targeted aPKC 

variant, aPKC-CAAX, in the baz knockdown background was able to ameliorate the 

morphological phenotype of Baz depleted nephrocytes. Surprisingly, this was also observed 

when overexpressing a kinase dead, dominant negative (DN) variant of the same construct, 

aPKC-CAAX-DN. A significant rescue for both, aPKC-CAAX and aPKC-CAAX-DN could also be 

observed in filtration capacity, however, this functional rescue did not reach the levels 

achieved with Par3A and -B transgene expression. These data hint towards aPKC being more 

important for establishing and maintaining nephrocyte morphology and Par3 being most 

relevant for exerting filtration function, possibly uncoupling aPKC and Par3 functions. Ongoing 

work in our group therefore focusses on investigating aPKC and its role for 

nephrocyte/podocyte biology. We first characterized the nephrocyte specific knockdown of 

endogenous aPKC (Appendix, Fig. 6). For this, three independent RNAi-lines were used (aPKC-

RNAi1, -RNAi2 and RNAi3) to exclude off-target effects. Performing immunofluorescent 
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stainings it was observed that depletion of aPKC leads to mislocalization of Polychaetoid (Pyd), 

the ZO-1 homologue and component of the nephrocyte diaphragm, as well as a significant 

reduction in nephrocyte diaphragm length with all three experimental lines (Fig. 6, A-C). 

Electron micrographs could validate this finding: The characteristic architecture of the 

nephrocyte, as seen in controls, where nephrocyte diaphragms are bridging the filtration slit 

which leads into the lacunar system, is almost completely lost upon knockdown of aPKC (Fig. 

6D). These data are in line with observations upon assessing the nephrocyte’s function. By 

performing tracer uptake assays, it was revealed that depletion of aPKC results in diminished 

filtration capacity of the nephrocytes (Fig. 6, E+F). To ensure, that the observed phenotype is 

due to decreased aPKC levels and not a secondary result of nephrocytes being apoptotic, the 

apoptosis inhibitor p35 was overexpressed in the aPKC knockdown background, which did 

not result in ameliorated tracer uptake capacity (Fig. 6G). Thus, the aPKC knockdown-

associated morphological and functional phenotypes are indeed attributed to reduced aPKC 

protein levels. To investigate to what extent the aPKC kinase domain is important for 

nephrocyte function, subsequent studies comprised the transgenic expression of murine 

aPKCiota-wildtype (aPKCiota-WT) as well as aPKCiota-K273E, a previously described kinase 

dead variant of aPKCiota (Hartleben et al., 2008). Upon morphological analyses, a significant 

but partial rescue of nephrocyte diaphragm length could be observed when transgenically 

expressing aPKCiota-WT in the aPKC knockdown background (Fig. 7, A+B). The same holds 

true for transgenic expression of aPKCiota-K273E. Upon assessing nephrocyte function, it was 

furthermore revealed that both, aPKCiota-WT and aPKCiota-K273E, are restoring filtration 

function to control levels (Fig. 7, C+D). From these observations, we can draw two important 

conclusions: 1) There are indeed kinase-independent functions of aPKCiota that are important 

for nephrocyte/podocyte function and 2) the kinase domain seems to be completely 

neglectable for filtration function and rather for nephrocyte/podocyte morphology, 

complementing the findings within chapter 2.3 and described above. Further experiments will 

now be done to understand aPKCiota function in more detail. These include the analysis of an 

aPKCiota PB1-domain truncation variant in nephrocytes, analogous to the above-described 

approach. Furthermore, it is of interest, to establish an aPKCiota interactome in murine 

podocytes as well as renal tubulus cells. By comparing podocytes to tubulus cells, which are 

considered conventional epithelial cells, we hope to identify podocyte-specific, potentially 
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unknown aPKCiota interacting proteins and to hereby contribute further to re-defining the 

concept of polarity in podocytes. 

One of the most interesting findings within this thesis is clearly Par3B independence of Par 

complex members aPKC/Par6, which attributes completely new functions to Par3B and opens 

up a new chapter of polarity definition in podocytes. In general, Par3B and its function is 

poorly understood. Initial studies on Par3B revealed that the protein is co-localizing with the 

tight junction marker ZO-1 but can also be found in the cytoplasm of cells (Burford et al., 2014; 

Gao et al., 2002). In podocytes, Par3B is primarily located at the SD (Koehler et al., 2016). 

Whether the protein interacts with any of the SD-associated proteins as well as general 

podocyte specific interactors of Par3B remains elusive. Interestingly, Par3B downregulation, 

on mRNA as well as protein level, is a recurrent finding in omics data sets of different murine 

glomerular disease models (personal communication with Martin Kann, University Hospital 

Cologne). Downregulation of Par3A on the other hand cannot be observed, making Par3B a 

novel slit diaphragm protein that appears to be highly significant for glomerular diseases. 

Whether Par3B downregulation is driving the disease or a potential compensatory 

mechanism upon podocyte injury, needs to now be investigated. Future work in our group 

will therefore focus on the detailed functional analysis of Par3B in podocytes. How is Par3B 

expression regulated in podocytes? What are podocyte specific interactors of Par3B? Does 

overexpression of Par3B in different disease background ameliorate or worsen disease 

progression? We will tackle all these open questions with additional mouse and Drosophila 

models and hope to thereby contribute to the concept of polarity in podocytes and to 

understanding of how podocyte polarity maintains and ensures proper actin-regulation and 

podocyte integrity in health and disease. 
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Figure 6: Nephrocyte specific depletion of aPKC leads to severe morphological and functional phenotypes. (A) 

Fluorescent micrographs of nephrocytes stained with antibodies against horse radish peroxidase (HRP, a marker 

for nephrocytes in Drosophila) and Polychaetoid (Pyd, the ZO-1 homologue, associated with the nephrocyte 

diaphragm, ND). Knockdown of aPKC in nephrocytes was achieved by combining a nephrocyte specific GAL4-
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driver line (Sns-GAL4;UAS-dcr2, (Odenthal & Brinkkoetter, 2019)) and three independent UAS-aPKC-RNAi lines 

(VDRC #105624; BDSC #25946 and #34332), hereafter referred to as aPKC-RNAi1, -2 and -3, respectively. Control 

nephrocytes were expressing UAS-GFP-RNAi (BDSC #41553). In contrast to controls, where Pyd was located at 

the outer aspect of the cell closely associated with the membrane, knockdown of aPKC led to severe 

mislocalization of Pyd towards the centre of the cell. (B+C) Representative fluorescent micrographs of 

nephrocytes depicting the cell surface in super resolution and stained with anti-Pyd (B) and quantification of the 

ND length (C). The ND can be seen as characteristic fingerprint like pattern in controls. Upon knockdown of aPKC, 

a perturbed, loosened ND pattern can be observed in all three RNAi-lines. Quantification of the micrographs was 

done using a previously published Fiji macro (Butt et al., 2020) and revealed that the ND length in aPKC depleted 

nephrocytes is significantly reduced when compared to control nephrocytes (grey dots show individual 

nephrocytes that were measured, black dots indicate means of n=3 independent experiments performed in 

three experimental crossings, error bars represent STDV, ***p<0.001, One-way ANOVA with Tukey’s post-hoc 

test). (D) Electron micrographs of control and aPKC knockdown nephrocytes. In the control nephrocyte, on can 

appreciate the presence of numerous NDs that bridge the entrance of many lacunae, into which molecules are 

filtered through the ND and finally endocytosed. Knockdown of aPKC leads to complete disruption of NDs and 

the lacuna system. Instead, an unidentified black mass constitutes the rim of the nephrocyte. (E+F) 

Representative fluorescent micrographs of nephrocytes subjected to FITC-albumin tracer (E) and quantification 

of fluorescence intensity as measure of uptake capacity (F). Control and aPKC knockdown nephrocytes were 

incubated in 0.2 mg/ml FITC-albumin solution for 30 seconds and fluorescence intensity was quantified using Fiji 

(Odenthal & Brinkkoetter, 2019). The data are presented as normalized to control levels. Compared to control 

nephrocytes, the uptake capacity of aPKC knockdown nephrocytes is significantly diminished, indicating severe 

functional defects (grey dots show individual nephrocytes that were measured, black dots indicate means of n=3 

independent experiments performed in three experimental crossings, error bars represent STDV, ****p<0.0001, 

One-way ANOVA with Tukey’s post-hoc test). (G) Quantification of fluorescence intensity in micrographs of 

nephrocytes subjected to FITC-albumin tracer. The uptake assay and quantification were done as described 

above. The apoptosis inhibitor p35 (UAS-p35, kind gift of A. Wodarz, Cologne) was expressed in the background 

of aPKC-RNAi1. Expression of p35 does not ameliorate the aPKC knockdown-associated phenotype (grey dots 

show individual nephrocytes that were measured, black dots indicate means of n=3 independent experiments 

performed in three experimental crossings, error bars represent STDV, ***p<0.001, ns, not significant, One-way 

ANOVA with Tukey’s post-hoc test). Scale bars indicate 25 µm in A and E, 5 µm in B and 2,5 µm in D. aPKC, 

atypical protein kinase C; RNAi, ribonucleic acid interference; FITC, Fluorescein isothiocyanate; AU, Arbitrary 

units; Sns, Sticks and stones; UAS, Upstream activating sequence; dcr2, dicer2; VDRC, Vienna Drosophila 

Resource Centre; BDSC, Bloomington Drosophila Stock Center; GFP, Green Fluorescent Protein; STDV, standard 

deviation; ANOVA, Analysis of variance. 
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Figure 7: A kinase dead aPKCiota variant is able to rescue aPKC knockdown-associated nephrocyte 

phenotypes. (A+B) Representative fluorescent micrographs of nephrocytes stained with anti-Polychaetoid (Pyd) 

(A) and quantification of the nephrocyte diaphragm (ND) length (B). Nephrocytes derived from either control 

larvae, larvae with nephrocyte-specific knockdown of aPKC (aPKC-RNAi1) or nephrocytes that express a wildtype 

as well as kinase dead variant of murine aPKCiota in the aPKC knockdown background (aPKC-RNAi1;aPKCiota-

WT and aPKC-RNAi1;aPKCiota-K273E, respectively). Control larvae were expressing UAS-GFP-RNAi (BDSC 

#41553), knockdown larvae were expressing UAS-aPKC-RNAi1 (VDRC #105624). UAS-aPKCiota-WT and UAS-

aPKCiota-K273E are self-made (transgenesis by GenetiVision). As nephrocyte specific GAL4-driver line served 

Sns-GAL4;UASdcr2 (Odenthal & Brinkkoetter, 2019). Imaging and subsequent quantification revealed that both, 

aPKCiota-WT and aPKCiota-K273E are able to partially rescue the aPKC knockdown-associated reduction in ND 

length (grey dots show individual nephrocytes that were measured, black dots indicate means of n=3 

independent experiments performed in three experimental crossings, error bars represent STDV, **p<0.01, 

*p<0.05, One-way ANOVA with Tukey’s post-hoc test). (C+D) Representative fluorescent micrographs subjected 

to FITC-albumin tracer (C) and quantification of fluorescence intensity as measure of uptake capacity (D). 

Nephrocytes of the above-mentioned fly lines were incubated in 0.2 mg/ml FITC-albumin solution for 30 seconds 

and fluorescence intensity was quantified using Fiji. The data are presented as normalized to control levels. 

Transgenic expression of both, murine aPKCiota-WT and aPKCiota-K273E, in the aPKC knockdown background 

results in full rescue of the knockdown-associated functional phenotype (grey dots show individual nephrocytes 

that were measured, black dots indicate means of n=3 independent experiments performed in three 

experimental crossings, error bars represent STDV, ***p<0.001, **p<0.01, One-way ANOVA with Tukey’s post-

hoc test). Scale bars indicate 5 µm in A and 25 µm in C. aPKC, atypical kinase C; RNAi, ribonucleic acid 

interference; FITC, Fluorescein isothiocyanate; AU, Arbitrary units, GFP, Green Fluorescent Protein, UAS, 

Upstream Activating Sequence; VDRC, Vienna Drosophila Resource Centre; BDSC, Bloomington Drosophila Stock 

Center, Sns, Sticks and stones; dcr2, dicer2; STDV, standard deviation; ANOVA, Analysis of variance.
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