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INTRODUCTION 1

1. Introduction

1.1. Nail-patellasyndrome

Nail-patella syndrome (NPS) is an autosortmminant hereditary disease with an
incidence of approximately 1:3®0 (Bongers et al., 2002While most patientsuffer
from dysplastic fingerand toenail§957 100% Figure 1.1, A) andabsem or hypopastic
patellae(74 - 93% Figure 1.1, B), theoccurrenceof othersymptomsis both interfamilial
and intrafamilialquite diverseThese include iliac horns (6881%), ocular symptoms like
glaucoma (10 12%), ocular hypertension (&4 7%) and iris hyperpigmentation (4654%)
and for the prognosis most important renal abnormalities (4U%tggall, 2017. Renal
symptomsoften develop over years and ranfgem mild proteinurisand hematuriato end
stagerenal diseas€Sweeney et al., 2003In mostcases of NPS, mutations of a gene
encoding the LIM homeobox transcription factor 1 beta (LMX1B) is associated to the
diseasdDreyer et al., 1998Mcintosh et al., 1998Vollrath et al., 1998

Figure 1.1: Photographs of nails and knees of NPS patient$A] Dysplastic thumbnails. [B]
Subluxation of the patellae on knee flex{@weeney et al., 2003
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1.2. Structural composition of thkidneys

The kidneys are twbeanshapedrgans located retroperitoneal on both sides of the body.
They take part in control of electrolyte concentratiavsnolality acid-base balancand
regulationof blood pressurebut most importantly they are responsible for blood filtration.
The functional unit of the kidney is the nephraonsisting of theenal corpuscland a
tubular systemsubdivided into the pximal and distal tubul¢Figure 1.2). The average
nephron numbeper humankidney is around Imillion, but numbers of individualsan
differ widely (Bertram et al., 2001 Therenal corpuscles the placeof the initial blood
filtration resulting in180 L primary urineper day which issubsequentlgoncentrated by
theadjacentubular system to P 3 L per day Histologically the kidney can be divided into
the two majorparts cortex and medullawhile renal corpusclesind both proximal and
distal tubular segmentge present ithe cortex, the medulla is void afenal corpuscles

Proximal tubule
Glomerulus l

Loop of Henle

Figurel.2: Schematic overview of a kidney and more detailed illustrations of a kidney section

and a nephron. The glomeruluss a part of the renal corpusciehere theblood is filtered to
produce primary urine, which is resorbed to large parts by the following tubular system [modified
from (Wessely et al., 203}
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1.3. Therenal copuscle

The blood is filtered within the renatorpuscles, which are alscalled Malpighian
corpuscls. As in this work, the term glomerulus is often used synonymously, although it
describes more preciselgecapillary tuft in the centeof a renal corpuscleonmposed 6
capillaries and the mesangiu(figure 1.3, A). The mesangium, which consssbf the
mesangial matrixand mesangial cellsstabilizes the tuft, whilehe endothelium of the
capillary wallis fenestrated allowing the blood to flatwrough. Thecapillariesare covered

by podocytesat the exterior(Figure 1.3, B), assembhg the inner, visceral layerof the
Bowmard sapsuleThe outer | eaf of the Bowmands cap
composed of parietal cells, enclosing the whole structuceated n-between the
podocytes and the fenestrated endotheisithe glomerular basement membraf&@BM),

an extracellular matrix compartntesecreted from both cell type&igure 1.3, C). The
entity of thefenestrated endotheliunthe GBM and the podocytes called glonerular
filtration barrier (GFB) The blood enters and leaves the glomerulus through afferent and
efferent arterioles at the vascular polehile the primary urine leaves theenal corpusclat

the opposing urinary polgigurel.3, A).

W

My

S
=
=
S
=
=
=1
b=3
B

Figure 1.3: Composition of the renal corpuscle and the glomerular filtration barrier (GFB).
[A] Schematic view of anal corpuscleFiltration takes place at th&FB composed of fenestrated
endothelial cells (EC), the glomerular basetmembrane (GBM, red) andterdigitating foot
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processesxtending from the podocyte bodiddesangialkells (MC) secrete the mesangial matrix,
together forminga stabilizing backbone (Sugimoto et al., 2006 [B] SEM micrograph of
interdigitating pdocyte foot processes of a @76 mouseattached to theapillary loops scale
bar: 2 um (Burghardt et al., 2099C] TEM micrograph of a glomerular filtration barrier composed
of the fenestratedndothelium (E)the glomerular basement membrane (GBM) gmdlocytefoot
processes (FPylit diaphragms (SD) span thagbetweeradjacent foot processes. (BSpvianan
space(CL), capillary lumen(Mundel and Reiser, 2010

1.4. The glomerular filtration barrier

The transition from blood to primary urimecurs at the glomerular filtration barriithin
the renal corpuscle. It is composed of three lay@esfenestrated endothelium, t&8M
and the podocytesFigure 1.3, C). All three layers are thought to take part in blood
filtration, but the exact mechanism is stilhknown (Moeller and Tenten, 20).3Blood
leavesthe capillary lumen through tHenestrationsind enters Bwman space after passing
the GBM and the slit diaphragm of podocyt®ood cells andnostplasmaproteins areot
able to pass the size and charge selediltration barrier(Jarad and Miner, 2009but
damagedo any ofthesethree layers can lead to protein and blood cell Wws$he urine.

1.4.1. Endothelium

The fenestrated endothelium is the first part of @k (Figure 1.3, C). Fenestrationbave

a diameter of 6080 nm, contain no diaphragm and occupyi380% of the capillary wall
(Avasthi et al., 1980Lea et al., 198P As the diameter dienestrationss by farlarger than
that of albumin, the most abundant plasma protein, it was fiomg thought that the
endothéum doesnot contribute to blood filtratior(Satchell, 2018 However dudies
showing proteinuria withowdlterations othe GBM or the podocyte structure suggesdtan
important role ofthe endotheliumn blood filtration (Eremina et al., 2008 riden et al.,
2017, Sugimoto et al., 2003These fndings can possibly be explained by tigcocalyx
covering the endothelial cells, which é@mprised of proteoglycangjlycoproteins and
sialic acids anchored at the cell surfd&eitsma et al., 200 AWeinbaum et al., 2007
These components serveaBackbone for thadsorption of plasma proteins and excreted
soluble proteins like hyaluronic acid, building umellike dynamic structurealled the
endothelial surface laygiPries et al., 2000 This layer extends not only into the capillary
lumen but also ito the fenestrationgAvasthi and Koshy, 19§8Additionally, parts of the
endothelial surface layer are sulfated resulting in anegativecharge. As of its gdike
structure and negative charge it is thought to act @izesselectivesieve on the one hand
andalso as aelectrostatidarrieron the other han@eansson andaraldsson, 2003
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1.4.2. Glomewlar basement membrane

The GBM is located between tHenestratec&ndothelium andhe podocytes. Although the
present extracellular matrix proteins can also be found in other basement membranes, its
isoform composition is rather uniq@Eigure 1.4, B). TheGBM is relatively thick, owed to
the fact that it isexcretedduring nephrogenesifrom both the endothelial cells andhe
podocyteg Abrahamson, 19855t John and Abrahamso2001). The main components of
the basement membrane are nidodeparin sulfate proteoglycans, lami&tl, collagen
a3ada5(lV) and to a lesser extenbltagenalala2(lV) (Lennon et al., 2014d&aulsson,
1992. Ultra-resolution microscopy showed that the protgogh agrin and the -€@rminal
end of laminir521 are located in the vicinity of podocytes, whereas colladeria2(lV)

is located near the endothelial cells. Collage&a4a5(1V) and nidogen form the middle
part of the membranéSuleiman et al.2013. Cellmatrix contacts of podocytes are
mediated througla3bl-integrin binding to the G&erminal domain of lamin#b21 Figure
1.4, A).

In case of NPS patients, the GBM is thickened with both fibrillary deposits and electron
lucent area (Ben-Bassatet al., 1971 Del Pozo and Lapp, 19Y.0This mightcontribute to
renal symptoms, as the importance of a proper GBM structure for GFB furscgoren by

the fact of two hereditary glomerular diseases caused by mutafil@sement membrane
proteins.One of them iPierson syndromewhichis caused by mutations of theAMB2
gene encoding for the2 chain of laminin(Zenker et al., 2004 The symptoms of patients
vary greatly, depedent on the nature of the mutation, but invariably leads to death in
childhood. Truncation mutations result generally in more severe phenotype than missense
mutations(Matejas et al., 20)0Mice with Lamb2knock-out develop proteinuria and die
within three weeks of ag@oakes et al., 1995Interestingly, proteinuria is already present
in week one, while the loss of slit diaplgms and changes in podocyte foot process
structure appear in week twbigure 1.4, C). This suggests a direct role of lam#3iRl in
blood filtration rather than aesondary effec{Jaradet al., 200%. Forced laminirb11
deposition in the basement membrane prevents nephrotic syndrdnaenb® knock-out
mice (Suh et al., 2011 The other hereditartsBM relateddisease Alport syndrome is
caused by either mutations in t8©L4A3 COL4A or COL4A5 genecoding for collagen
type IV a3, a4 or a5 chains, respectively,deing to enestage renal disease, hearing loss
and lens defectdChew and Lennon, 2018 During nephrogenesignitial collagen
alala2(lV) is replaced by collagea3a4a5(1V) to a great extent, which is not the case in
Alport syndrome patient&alluri et al., 1997. The altered glomerular basement membrane
composition leads to membrane thickening and splitfigufe 1.4, D). As the glomerular
disease develops after years, it is assumed that col&@geta5(1V) is not necessary for
blood filtration itself, but may play a role in signaling to podocya®ss et al., 2004
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Figure 1.4: Schematic illustrations of the GBM structure and composition in health and
disease[A] Composition of th&BM and localzation of its main components. Podocyte adhesion
complexes are depicted on tdhennon et al., 2014b[B] Pierson syndrome mice lack laminin

521, which is partly replaced by other laminins leading to proteinuria and delayed foot process
effacement[C] Alport syndromeanmice in turn laclkcollagena3a4a5(lV), which is compensateay
increased collagealala?2(IV) depositsresulting in asplit and thickenethasement membraraed
proteinuria[modified from (Suh and Miner, 2008 Abbreviations:(ECM), extracellular matrix;

(FP), foot processes; (GBM), glomerular basement membrane; (HSPG) heparan sulfate
proteoglycan; (ILK), integridinked kinase; (PINCH), Particularlynteresting new cysteine
histidinerich protein;
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1.4.3. Podocytes

Architecture

Podocytes are specialized and terminally differentiated epithelial cells with a unique three
dimensional structure, covering the exterior of the glomerular capili@egenstadtteal.,

2003. As these cells are not able to replicate by mitosis, dead or detached cells cannot be
replaced. Compensation of podocyte loss may be achieved by hypertrophy of neighboring
podocytes(Wiggins, 2007, but also @rietal and progenitor cellsyay partly substitute
podocytes(Appel et al., 2009 Shankland et al., 2014 Nowadaysit is thought that
podocytes play the most crucial role in renal filtration, as many rootatin podocyte

genes lead to renal failuf®ivante and Hildebrandt, 20),6as summarized iRigure 1.5.
Podocyts have also an impact on the other components of glomerular filtration barrier, as
they excrete glomerular basement membrane proteins and also vascular endothelial growth
factor (VEGF), a compound inducing the endothelial fenestratiSison et al., 2010
Primary processes extdnd from thefloating podocyte cell bodymit up into secondary

and tertiay so-calledfoot processesanchoring the cell to the GBMrigure 1.3, B). Those
processesterdigiate andare always neighbored to processes from another podocyte, with
the slit diaphragm located -ibetween(Burghardt et al., 2015Tao et al., 2014 Slit
diaphragms are specialized eedlll junctions considered to play an important role in blood
filtration. While primary processes are mainly stabilized by intermediate filaments and
microtubules, the delicate foot processes stabilized by a ightly regulated actin
cytoskeletor{Andrews and Bates, 1988chell and Huber, 20).7

Podocyte damage and fqmibcess effacement

There aredifferent responses of podocytes to stress including hypertrophy and increased
turnover of cell material, but the most general is the retractidhedf foot processes to
form a broad, uniform layer accompanied by loss df diaphragms. This retraction is
termed as foot process effacem@fRE)and can be divided into two stages. Fitisg foot
processes retreéd form short irregularly shaped cell protrusions withslittdiaphragms.
Second, the overall structure of thedpcyte changes to formdisclike cell without any
processes covering ti&BM (Kriz et al., 2013. It is described thatPEleads to proteinuria
(Seefeldt et al., 1981 0n the molecular levdFPE is accompanied by a change in the
expression of actin cytoskeletoelated proteingShirato et al., 1996Smoyer et al., 1997
and by an altered aotcytoskeleton structurgshirato, 2002 Additionally, genetic defects
in actinbinding proteins likea-actinin4 (Kaplan et al., 2000 myosin heavy chain 9
(Heath et al., 2001 and anillin(Gbadegesin et al., 20)1ds well as genetic defects of aetin
regulating proteingike inverted formin ABrown et al.,2010 and ARHGAP24Gee et al.,
2013 lead to podocyte defects und proteinuifi@g(re 1.5). These findings underline the
importance of the actin cytoskeleton for podocyte foot process structure and function.
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Figure 1.5: Schematic localization of proteins encoded bygenes which mutéions cause
monogenetic steroidresistant nephrotic syndrome in a recessive (red) or dominant (blue)
manner. Abbreviations:(ACTN4), actinin alpha 4(ADCK4), AarF domain containing kinase 4;
(ANLN), anillin actin-binding protein; (ARHGAP23), Rho GTPase activating protein 23;
(ARHGDIA), Rho GDP dissociation inhibitor alpha; (CD2AP), CD2 associated prd@icC42),

cell division cycle 42; (CFH), compleant factor H; (COQZ2), coenzyme Q2, polyprenyltransferase;
(COQ6), coenzyme Q6, monooxygenafERB2), crumbs 2, cell polarity complex component;
(DGKE), diacylglycerol kinase epsilon; (EMP2), epithelial membrane protein 2; (FAT1), FAT
atypical cadherin 1({GBM), glomerular basement membrane; (INF2), inverted formin 2; (IQGAP),
IQ motif containing GTPase activating protein; (ITGA3), integrin alpha 3; (ITGA4), integrin alpha
4; (KANK1, 2, 4), KN motif and ankyrin repeat domains 1, 2, 4; (LAMB2), laminin &ta
(LMX1B), LIM homeobox transcription factor 1 beta; (MTTL1), mitochondrially encoded TRNA
leucine 1; (MYH9), myosin heavy chain 9; (MYO1E), myosin IE; (NUP93/107/205), nucleoporin
93/107/205; (PDSS2), decaprenyl diphosphatase synthase subunit 2; (PhR&spbholipase C
epsilon 1; (PTPRO), protein tyrosine phosphatase, receptor type O; (Rae)eldRed C3
botulinum toxin substrate; (Rho), Ras homolo@CARB?2), scavenger receptor class B member 2;
(SMARCAL1), SWI/SNF related, matrix associated, act@pehdent regulator of chromatin,
subfamily A like 1;(TRPCG6), transient receptor potential cation channel subfamily C member 3;
(WDR73), WD repeat domain 78WT1), Wilms tumor 1;(XPO5), exportin 5; [modified from
(Vivante and Hildebrandt, 20)l6
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Cell-cell contactsdlit diaphragm

The slit diaphragms are unique eedll contactsexclusively established bypodocytes
between adjacent foot processéBigure 1.6). Slit diaphragms are networks of
transmembrane proteins originating from @ distant adjacent foot processes forming
pores of a size smaller than that of albufWrartiovaara et al., 20040rigindly thought to

be organized in aipperlike structure(Rodewald and Karnovsky, 19)74t has novadays
been showrby electron tomographyhat there is more thajust one layer of ceitell
contacts(Burghardt et al., 20315Grahammer et al., 201L6Although both stués show
clearly that there are two types a#ll-cell contacts at different basolategadsitions,they
are contraryto whetherone of the contacts consists of a continuous layer orsjagte
spotsof filamentousstructures.

Theimportanceof slit diaphragmgor filtration is given by the fact that mutations in many
slit diaphragm related proteins lead to podocyte footge®effacement and proteinuria
(Figure1.5). Main components are nephifHolzman et al., 199%estila et al., 1998and

the shortebut structurally relatedephl(Donoviel et al., 2001spanning the gap between
neighboring podocyte foot procesgegyurel.6). Knock-out of eithergenein mice leads to
FPE proteinuria and early deatBesides interacting with each other theediaphragm
constituents interaavith and regulate many actielated proteinsRigure 1.7, A) (Faul et

al., 2007. Cther transmembrangroteinswhich arealsoreportedto locateto filtration slits

are P-cadherin(Reiser et al., 2000and FAT1 (Inoue et al., 2001 The slit diaphragm is
bound to the actin cytoskeletatia the adaptor protein CD2AR.ehtonen et al., 2002
Cd2apknockout studies in mice showed renal defects leading to death within 6 to 7 weeks
(Shih et al., 1999 Another important protein at slit diaphragms is podpeincoded by
NPHS2(Boute et al., 2000 It is dmost exclusively expressed in podocysexl binds to
nephrin(Huber et al., 2001 neph1(Sellin et al., 200Band C2AP (Schwarz et al., 2001
Podocinis therefore important for signaling and slit diaphragm protein recruitrivphis2
knockout mice develop severe proteinuria and die within few days after birth from renal
failure (Roselli et al., 2004

Cell-matrix contacts

Podocytes anchor to the glomerular basement membranesevieral transmembrane
proteinslocatedat their foot processe@~igure 1.6). As the podocyte body floats in the
primary urine and podocyte foot processes are exjposkigh shear stress at the exterior of
the capillaries, decreased number or strength ofroallrix contacts may lead to podocyte
detachment and logKriz et al., 2013 Additionally, disturbance of celinatrix adhesions
leacs to altered signaling pathways and ultimately to foot process effacement and
proteinuria(Sachs and Sonnenberg, 2D1Bhe alhesion receptors are connected with the
actin g/toskeleton via various adaptor and signaling proteifigu¢e 1.7, B). The most
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common adhesion proteirizelong to the integrin family, which forra bheterodimers.
Podocytes express maing3bl-integrin (Sterk et al., 1998 but also low expression of
other integrins is observed, eayb3-integrin (Wei et al., 2008 Other adhesion receptors
expressed in podocyteseadystroglycar{Durbeej et al., 1998nd syndeca#d (Pyke et &,
1997 (Figurel.6).

Podocyte foot process

Nherf2 Podocalyxin

Slit diaphragm complex

Magil-2
CASK
all-spectrin
Bll-spectrin

Iqgapl X .
Pard6 VE-cadherin

aPKC OO0 T
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A%

Synaptopodin

a-actinin-4

Actin

cytoskeleton Slit- Dendrin
diaphrahm cd2ap @ ephrin. Q.0 O o00— Robo2
N complex _’ 'S
7 X Pard3 _—
4 Nck1-2 rpc
Utrophin Vinculin o Talin a
Paxillin \ 201
avp3-
integrin PAR
ln(egnn
Dys(roglvcan
Nldogen 1
Collagen v
Agnn Laminin (a3, a4, a5)

(a5,B2,v1)

Glomerular basement membrane

Figure 1.6: Overview and localization of important podocyte cell junction proteins. Slit
diaphragm prteins are depicted on the rigiind side Abbreviations:(aPKC), atypical protein
kinase C;(CASK), calcium/calmodulirdependent serine protein kinagg€D151), cluster of
differentiation 151;(cd2ap), CDzassociated protein(Gleppl), glomerular epithelial protein 1;
(HSPG), heparan sulfate proteoglycéiK ), integrinlinked kinase(jam4), junctional adhesion
molecule 4 (Magil-2), membranassociated guanylate kinase, WW and PDZ dooairiaining
protein 1/2;(Nckl1-2), nan-catalytic region of tyrosine kinase adaptor protein; (Robaindabout
guidance receptor; trpc6), transient receptor potential cation channel, subfamily C, member 6
(UPAR), urokinasetype plasminogen activator receptdz0-1), zonula occludenrs$; [modified
from (Finne et al., 2014.
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Figurel.7: Interactions and signaling pathways between [A] slit diaphragms or [B] celinatrix
adhesion molecules and the actin cytoskeletorbbreviations: (CaMKII), Ca*/calmodulin
dependent protein kinase; (CapZ), capping protein (actin filament) mugicie; ZCD2AP), CD2
associated protein, (FAK), focal adhesion kinase; (ILK), intelgniked kinase; (JAM4), junctional

cell adhesion molecule 4; (MAG/2), membran@associated guanylate kinase, WW and PDZ
domaincontaining protein 1/2; (NCK1/2), nesatalytic region of tyrosine kinase adaptor protein
1/2; (N\Wasp), neural Wiskotldrich syndrone protein; (PINCHL), particularly interesting new
cysteinehistidinerich protein; (Synpo), synaptopodin; (TRPCB6), transient receptor potential cation
channel, subfamily C, member 6; (Z, zonula occludens 1; [modified froffRaul et al., 200).



12 INTRODUCTION

The integm family is composed of 18 and 8b subunits in vertebrates, assembling into 24
different noncovalently bound heterodime(Barczyk et al., 2010 The common structure
of thea andb chainsaredepicted inFigure 1.8, but it has to be mentioned that only 9 out
of 18 a chains containraal domain In their function as adhesion receptonéegrins can
bind to ligands at both the cytoplasmic and extracallaide andhustransmiting signals

in both directions. On the cytoglaic side binding to PTB domagontaining proteins
(e.g. talin, kindlin) is mediated through two NPXY nistof the b chain. Binding to
extracellular ligands is mainly located at thieandal domains(Campbell ad Humphries,
2011).

Distinct active andnactive states of heterodimers are known. In the bent conformation,
access to the binding pocket is sterically hindered andlthbl domainsare in & inactive
conformation (Figure 1.8). Ligand binding to the cytoplasmic side induces an upright
conformation and a conformational change in the binding pocket, enabling binding to
extracellular matrix components (insidat signaling). Binding to extracellular ligands and
mechanical tension inducescanformational change in thel/bl domains and a further
Aswiomg 6 of the hybrid domain, resulting
stable focal adhesions (outsithesignaling)(Askari et al., 200p Antibodiesrecognizing
active states mostly bind to epitopes onlitadain(Byron et al., 2009

Focal adhesions are clusters of proteins linking the extracellular matrix to the actin
cytoskeleton. Although integrins and integrin clusterang essential for focal adhesions,
more than 150 pretns are knownto assemble to focal adhesipnsnderlining their
importance not only in mechanical anchoring but also in signal transd{Geger and
Yamada, 2011

The most important integrin heterodimer podocytes isa3bl-integrin (Sachs and
Sonnenberg, 20)3binding specifically to lamininéBarczyk et al., 2010 The a3 subunit
does not contain aal domain. Depletion of either of the two chains leads to severe
proteinuria, foot process effacement, glomerular ina@se membrane defects and renal
failure (Kanasaki et al., 20Q08Kreidberg et al., 1996Pozzi et al.,, 2008 Talin, an
importantfocal adhesion protein, mechanically links integrins to the actin cytoskeleton.
Podocytespecific deletion of talin leads to foot process effacement and protefiiaraet

al., 2014. Also, other focal adhesion proteins have been shown to be essentialdoyteod
function and renal filtration, e.g. vinculifLausecker et al., 20)8integrinlinked kinase
(ElI-Aouni et al., 200pand CD15)(Sachs et al., 2006
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Figure 1.8: Schematic illustration of thea and b subunits of integrin and their domains in
different conformations. Only 9 out of 18a subunits containraal domain. Extracellular matrix
compounds bind to thal or bl domain, intracellular ligands to thet€rminal tail of theb-subunit.

In the bent coformation (left side) the binding pocket is inactive. In the upright conformation (right
side), integrin is ready to bind extracellular matrix proteftishreviations:(aa), amino acidspfT),

b-tail domain; (E34), epidermal growth factor modules4l (Hyb), hybrid domain; (Psi), plexin
semaphorinntegrin; [modified from(Campbell and Humphries, 20]1

The adhesion receptor dystroglycan is also expressed in podocytes besides integrins
(Durbeej et al., 19981t binds to extracellular laminin and links it to the actin cyttetion

(Ervasti and Campbell, 199Dystrogly@an is composed of a transmembrarsibunit and

an extracellulara subunit, and the complex is connected to the actin cytoskeleton by
dystrophin in muscle cells and utrophin in epithelial c@iiéchele and Campbell, 2003
Although anchoring of the podocyte toetextracellular matrix is essential, dystroglycan is
dispensable, as deletion in podocytes of mice does not result in any renal abnormalities
both under normal conditions and strékasrad et al., 2031
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1.5. The actin cytoskeleton

1.5.1. Structure

The actin cytoskeleton is a dynamic network primarily composed of thin polymerized actin
filaments (filamentous actin,-&ctin) with a diameter aipproximately8 nm (Blanchoin et

al., 2014. The actin monomer (ghwular actin, Gactin) is highly conservec&mong
eukaryotic speciegsunning et al., 20)5and the most abundant protein in many eukaryotic
cells. Actin locatesall over the cytosol and also in the nucldustto a lesser extergBelin

ard Mullins, 2013. It has a nucleotidbinding pocket for ATRADP, with ATP hydrolysis

in filaments happening stochasticallATP bound monomers associate with a higher
binding constant to filaments thaADP bound actin dog®ollard, 201Y. Actin assembles

into doublehelical flaments with all monomers orientated to the same direction, resulting
in structuralpolarity with the more dynamic barbed (or plus) end and the less dynamic
pointed (or minus) endAs a result ofdifferent binding constda at the filament ends and
ATP hydrolysis actin filaments can depolymerize at the pointed end and at the same time
polymerize at the barbed end, a procesmediit r e a d nTherelare an gudtitude of
proteins binding to actin monomers or polymers, influencing actin filament nucleation,
elongation, branching;apping sesering, bundling, crosbnking, etc. (Figure 1.9). While
elongation of existing filameatis energetically favorable, nucleatia not andtherefore

only rarelyhappenspontaneousg. Thus, the limiting step of nucleation is tightly regulated
by nucleation factoréSiton-Mendelson and Bernhew@roswasser, 20)7
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Figure 1.9: Overview of actin-binding protein groups. Actin monomers are depicted in yellow.
Abbreviations (B), barbed end; (FH1), formin homology 1; (P), pointed €Rdllard, 201%
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1.5.2. Function

Actin filaments fulfill numerous functions withh eukaryotic cells.As a part of the
cytoskeleton,actin takes part in stabilizinghe morphologyof a cell. Podocyte foot
processefor exampleare stabilized by a centrattinbundle andadditionallycortical actin
filaments (Ichimura et al., 2007 and reorganization leads to foot process effacement
(Shirato, 2002 Actin is also important in the separation of two daughter cells as the last
step of the cell divisiomprocessFor that purpsean accumulation of actin and myosi
filamentsto a contractile ring applie®rce andconstrictsthe cell membranewhich is
essential for cytokinesigGlotzer, 200%. The site for cleavage is marked by Rho GTPases
(Chircop, 2014 As mentioned aboyg@odocyesare not able to divideNeverthelesscell
division is frequentlyobservedin primary podocyte culturdunpublished observations]
Cell motility and protrusion generation is also dependent on the actin cytoskdlaton.
force necessary to produce a protrusiomtiseast partlygenerated by actin filaments. A
dense netwd of short and branchedtn filaments nucleateat the cell edge, with each
filament applying piconewton forcedKovar and Pollard, 2004 Consecutive branch
formation results in a front edge movement of up torilper seond (Svitkina et al., 1997
Other cellular functions with participation of actin filaments are endocytosis, organelle
transport and contraction of nuls cells(Pollard and Cooper, 2009Nuclear actin is also
described to take part in transcriptional regulaf@rosse and Vartiainen, 2013

1.5.3. Important actirbinding proteins

Cofilin
Cofilin is an actinbinding protein important for actin turnover. The cofilin family cetsi
of three membersn mammals nonmuscle cofiln-1, muscle cofiliR2 and actin
depolymerizing factor(ADF, also known as destrinjPoukkula et al., 20)1 Cofilin
preferably binds to ADH--actin, inducing aconformational twist resulting in cleavage of
the actin filamentgHawkins et al., 1993Hayden et al., 1993McGough et al., 1997
Those svered filaments are subsequently either depolymet@eefreshthe pool of actin
monomergKiuchi et al., 200, or they serve as newores fornucleation and branaiy
(Chen and Pollard, 2013Ghosh et al., 2004 High cofilin concentrations are also
considered to facilitate debranchi(@lanchoin et al., 2000 and very high concentrations
are considered to promote actiucleation(Andrianantoandro and Pollard, 200®©n the
other hangdinactivation of cofilin slows aat turnover and retrograde flodown (Ohashi et
al., 201). These findings underline the centralerof cofilin in actin dynamics.
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The activity of cofilin ismainly controlledoy phosphorylatiorat Ser3, with being inactive
when phosphgtated (Moriyama et al.,1996. The most important kinases for cofilin
phosphorylatiorare the members &M domain-containng protein kinae (LIMK) family,
LIMK1 and LIMK2 (Figure 1.10), while dephosphorylation is mediated by the slingshot
phosphatase family (SSKhashi, 201p

Mice with podocytespecific deletion oCfl1, encoding for cofilinl, develop normally, but
producepersistent proteinuria by 3 months and slight foot process effacement by 8 months
of age These mice are also more susceptible to proi sulfate podocyte damaf@arg

et al., 2019 Combined del&n of Cfl1 andDstn, encoding destrimmesultsin strong kidney
developmerdl defects demonstrating the importance of cofilependent actin turnover in
kidneydevelopmen{Kuure et al., 2010

Arp2/3 complex

The Arp2/3 comple consiss of seven subunits, including actielated protein2 and 3
(Arp2 and 3)and five scaffolding proteinsiamed actifrelated protein complex -15
(ARPC1-5). The complex is highly conserved, expressed by almost all eukaryotes and
essential for cellular functiofGoley and Welch, 2006 The activatedcomplex binds to an
existing mother filamenand induceshe nucleation of a new daughter filament at a ~70°
angle to the barbed end of the mother filam@ngure 1.9) (Amann and Pollard, 2001
Mullins et al., 1998 To achieve branch formatiorha Arp2 andArp3 proteinsmimic an
actin-nucleation core, orientated with thpminted end towards the preexisting filament
(Rouiller et al., 2008 The explosive Arp2/3 complex induced actin mation generates
the force required for cell moveme(Kovar and Pollard, 20Q4lamellipodiaformation
(Svitkina and Borisy, 199%nd endocytosi@~erguson et al., 2009

Arp2/3 initiated nucleation requires conformational change of the complex achieved by
binding ofnucleation promoting factors (NPFs), such as Wiskldrich syndrome protein
(WASP) or WASPfamily verpgrolin homologous protein (WAVE)Rigure 1.10) as well as
binding to anexisting actin filament (Molinie and Gautreau, 201&odnickSmith et al.,
2016 Rouiller et al., 2008
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Formins

Formins are anajor clasf homodimeric actin nucleators and elongators. They all share a
formin homologyl (FH1) and a formin homology 2 (FH2) domain. The FH2 domain
resembles aoughnutshaped structure binding to barbed ends of actin filamentsnand
case ofsome formins also to plus ends of microtubulédse FH1 domain binds to profilin
actin complexes imeasing the local concentration of actin at the barbed@hesarone et

al., 2010. Profilin is a ubiquitous @ctinbinding protein associatedith most actin
monomers in cellgKaiser et al., 1999 Nucleation is a feature of the FH2 domé#ring et

al., 2003 Sagot et al., 2002 while the FH1 domaimegulateselongationspeed Once
bound to a barbed end of filaments, formins assemblenmewomers and move along the
growing end(Figure1.9), preventing barbed end capping by other actin regulatory proteins
(Pruyne et al., 200Zigmond et al., 2003

Besides the FH1 and FH2 domains formins comprehend of vardidigomal domains,
which are considered to be important for regulation of the formin ac{®Iitgsarone et al.,
2010. Theimportant and welktudied formindiaphanouselated formin 1 fiDial), for
example,is autoinhibitoryregulatedand activated by bindingf RhoA to the RhoGTPase
binding domain (GBDJFigurel.10) (Li and Higgs, 2008

In humans mutations inthe genelNF2, encoding for inverted formin 2are reported to
cause focal segmental glomerulosclerosis (FSGBure 1.5) (Brown et al., 2010 INF2
bindsto mDial andnodulatests activation via RhoASun et al., 2001 Normal function
of Inf2 in mice is not necessary for glomerular developmenties with Inf2 knock-out
show impaired regeneration from protamine sulfate induced dafBageamanian et al.,
2016.

Myosin-2
The class 2myosirs, also called conventional myosis) are motor protein complexes
composed of six subunits. Two identical hgahains dimerize, forming two head regions
at the one end and the extended rod domain at the othefwoddifferent light chains,
regulatory light chaifRLC; alsonamed myosin light chaiMLC) and essential light chain
(ELC), bind to the neck regioatuatedbetween thénead and th&il domain of each heavy
chain. The rod domain is an association of the two heavy chains into aaldmejjcal
coiled coil (Preller and Manstein, 20L.3The head regionsira to Factin and generate
ATP-dependent force resulting in movement of the filamemfdhe myosin alongjdethe
filament (Houdusse and Sweeney, 20Iyoshima et al., 1987 Therefore myosin2
takes part in multiplections including muscle contraction, cytokinesisell morphology
and transport.
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Smodh muscle aneshon-muscle myosis areactivated by phosphorylation of S&® of the
regulatory light chairffNewell-Litwa et al., 2015Yu et al., 201% Kinases phosphorylating
RLC are p2lassociated kinase (PAKXhew et al., 1998 myotonic dystrophy kinase
related Cdc4dinding kinase (MRCK)(Leung et al., 1998and Rho kinase (ROCK)
ROCK activates myosh2 indirectly by inactivating myosin phosphatggeégure 1.10) as
well as directly by phosphorylatiditotsukawa et al., 2000

Within the glomerulus, nemuscle myosin heavy chain lJA&ncoded by YH9, is mostly
expressed in podocytd@rrondel et al., 200R and asseiated with FSGS (Figure 1.5)
(Ghiggeri et al., 2003 Podocytespecific deletion oMyh9 in different mowse strains does

not result in glomerular defects but influences the susceptibility of mice to some, but not
all, glomerular damage moddBohnstone et al., 2013

a-Actinin

a-actinins are rodike proteins forming antiparalldhomaimers, which crosslinkactin
filamentsto bundlesvia their actinbinding domain/ABD) at the end of each rq&joblom

et al.,, 2008 In addition, a-actininsinterat with numerous other proteins making them
particularly importanfor cell adhesion, cell junctigrand signaling(Figure 1.7) (Feng et
al., 2015. In mammals two (ACTN1 ACTN49 of the four ACTN genesare widely
expressedh many different tissuesvhile expression oACTN2andACTNa3is restricted to
muscle tissue@~oley and Young, 2034

Mutations ofACTN4/ Actn4leadto renal symptomén humangFigure1.5) (Kaplan et al.,
2000 and mice(Henderson et al., 20D&nock-out of Actrd in mice results in progressive
proteinuria and typically death within several mon{K®s et al., 2008 Furthermore
a-actinin4 dysregulation i®bservedn several nephrotic syndroméSoode et al., 2004
Smoyer et al., 1997

Synaptopodin
Synaptopodin encoded by theSYNPO gene, is a prolinerich actinbinding protein
expressed in podocytgdlundel et al., 199 It has only little secondary and tertiary
structure at physiological condition&halovich and Schroeter, 2010Synaptopodin
interacts and regulateg-actinin4 activity and therefore influences actin cytoskeleton
organization(Figure 1.7) (Asanuma et al., 200Kremerskothen et al., 20D5The Rho
GTPaes RhoA and Cdc42 are also influenced by synaptopodin in an indirect manner,
inducing stress fiber formation arsippressiorof filopodia formation(Asanuma tal.,
2006 YanagidaAsanuma et al., 200.Bynpoknock-out mice shownormal ultrastructure of
podocytes, butimpaired recovery from pramine sulfate or liposaccharideduced
podocye damagéAsanuma et al., 2005
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1.5.4. Key regulators: Rho familpf GTPases

Structure and function

The Ras homologue (Rho) family of GTPases comprises a famityooé than 2Zmall
GTPasesn humangChircop, 2013 Among themthe highly conserve®hoA, Racl and
Cdc42 are best studied.dgt Rho GTPasesncluding the three mentioneabove are

active when bound to GTP and inactive when bound t® GQbe small GTPases have an
intrinsic hydrolysis capacityout are moreover tightly regulated by gumen nucletide
exchange factors (GEFsGTPase actiating proteins (GAPsS) and guanine nucleotide
dissociation inhibitors (GDIs)While GEFs activate GTPasethrough promoting the
exchange of GDP to GTP, GAPs and GDIs inactivate Rho GTPases by activating the
intrinsic hydrolysis activity or sequestering the small GTPases in their inactive state,
respectively(Tcherkezian and Lamarchéane, 200). As GTPasesan cycle between the
active and inactive form, they are often refertecas molecular switche#\ctive, GTP
bound Rho GTPases activate a variety of effectors, making them central players in
regulatingmany cellular functions, such a®ll morphology, aldesion cytokinesis, cell
polarity and membrane transp{tienneManneville and Hall, 2002

Signaling pathways

Rho GTPas signaling pathways are highly complex and yet not fully understood nor all
interactions are discoveredCanonically, activation of RhoA leads to formation of
actomyosin bundles called stress fibers, while Racl activation leads to formation of
lamellipodia and Cdc42ctivationto filopodia(Figure1.10) (Nobes and Hall, 1995GTP-

RhoA is a direct activator of the formin mQiéLi and Higgs, 200Band italsoactivates
myosin2 (Totsukawa et al., 2000 but moreoverinactivates cofilin over ROCK and
LIMK, leading to the assembly of longinbranched actin filaments and stress fibers
(Maekawa et al., 1999Active Racl, on the other handounteracts stress fib&rmation

by inhibiting myosin2 activity. This inhibition is achievedoy phosphorylation and
inactivation of myosin light ltain kinase (MLCK) over the Racl effector p&dtivated
kinase 1 (PAK1l)(Sanders et al., 1999Racl activation additionally leads to direct
activation of the nucktionpromoting factor (NPF) WAVEChen et al., 2000 which in

turn activates the ¥2/3 complex resulting in a branched actin network and lamellipodia
formation. Like RhoA, Racl activation also leads to phosphorylation and inactivation of
cofilin (Edwards et al.,, 1999GTRCdc42 in turn, activates another NPRhe neuronal
Wiskott-Aldrich syndrome protein (NWASP), leading to actin filament nucleation and
branch formation(Rohatgi et al., 1999 Active Cdc42 interacts with PAK4, which
phosphorylate&IMK, finally leading to cofilin phosphorylation and inactivatigRane and
Minden, 2014.
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Figurel.10: Schemedepicting a part of the complex signaling pathways of actin regulation by
RhoA, Racl and Cdc42 Extracellular signals activatBho GTPases via GEFs, which in turn
regulate actinand microtubule dynamicsAbbreviations: (Arp2/3), actin related protein 2/3;
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Role of Rho GTPases for podocyiealth

Racl and Cdc42 are essentiefulators as knockout of either encodinggenein mice
leads toembryonic lethalityChen et al., 20Q0Sugihara et al.1998. RhoAnull mice in
turn, are not repded so far. Neverthelessissuespecific deletion ofRhoA resuls in
divere abnormalphenotypegDuquette and Lamarckhéane, 2014, including embryonic
lethality (Herzog et al., 2001 Podocytespecific eletion ofRacland RhoAin mice does
not result in any overt phenotype, tc42deletion in podocytes leads to foot process
effacement, proteinuria and dedg®lattner et al., 201,3Scott et al., 2012 Thus, Cdc42
expression is necessary for podocyte foot process development and maintenance, while
RhoA and Racl are not essenti@h the other hand, activation of Rh@hd Racl over
basal levels igeported in different dangg models, and inhibiting RhoA or Racl signaling
pathwaysreduces podocyte damage and protein(Biabelova et al., 2031350jo et al.,
2007 Shibata et al., 2006Moreover, podocytspecific expression of constitutively active
mutants of RhoA and Racl leads to podocyte damage and protéRaobias et al., 2017
Wang et al., 2012&hu et al., 2011 Additionally, mutations inARHGAR4, encoding for

a Racl inactivating GAPare associatedvith familial FSGSin humans(Akilesh et al.,
2011).

1.5.5. Effectof cytochalasin Don the actin cytoskeleton

CytochalasirD is a cellpermeable fungal metabolite intefiagt with the actin
cytoskeleton, without any reports other interactiongCooper, 198Y. It binds actin
filaments at the barbed endKy=2nM) and inhibits both polymerization and
depolymeriation at this end, but does rmhd to thepointed endCooper, 1987Sampath

and Pollard, 1991 Additionally, it binds to monomeric @ctin with lower affinity
(Kg=2-20uM) and induces actin dimerizatiq®oddette and Frieden, 198Sair et al.,

2008. It is also reported to block cofilin binding to both actin monomers and filaments
(Shoji et al., 201R Treatnent of cells withcytochalasirD leads to disruption of filament
bundles and formation of actin filament aggregates, accompanied by a reduced cell stiffness
(Wakatsuki et al., 2001
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1.6. LMX1B

1.6.1. Linkage to naHpatellasyndrome

Genetical linkage oNPSto the ABO locus dates back to 1988enwick and Lawler,
1955. More than 40 years later mutationsLdfiX1B were found to cause the syndrome
(Dreyer et al., 1998Mclintosh et al., 1998Vollrath et al., 1998 Though, there are rare
cases oNPS without LMX1B mutations(Ghoumid et al., 2015 LMX1B is known to be
responsible for establishing the dorsoventral pattern in limb developiReltle etal.,

1995 Vogel et al., 1995 which explains nail and skeletal abnormalitidNPS patients
(Figure 1.1). Besides its importance in development LMX1B is also expressed in the
anterior segment of the eferessman et al., 200)0n the braiAdams et al., 2000and in

the podocytes of the kidngypreyeret al., 1998 Morello et al., 2001 This expression
pattern is reflected by NPS phenotypes (see chagler

1.6.2. Structure and mutations

LMX1B containstwo N-terminal LIM domains important for proteprotdan interactions

and a central hneodomain essential fdNA binding. The Germinal glutamine and
serinerich region is of unknown functiofBongers et al., 20020n the genetic basis
LMX1B consiss of 8 exons, whereohe LIM A domainis encoded by exog, LIM B by

exon 3 and the homdomain by exos4, 5 and 6. In humans, two isofes with a length

of 395 and 402aare expressed by alternative splicing at the end of ex@#izgall,
2017). To date,more than 8 mutations are known to cause NPS, and the numbelf is sti
growing (Ghoumid et al., 203@Harita et al., 201) The spectrum of mutations comprise
missense, nonsense and frameshift mutations and complete or partial de(etaita et

al., 2017, and the pathogenic mechanism is thought to be haploinsuffic{@rang et al.,
2014. The vast majority of mutations are located within the two LIM domains and the
homeodomain, raising the hypothesis thautations withinthe conserved @erminal
region would lead to a distinct phenotyg®unston et al., 2004 Genotypephenotype
correlation showan increasedrequencyof renal symptomsf patients withmutations in

the haneodomain, but no extreenal correlations observed(Bongers et al., 2005In
developing mice, Lmx1b is expressed in the kidney, brain, spinal cord, and the eye
(Dunston et al., 2005Within the kidneyLmx1b is exclusively expressed in podaynot

only at embryonic stagésit also in adult individual@orello and Lee, 2002
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1.6.3. Overview of arget genes

As a transcription factor LMX1B regulates the expression of specific genes by binding to
their promoter or enhancer regions. DNA binding is mediated through the homeodomain,
which specifically binds to FAR linked Atfiich (FLAT) sequenceferman et al., 1992

In podocytes
Only afew Lmx1b target genes have been reported toidgiedocytesincludingCol4a3
Colda4 (chapter1.4.2, Cd2ap Nphs2(chapterl.4.3, Abra (chapterl.7.1), and Arl4c
(chapter1.7.2. The a3 and a4 chains of collagen IV are missing the glomerular
basement membrane obnventionalLmx1bknockout mice, andLMX1B binds to FLAT
elements within the first intron to both human and mu@@d 4A4/Col4a4 Furthermore
LMX1B activates a reporter construct containing six concatemerized binding sites from the
COL4A4gene(Morello et al., 2001 In case of @2apand podocin (encoded byphs3
both MRNA and protein lel® are reduced ilmx1lbknockout mice. LMX1B binds to
promoter regionsn vitro and activates transcription of a reporter construct containing 4
repeats of th&lPHS2binding site and a minimal promoter in N813 cells(Miner et al.,
2002 Rohr et al., 2002 On the other hand, the3 anda4 chains of collagen IVCd2ap
and podocin are still present in podoegfecific Lmx1bknock-out mice (Suleiman et al.,
2007 and in human NPS patienfldeidet et al., 2003 The mRNA levels ofAbra, Arl4c
and SnR2 are elevated in a tirrgependent manner followindoxycycline treatmenof
inducible podocytespecificLmxlbknockout mice. In case oABRAandARL4CG LMX1B
binds to FLAT elements in theespective promoter regions, as confirmeddey shift
assays andchromatin immunoprecipiton. No such binding could be shown for the
promoter region c8M22 (Burghardt et al., 2033

In othercell types

Regulation ofinterleukin6 (IL-6) andinterleukin8 (IL-8) by LMX1B was shown in HelLa

cells stably transfected with an inducibleMX1B expression construct on the
transcriptional level, antinding of LMX1B to the promoteregions was confirmed by
chromatin immunoprecipitatio(Rascle et al., 2009A genomewide analysis of Lmx1b

binding to promoter regions of genes in the developing limbs of neicealed several

potential target genes by chromatin immunoprecipitation andgesdration sequencing.
Promoter activity of growth differentiation factor &df5 was shown to overlap with
Lmx1b expression in developing chick elbow, wréstd digit joins (Haro et al., 2017
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1.6.4. Influence of Lmx1b on the actin cytoskeletinpodocytes

Glomerular outgrown cells from mice with an inducible and podespezific knockout of
Lmx1lbshow an altered actin cytoskeleton behavior. While the fluorescence of phalloidin
staining is increased in knodut cells, the movement of fibroneciioated nanobeads
attached to the surface is decreased. Additionally, the spreading rate of plimmelip
knockout podocytes after cytochalagin treatment is reduced compared to control
podocytes. Thus, a stiffer, less dynamic actin cytoskeleton was profiiseghardt et al.,
2013.

1.7. LMX1B regulated proteins

1.7.1. Abra

Structure and expression

Actin-binding Rheactivating protein (Abra), also known as striatedsote activator of
Rho signaling (STARS) or myocyte stresgMs1l), is a 4&Da protein expressed in
cardiac, skeletal and smooth mus@eai et al., 2002Mahadeva et al., 2007 roidl et al.,
2009. The subcellular localizationf Abra is dependent on the developmental stage. |
primary cardiomyocyteg is locatedat the Fbandsand Zdisks (Arai et al., 2002, but in
neonatalcardianyocytesAbra localized to he nucleugZaleska et al., 2035 Structurally
Abra comprises of two actibinding domains (ABD1/2), with a higher affinity &iBD1
than ABD2 to bind F-actin (Fogl et al., 2012 ABDZ2, in conjunction withan AT-hook
motif locatedin close praimity N-terminallyof ABDZ2, is additionally abléo bind to DNA
(Zaleska et al., 20)5The expressionof Abra is activatedby the transcription factors
estrogenrelated receptor alph&RRa) (Wallace et al., 20)1serum response factd8RP
(Chong et al., 200)2and myocyte enhancer factor (B1EF2) (Kuwahara et al., 20070n
the other hand, expressionrestrictedby the transcription factor GATA4Ounzain et al.,
2012 and the miRNA miR6285p (Russell et al., 2037 Abra expression in skeletal
muscle is decreased in older individuals, but mMRNA levels increasestafieindependent
of age(Russell et al., 2037
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Interaction partners and signaling

Abra is an actirassociatedprotein inducing polymerization of actin,resulting in a
reduction of the Gactin pool (Wallace and Russell, 2013This in turn, releases the
transcriptional coactivatomyocardinrelated transcription factok (MRTF-A) from its
inactive, Gactin bound state, followell its translocation into the nucleus. As a final step
of Abra signaling, the transcription factor SRF is\ated by MRTFA, leading to SRF
dependent protein expressioffFigure 1.11) (Kuwahara et al.,, 2005 SRF is a
transcriptional activator of th&M22 gene, encoding for transgelifLi et al., 1997.
Downsteam signaling of Abra is increasedhen a constitutidg activemutant of RhoA is
coexpressed, and inhibition of RhoA or ROCK partially blocks Abra signalingnigaal
the assumption of a Rhedependent signaling pathway of AbfArai et al., 2002
However, evidence of the existence and netwf adirect interaction is missingAbra
interacts with actirbinding LIM protein2 and-3 (ABLIM-2 and ABLIM-3), enhancing
the downstream signaling of Ab(8arrientos et al., 2007 A negative regulator of the
Abra pathway isalmodulin CaM) in a C&" dependent mannefhe N-terminal region of
Abra bindsto CaMin the presence of &aions, which in turn diminishes Abra signaling
and SRF transcriptional activiffuruya et al., 2016

ABLIM
Caz“l CaM

w\“fwv\‘u‘www” -
Abr F-Actin

RhoA e

G-Actin

57

Figure 1.11: Proposed model of Abra interactions and signalingmodified from (Barrientos et
al., 2007]. Abbreviations: (ABLIM), actin-binding LIM protein; (Abra), actibinding Rhe
activating; (CaM), colmodulin; (MRTF), myocardielated transcription factor; (RhoA), Ras
homologie A; (SRF), serum response factor
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1.7.2. Arldc

Structure and expression

The small GTPase Aitke 4c (Arl4c) isa member of the ADRibosylation factor (Arf)
family and is also known as Alike 7 (Arl7). Like other small GTPases, Arl4c can cycle
between an active GTBound state and an inactive GIbBund state, but GEFs and GAPs
are so far unknowrfMatsumoto et al., 2037 In humans Arl4c has two isoforms, the
shorter isoform comprises of 28aencoded by one exon and the longer isofoamprises

of 201 aaencoded by two exon®atsumoto et al., 2037Arl4c expression is reportad
human lungprain leukocytes, placentthymus,esophagusstomachandintestine(Jacobs

et al., 1999 Wei et al., 200R In mouse embryos at emlanyic day 15 Arl4c protein
expression was observedthe brain, kidneys and in sorapithelialrudimentsMatsumoto

et al., 201%. Additionally, Arl4dc is expressed in lung and colorectal cancer ¢{ellgi et

al., 2015. The subcellular localization is dependent on the activity statejlagype and
constitutive active Arl4@relocated at the plasma membrambereasa dominant negative
form of Arl4cis distributed all over the cytos@Engel et al., 2004Hofmann et al., 2007
There are only few reports about the transcriptional regulation of Abra expression.
Combined stimulation atells withWnt3a and epidermal growth factor (EGH€Yivates the
b-catenin and ntogenactivated protein kinase (MAPK) pathways, leading to the formation
of an EtslT-cell factor 4 (Tcf4)/CREB-binding protein CBP) complex at the '3
untranslated region (UTR) of th&rl4c gene and finally indues Arl4c expression
(Matsumoto et al., 2034

Interaction partners and signaling

Arl4c binds toa-tubulin independent of the GTP or GDP diimy status, and active Arl4c
accelerates the transferrin transport from early endosomes to recycling end@atanes
al., 2009. Another function of Arl4c is the binding and recruitment of Arf nucleotide
binding site opene(ARNO) to the plasma membrane when Arl4c is in its active .state
ARNO in turn recruits and activates ABPosylation factor 6 (Arf6)(Hofmann et al.,
2007). GTP-Arfé then activates &1, potentially through kalirin and the dedicatdr
cytokinesisl (DOCK1)/engulfment and cell motility (ELMO) complex, followed by RhoA
inhibition, leadingto a reorganization of the actin cytoskele{®dfatsumoto et al., 2034
Arl4c additionally controls the actin cytoskeletdsy the means o& distinct mechanism
involving Cdc42. Active Adic binds to the actin regulator filam# (FLNa), which
increases # association with the GEFYVE, RhoGEF and PH domatontaining 6
(FDG6). Thisfinally activateshe smallGTPases Cdc42, inducing filopodia formation and
cell migration(Chiang et al., 2017 Other cellular functions with Arl4c involvement are
osteogenesiéWang et al., 2018 cholesterol effluXEngel et al., 2004 andmigrationand
invasion of gastric cancer ce(ldu et al., 2018
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1.7.3. Transgelin

Structure and expressio

Transgelin, also known as smooth muscle 22 (SM22), is a 22 kDa protein encoded by the
SM22gene. The gene comprises of 5 exons, while exon lttendirst 12 base pairs of
exon 2 and also the last 432 base pairs of exon 5 are not trarjdlssattier et al., 2009
CamorettiMercado et al., 1998 The resulting 201aa protein contains an Nerminal
calponin homology domain (CH) and at&minal calponin like module (CLIK)In
healthy, adult individuals transgelin is expressed mainly in smooth muscléSiadigland
et al., 1988 but alsoin mydfibroblasts and epithelial cell@®age et al., 1999%u et al.,
2008. Additionally, transgelin is expressedurthg embryogenesis irmesenchymal,
skeletal and cardiac musatells (Lawson et al., 1997Li et al., 1996. Transgelin is also
expressed ivarious typesf cancercells (Dvorakova et b, 2014 and in podocytes after
glomerular damagéMVarshall et &, 2011). On the subcellular levetdansgelinlocalizes in
the cytosol ands also associatedvith actin filaments(Fu et al., P0G Han et al., 2000
The expressionof transgelinis regulated by multiple pathways. For instance, S&F
activated byMRTF-A, activates the&sm22promoter downstream of RhoA signaliflg et
al., 1997 Liu et al., 2003 Mack et al., 200 Additionally, transformirg growth factorb
(TGFb) signaling leads to an increase in Smad3 binding t&th22promoterandinduces
transgelin expression in cooperation with myocaf@iu et al., 2003Qiu et al., 200h A
negative regulator of transgelin expression is-aquiched Krippelike factor (GKLF)
(Adams et al., 2000 A regulation of transgelin expression by mechanical terssiva
shown forcultured fibroblast celines(Liu et al., 2017.

Interaction partners and function

Transgelin binds to actin at its-t€rminal region including the CLIK modul@gu et al.,
2000 at a ratio ofone transgelin persix actin monomers andhereby bundles actin
filamentsin vitro and in vivo (Han et al., 2009Shapland et al., 1993Additionally,

transgelin increases the ratio of 8 G-actin and the contractilitgpf vascular smooth
muscle cellfVSMC) (Han et al., 2000 On the other handransgelin inhibits calcium
independent contraction in VSM@e and Sohn, 20Dandit playsalso a role imuclear
factor kappdight-chainenhancer of activated-8ells (NF-kB) signaling by binding to
inhibitor of kappa B Ba) (Shu et al 2015. Phosphorylationat serine residueshibits

transgelinbinding to Factinin vitro andin vivo (Fu et al., 2000Rattan and Ali, 2016 In

internal anh sphincter smooth muscle cellthe phosphorylation level is reducedter

inhibition of ROCK in a dosedependent mannefRattan and Ali,2015. Another

interaction partneof transgelin, besides actirs, protein kinase C delta type (X)), and

this interaction is blocked lpghosphorylation of transgeliihv et al., 2012
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Transgelinexpressionis not essentialn mice as Sm22knock-out mice are fertile and
develop normally{Kiuhbandner et al., 200@hang et al., 201). Neverthelesssm22nock
outleadsto areduced contractilitand actin content in arterial smooth muscle q@&dan
et al., 2004 Following glomerular damagéeransgelin is expressad podocytesof both
rodentsand humangMarshall et al., 2031Wang etal., 2012h. In an experimental
crescentic glomerulonephritis mod#d novatransgelin expression podocytesegatively
affecta the disease progressi(Marshall et al., 2011

1.8. Mouselinesandthe human podocyte cell line (hPCL)

1.8.1. PodocytespecificLmxlbknock-out

Different mouse models are used to address the molecular pathways leadigndiackn
out of the Lmx1lbgene to podocyte foot process effacement and proteiriirese mouse
models have in commotihat heterozygousmxlbknock-out does not display any overt
phenotype of mice, in harsh contrast to $iteation in humamMPS patients. One of tlse
mouse models the podocytepecificLmxlbknockout, illustrated inFigurel.12.

P2.5 Cre recombinase

. loxP . . loxP .

Homeobox

Exonl Exon2 Exon3 Exond Exon5 Exon6  Exon7 Exon8

Figure 1.12: Schematic illustration of the constructs leading to podocytespecific inactivation

of Lmx1b. [A] In tissue aside of podocytes the Rifp promoter fragment of thePHS2gene
(namedP2.5 is inactive, whereas fulength Lmx1bis transcribed and expressed (dependent on
Lmx1b promoter ativity). [B] The P2.5 promoter is ative in podocytes, leading tor&€
recombinase expression. Cre recombinesLth&lbgene at loxP sites located in intron 3 and 6,
leading to a cubut of the exons 46 containing the homeobox. The deletion isframe, but
whether theshortenegrotein is still expressed is not known.
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A 2.5kbp promoter fragment of the hum&PHS2gene(P2.5 encoding for podocins
cloned upstream of Cre recombinase, resulting imeae@pression restricted to podocytes
(Moeller et al., 2008 The Lmx1bgene is mudted to contain loxP sites for€&€dependent
recombination upstream of exon 4 and downstream of exon 6.

As the Cre recombinase expression is restricted to podocytes, the expression of Lmx1b in
other cell types remains unchang&ig(rel.12, A). Cre expression in podocytes leads to
recombination of thdmx1b gene, resulting in a cuut of exons 4 6, including the
homeobox.The deletion is iframe, but whethera shortenedprotein is still expressed is
unknown(Figurel1.12, B).

Mice containing loxP sites at both alleldamix1bfl/fl) and P2.5Cre show already some
foot process effacement and proteinuria after 5 adyage, which progresses heavy
proteinuria anddeathat around an age df4 days The Col4a3, Col4a4 and Nphs2genes
are not downregulated in contrasttt@ situation inconventionalLmx1bknock-out mice
(Suleiman et al., 2007

1.8.2. Inducible podocytespecificLmxlbknock-out

AQuadruple transgenic mouse | ineo

As LMX1B is not only expressed in the developing kidney, but also in mature podocytes, it
consequety playsa role inmaintaining podocyte functioifhe role of Lmx1b in podocyte
maintenance isnainly investigated witlan inducible, podocytepecificLmx1bknock-out
mouse modelKigure 1.13), which is geerated by wssingof the four sngle transgenic
mouse lineg2.5 rtTA LC-1, floxed Lmx1bandmTmG

This model uses an enhanced @ 0f the reverse tetracyclirentrolledtranscriptional
transactivator (rtTA) which binds to tet operator sequencé&st) in the presence of
tetracyclinédoxycycline (Teton system)Urlinger et al., 200D The tetracycline controlled
regubtory system is derived frorthe Escherichia colitetracyclineresistance peron
(Gossen and Bujard, 199Z'hertTA gene isput under theontrol of the 2.%bp promoter
fragment oNPHS (P2.5 rtTA, resulting in podocytspecific expressiofShigehara et al.,
2003. The LC-1 construct contains severetO repeats flanked by two cytomegalovirus
minimal promoters, resulting in a bidirectional promoter. This ptemaontrols the
expression of @& recombinase and firefly luciferase dependent on rtTA bindg8ahonig
etal., 2003. Two loxP sites are introduced tomx1lbupstream of exon 4 and downstream
of exon 6, leading to a cuaiut of the respective exonkrough Ge recombiase.Lastly, the
mTmGreporter construct contains a modified versionddfomato(mT) under the control
of a chickenb-actin promoter ana@ cytomegalovirus enhanc¢pCA) and a downstream
polyadenylation sequence(pA), resultig in the ubiquitous expressia of membrane
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targeteddTomato. TheeombinedmT andpA sequence is flanked by twoxP sites, which
leads to a cubut of this sequence in presenceCoé recombinase and an expression of the
downstream membrartargeted EGFP (mG@Muzumdar et al., 2007

rtTA

I
:

etO promoter Cre recombinase

., loxP . ., loxP .
LIMA * LIM B _

Homeobox

:

ixonl

Exon2 Exon3 Exond TExons Exon Exon7 Exon8
., loxP . . loxP .

TetO promoter Cre recombinase
oxp - o ®
LIM A LIMB
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. loxP . .

Figure1.13 Schematic overview of the inducible, podocytspecific Lmx1b knock-out system

in absence [A] and presence [B] of doxycyclineRed fluorescent protein ™ (a membrane
targeted tdTomato) is expressed in all cell types in absenCeeaecombinasaiTA is under the
control of theP2.5promoter and thus only expressed in podocytes. Upon doxycycline treatment of
the animal, rtTA is alel to bindto and activate th@etO promoter to induce & and luciferase
expres®n (luciferase is not depictedCre expression drives the recombinatiorLofx1band the
mTmGreporter construct, leading to a @ut of exons 4 6 andthe mT sequencgerespectively.

This results in expression of green fluorescent protein sixelly in podocytes expressingeCand

in an inframe deletion of the homeobox bmx1lbh Whetherexpression ofa shortenedLmxi1b
protein still containing the LIM domairccurs is so farunknown.
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This transgene system leads to rtTA, Lmxlb and mT expression in the absence of
doxycycline Figure1.13, A). Upon doxycycline treatment, rtTA binds T@tO promoter
resulting in Cre expression in podocytes and therafofenGand Lmx1brecombination.

The membrane targeted EGFP and potentialiii@tenedsersion of Lmx1b are expressed

in the same podocytesFigure 1.13, B). However, only ~60% of podocytes show
recombination events, as estimated_byx1lbmRNA levels(Burghardt et al., 2013

Inducible podocytespecific Lmx1b knockout mice showan onset of proteuria after
5days of doxycycline treatment over the drinking water, which progressgpeaks at
aroundtwo weeks. Thereafter proteinuria declines, but does not disappdaur ateeks.
Mice survive doxycycline treatment for at ledsur weeks (Burghardt et al., 2013
Coincident with the podocwspedfic Lmx1bknockout, Col4a3, Colda4 andNphs2genes
are not downregulated afteneweek of treatment althougilbuminuria is already present
(Burghardt et al., @13).

Green fluorescent podocytes

This mouse model is also useful fre isolation of glomeruli and.mx1b knockout
podocytes, as renal damaigedependent on doxycycline treatment and not on the age of
mice. Glomeruli are isolatedybmagnetic bead perfusion, amddocytes can either be
digested off the glomeruli by protees, or glomeruli can h@atedonto cell culure flasks
resulting in a growout of podocytes( r ef erred to as . Fripary mary
outgrown cells are a mixture of green (with recombination events) and red fluorescent
podocytes andoossibly endothéal and mesangial cells. Thegio not establish foot
processes and dedifferentiate witliew days but they attach to surfaces, proliferate and
are suitable for many experimeniecently, a culture medium wasported to induce foot
processformation of primary podocytes cultured oraminin521 (Yaoita et al., 2018

which expands the usefulness of this cell type. Podocytgsteédoff glomeruli do not
adhere to surfacebut are readily available without dedifferentiation and can be purified by
fluorescence assisted cell sorting (FACS).

1.8.3. Human podocte cellline

The human podocyte cell line (hPCL) is derived from a nephrectomy gfeardld child
with a unilateral antenatal obstructive/reflux nephropatRyimary cells outgrown from
glomeruli were infected with simian viruslarge T antigergene selectedand single clones
were picked(Saleem et al., 2002The resulting cells proliferate permissive conditions
(33°C, 26 CO) and differentiate to a more podocyte like phenotype atpeomissive
conditions (37C, 5% CQ), as seerby expression of gdocytespecific proteins like
nephrin and podoci(Saleem et al., 2002
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1.9. Aim of this study

Defects in the gene codingrféhe transcription factor LMX1B have been identified to
cause NPS about 20 years ago, but the exact molecular mechanisms leading to the renal
symptoms observed in some NPS patients remain elusivepryious stug suggested an
involvement of thepodocye actin cytoskeletonin diseaseprogression(Burghardt et al.,

2013, the maingoalof this studywasto identify and investigate possibleks between the

actin cytoskeleton, the transcription factor xxtb and renal defectsTherefore five
differentapproaches/ere undertaken

1) Validation of Lmx1bregulated genesn the protein level

Previously several genes were identified to be regulatddrixlb in murine glomeruli on

the transcriptional level, amonthem Abra, Arl4c, and Sm22 encoding for actin
cytoskeleton associated proteifigurghardt et al., 2093In order to validate the Lmx%b
dependent transcriptional regulation of those genes also on the protein level, it was planned
to compare pr@in levels of knoclout and wildtype podocytes by western Hiag.
Therefore primary murine podocytes of the inducible, podesyéeific mouse line should

be collected by FACS

2) Further investigation of a dysregulation of the actin cytoskeletamixibdeficient
podocytes

The dysregulation of the actin cytoskeleton in primary outgrown, mgreen fluorescent
podocytes following-mx1bknockout should be further confirmed by direct methods like
determination of the Jactin content, but also by indirechethods monitoring actin
dependent processes like cell spreading and cell movement.

3) Investigation of molecular pathways linking Lmx1b and its target genes to the actin
cytoskeleton

After confirming Lmx1b target genes and the involvement of the actinl®leisn in the
disease, the signaling pathway(s) linking those should be discovered. This should be
approached by investigation of thenx1bknock-outdependent activity or phosphorylation

of several welknown actin regulators and also by observationhef eéffect of inhibiting
several actirregulating pathways.
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4) Determination of a potential dysregulation of focal adhesionsmmlbdeficient
podocytes

As primary murinedemx1bknock-out podocytes adhered stronger to lamibtdri compared

to wild-type cells(Burghardt et al., 20933 the role of focal adhesis and its possible
impact on the actin cytoskeleton should be investigated. Therefore the amount, localization
and activation of th@a3bl-integrin of primarywild-type and knoclout podocyteshould
becompared

5) Investigation of the influence of the dysregulated proteamsgelin on podocyte
function andstructure and on the actin cytoskefeto

The effect oftransgelin which expression walsighestdysregulatedn respect ofLmx1b
knockout (Burghardt et al., 2013 on podocyte health should be determined in metaild
Therefore a new mouse modsould beestablished by crossing glob@m22knock-out

mice with podocytespecific Lmx1lb knock-out mice. This mouse line should be
investigated regarding survival, proteinuria, kidney histology and ultrastructure, and
glomerular actin cytoskeleton organization.
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2. Materials and Methods

2.1. Materials

2.1.1. Consumables

Equipmentinstrument Source
u-Dish, 35 mm, high, gladsottom Ibidi
Autoclave tape VWR

Bottle top filter 0.22 pm Sarstedt

Cell culture dish, 100 mm Sarstedt

Cell culture flask (25 cmz?, 75 cm?) Sarstedt

Cell culture plate, (1-2vell, 24-well) Sarstedt

Cell scraper, 39 cm Sarstedt

Cell strainer, 100 um BD Falcon
Chromatography paper Whatman
Cover glasses, 24 x 60 mm Roth
CryoPure tubgel.8 ml Sarstedt
Dialysis cassett&Slide-A-Lyzer MWCO 3.5 kDa Thermo Fisher
Dispenser tips (1.25, 2.5, 5, 12.5 mL) VWR

Filters, folded 90 mm Schleicher & Schull
Glass coverslips, 12 mm R. Langenbrinck
Glass Pasteur pipettes VWR

Gloves, latex Kimtech
Gloves. nitrile Kimtech
Gravity flow column Promega
Hypodermic needles B. Braun
Micro tube(0.2, 0.5 1.5 2.0 mL) Sarstedt
Microscope slides Roth

Microscopeslides, SuperFrost® Plus
Parafilm

Pipette filter tips

Pipette tips

Plate, 9éwell

PVDF transfer membrane, pore size 0.45 um
Roundbottorred tube with cell strainer, 35
Serological pipettes (5, 10, 25 mL)
Syringes (1, 3 mL)

Task wipes

Tube (12, 1550 mL)

Thermo Fisher
Pechiney Plastic
Sarstedt
Sarstedt
Sarstedt
Merck

BD Falcon
Sarstedt

B. Braun
Kimtech
Sarstedt
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2.1.2. Chemicals and reagents

Chemicals and reagents Source

Acetic acid Merck
Acrylamide, 30% / Bisacrylamide, 0.8% solution Serva

Agarose, NEEO quality Roth

Amido black 10B Merck

Ampicillin sodium salt Roth

Aprotinin Roth

APS (Ammonium persulfate) Fluka

Bacto agar Becton Dickinson

Becton Dickinson
Becton Dickinson

Bacto tryptone
Bacto yeast extract

Bromophenol blue

BSA (Bovine serum albumimjraction V
Calcium chloride

Cantharidin

Chloramphenicol

Cyanogen bromidectivated Sepharo%éB
Cytochalasin D

DABCO (1,4 Diazabicyclo[2.2.2]octan)
DAPI -Diamidin-8-phenylindol)
DePeX

Dipotassium hydrogen phosphate
di-Sodium hydrogen phosphate
DMP-30

DMSO (Dimethylsulfoxide)

dNTPs (Deoxynucleotide triphosphates)
Doxycyclinehyclate

Dynabeads M450 tosylactivated

EDTA, disodium salt (Ethylenediaminetetraacetic acid)
Eosin

Epon embedding medium

Epon hardener DDSA

Epon hardener MNA

Ethanol

Ethidium bromide

FCS (Fetal calf serum)

Ficoll™ 400

Glucose

Glutaraldehyde, 25%

Glycerol

Glycine

Serva
SigmaAldrich
Roth
SigmaAldrich
SigmaAldrich
SigmaAldrich
AppliChem
Roth
SigmaAldrich
Serva

Merck

Merck

Roth
SigmaAldrich
Fermentas
AppliChem
Invitrogen
Roth

Agar scientific
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
PAN Biotech
Serva

Merck

Serva

Roth
SigmaAldrich
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Hematoxylin Gill No. 3

HEPES(4-(2-hydroxyethyl}1-piperazineethanesulfonic acid)

Hi sABi ndE resin
Hydrochloric acid, 1M
Hydrochloric acid, 32%
Imidazole

Immersol 518 F

Immersol W2010

IPTG (Isopropydb-D-1-thiogalactopyranoside)

Isopropanol

ITS-G (InsulinTransferrinSelenium, 100x)

Kanamycin sulfate

Laminin-521

Lead citrate, 3% (Ultrostain 2)
Leupeptin

LIM kinase Inhibitor |
Magnesium chloride

Methanol

Narcoren

Nickel sulfate

NonidetP40

Paraplast Plus®

PEI (Polyethylenimine)
Penicillin-streptomycin

PFA (Paraformaldehyde)

P1 (Propidium iodide)

PMSF (Phenylmetharsulfonyl fluoride)
Potassium chloride

Potassium dihydrogen phosphate
Puromycin

PVA (Poly(vinyl alcohol))
Roti-Quant

SDS (Sodium dodecyl sulfate)
Skim milk powder

Sodium acetate

Sodium cacodylate trjidrate
Sodium chloride

Sodium dihydrogen phosphate
Sodium hydroxide solution, 1 M
Sucrose

SuperSignal West Pico
TEMED (Tetramethylethylenediamine)
Thimerosal

SigmaAldrich
Roth

Merck

Fluka

Merck

Merck

Zeiss

Zeiss
Fermentas
Merck

Gibco
AppliChem
BioLamina
Leica

Serva
Calbiochem
Merck

Roth

Merial

Merck
AppliChem
Leica
Polysciences Inc.
SigmaAldrich
Merck
AppliChem
SigmaAldrich
Merck

Merck

PAA
SigmaAldrich
Roth

Serva
Sucofin

Roth

Fluka

Merck

Roth

Fluka

Merck
Thermo Fisher
Roth
SigmaAldrich
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TissueTek® Sakura Finetek
Tris base (Tris(hydroxymethyl)aminomethane) SigmaAldrich
Trisodium citrate Merck
Triton-X-100 Roth
Tween 20 Roth
Uranyl acetate dihydrate Merck
Urea Merck
WesternBright ECL advansta
Xylene cyanol FF Serva
Xylol Merck
Y-27632 dihydrochloride SigmaAldrich
b-mercaptoethanol Merck
2.1.3. Buffers solutionsand media
Commercial buffers and media
Buffer/Medium Source
DMEM, high glucose SigmaAldrich
DMEM/Ha mblg SigmaAldrich
HBSS premixed powder SigmaAldrich
RPMI 1640 SigmaAldrich
10x Thermopo® buffer NEB
Mediakolutions for work with bacteria
Buffer/Solution Ingredients
LB 10 g/L Bacto tryptone autoclaved
5g/L Bacto yeast
10 g/L NacCl
Ampicillin stock solution 50 gL Ampicillin sodium salt sterile filtrated
Chloramghenicol stock solution 34 g/L Chloramphenicol sterile filtrated
IPTG stock solution 1M IPTG sterile filtrated,

stored in the dark
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Buffers/sdutionsfor protein purificatioron Ni-NTA columrs

Buffer/Solution Ingredients
2x Binding buffer 40mM Tris base pH 7.9 HCI
1M NacCl

10 mM Imidazole
0.2% Triton-X-100

Urea binding buffer 6 M Urea pH 7.9, HCI
in 1x binding buffer
2x Wash Buffeii His-Column 40 mM Tris base pH 7.9 HCI
1M NacCl

120 mM Imidazole
0.20 Triton-X-100

2x Elution Buffer 40 mM Tris base pH 7.9 HCI
1M NacCl
2 M Imidazole
0.26 Triton-X-100

2x Strip buffer 40 mM Tris base pH 7.9 HCI
1M NacCl
200 MM N&EDTAXx2H

8x Chargesolution 400 mM NiSO, x 6 H,O pH 7.9

Buffers for protein coupling to CNBr beads

Buffer/Solution Ingredients

Coupling Buffer 100 MM NaHCG; pH 8.3
500 mM NacCl

Blocking buffer 0.2 M Glycine pH 8.0

Wash bufferA 100 MM NaAc pH 4.0
500 mM NacCl

Wash buffelB 100 MM NaAc pH 8.0
500 mM NacCl

Storage buffer 0.4 g/L Thimerosal pH 7.4

in 1x PBS
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Buffersfor antibody affinity purification

Buffer/Solution Ingredients
Washbuffer 1 10 mM Tris base pH 7.5 HCI
170 mM NacCl
Wash buffer 2 10 mM Tris base pH 7.5 HCI
170 mM NacCl
0.02% Tween 20
Wash buffer 3 10 mM Tris base pH 7.5 HCI
500 mM NaCl
0.026 Tween 20
Elution buffer 0.2 M Glycine pH 2.0
0.2M NaCl
Neutralization buffer 1M Tris base pH 8.8
2.4 g/L Thimerosal

Bufferskolutions for SDSPAGE

Buffer/Solution

Ingredients

4x Stacking gel buffer

4x Separatingyel buffer

5x SDS sample buffer

10x SDS running buffer

Amido blackstaining solution

05M
4 g/L

15M
4 g/L

625 mM
125 g/L
12.5%
0.5g/L

50%

0.25 M
1.9 M
10 g/L

1.5 mM
50%
10%

Tris base pH 6.8, HCI
SDS

Tris base pH 8.8, HCI
SDS

Tris base pH 6.7, HCI
SDS

b-mercaptoethanol

Bromophenol blue

Glycerol

Tris base
Glycin
SDS

Amido black 10B
Methanol
Acetic acid
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Buffers for western blotting

Buffer/Solution Ingredients
Transfer buffer 50 mM Tris base
384 mM Glycine
0.1g/L SDS
20% Methanol
10x TBS 0.25 M Tris base pH 7.4, HCI
1.4M NaCl autoclaved
26.8 mM KCI
TBST 0.1% Tween 20
in 1x TBS
Blocking buffer 50 g/L  Skim milk powder
0.1% Tween 20
in 1x TBS
Solutions for mouse work
Buffer/Solution Ingredients
Induction solution 2 g/L  Doxycycline
50 g/L Sucrose
Physiological salingolution 9g/L NaCl
Narcoren working solution 1:50 dilution of Narcoren

Bufferskolutionsfor epon embedding

in physiological saline solutiol

Buffer/Solution Ingredients

Epon 4.6 g Epon embedding medium
2.85 g Hardener DDSA
2,51 g HardeneMNA
0.15 g Accelerator DMP30

Mix medium and hardeners
and stir for 20 min, add DMP
30 and stir for another 20 min
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Buffers for DNA isolationand genotyping

Buffer/Solution Ingredients
Tail buffer 100 mM Tris base pH 8.0, HCI
200 mM NacCl autoclaved
5mM Na&EDTA x 2 HO
2g/L SDS
TE buffer 10 mM Tris base pH 8.0, HC
1mM N&EDTA x 2H,0 autoclaved
50x TAE buffer 2 M Tris base pH 8.0,
0.1 M N&EDTA x 2H,0 aceticacid
5x DNA loading buffer 50 mM N&aEDTA x 2 H,O pH 8.0
1.25g/L Bromophenol blue
or xylene cyanol FF
1.5 g/L Ficoll type 400
59g/L SDS
Buffers fortissue and celfixation
Buffer/Solution Ingredients
4% PFA 40 g/L PFA pH 7.4

2% Glutaraldehyde 1:125

Caco buffer 0.1 M

Sucrose buffer 180 g/L

solve in watemwith some drops
of 1 mM NaOHaddedunder
heating to 60 °C; add 10x PB.
after complete dissolving

dilution of Glutaraldehyde,
25% in Cao buffer

Sodium cacodylatérihydrate

Sucrose
in 1x PBS

pH 7.4

pH 7.4

pH 7.4
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Buffers forimmunofluorescence staining

Buffer/Solution Ingredients
Retrieval buffer 10 MM NaC3H5(COO% x 2 H,O pH 6.0
Histoblock buffer 20g/L BSA pH 7.4
0.1% Triton-X-100
in 1x PBS
3% BSA buffer 30g/L BSA pH 7.4
in 1x PBS
Permeabilization buffer, cells 0.1% Triton-X-100 pH 7.4
in 1x PBS
Permeabilization buffetjssue 0.3% Triton-X-100 pH 7.4
in 1x PBS
DAPI staining buffer 0.17 mg/L DAPI pH 7.4
in 1x PBS
Mounting buffer 0.1 M Tris base pH 8.0, HCI
100 g/L PVA
25 g/L DABCO
25% Glycerol

Mix PVA in 50% dycerol o/n;
solve @50 °C after addingn
equivalent amount of 0.2 M
tris base the next dajdd
DABCO, centrifuge (00g,
15min) and aliquot.
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Bufferskolutions for podocyte isolation and FACS

Buffer/Solution Ingredients
Bead slurry 40 uL Dynabeads Mi50 pH 7.4
in 8 mL HBSS per mouse
Digestion buffer 4 mg Pronase E pH 7.4
4 mg Collagenase Il
200 U DNase | stock solution

in 4 mL

Bead slurry in digestion buffer 10 yL

in 2 mL
FACS buffer 0.2
P1 stock slution 1g/L

HBSS per mouse

Beads M450 tosylactivated pH 7.4
Digestion solution per mouse

FCS pH 7.4
in 1x PBS

Propidium iodide

Buffersand medidor work with cells and coatings

Buffer/Solution Ingredients

10x PBS 1.27M
27 mM

147 M

80.9 mM

Primary podocytgrowth 90%
medium 10%
10 mg/L

5.5 mg/L

0.67 ng/L

1000 unit

0.1g/L

1x PBS* 0.9 mM
0.5 mM

NaCl pH 7.4
KCl

KH,PO,

NaHPO, x 2 H,0

DMEM/Hamés F12
FCS

Insulin

Transferrin

Sodium glenite

Penicillin

Streptomycin

CaCl, pH 7.4

MgCl, x 6 H,0
in 1x PBS
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Buffers for cell lysis

Buffer/Solution Ingredients
Lysis buffer A 150 mM NacCl pH 7.9
20 mM HEPES
0.6% NonidetP40
10 pg/mL  Aprotinin
10 pg/mL  Leupeptin
100 uM Cantharidin
1mM PMSF
Lysis buffer B 690 mM NaCl pH 7.9
80 mM HEPES
3mM MgCl; x 6 H,O
10 pg/mL  Aprotinin
10 pg/mL  Leupeptin
100 uM Cantharidin
1 mM PMSF
50% Glycerin
Urea lysis buffer 6M Urea pH 7.4
1% Triton-X-100
in 1x PBS
2.1.4. Enzymeskits and markers
Enzymes
Enzyme Source
0:25% TrypsiREDTA solution SigmaAldrich  T4049
Accutase SigmaAldrich  A6964
Collagenase 1A SigmaAldrich  C9891
Collagenasd@ypell Worthington LS004176
DNase | AppliChem A3778
Pronase E Merck 1074330001
Proteinase K Roth 7528.2
Tag DNA Polymerase NEB MO267L
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Kits
Kit Source
PlasmidPlusMidi Kit Qiagen
RhoA/RaciCdc42 GLISA Activation Assay Bundle Cytoskeleton
Markers
Marker Source
2-log DNA ladder NEB
PageRuler prestained protein ladder Thermo Fisher
2.1.5. Antibodiesand peptides
Primary antibodies and peptides
Name Immunogen Species Dilution Source
antrAbra Abra m Rabbit 1:100 (WB) Own Lab
polyclonal
anti-Arl4c Arldc m Rabbit 1:100 (WB) OwnlLab
polyclonal
Cdc42 (P1) Cdc42 h, m, r Rabbit 1:100 (WB) Santa Cruz
polyclonal SCG87
Alexa Fluor™ F-actin / 1:40 (IF) Invitrogen
633 phalloidin 1:40 (IFCryo) A-22284
Anti-GAPDH GAPDH h, m, r Rabbit 1:25000 (WB) SigmaAldrich
polyclonal G9545
BMOS8 Lmx1b m Rabbit 1:1000 (WB) Own Lab
polyclonal
PhospheMyosin  Phosphe h, m, r Rabbit 1:100(IF) Cell Signaling
Light Chain 2 Myosin Light polyclonal #3671
(Ser19) Chain 2
(Ser19)
Podocin Podocin h, m,r Rabbit 1:500 (IFP) SigmaAldrich
polyclonal P0372
Racl(C-14) Racl h, m, r Rabbit 1:100 (WB) Santa Cruz
polyclonal SG217
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RhoA (67B9) RhoA h, m, r Rabbit 1:1000 (WB) Cell Signaling
monoclonal #2117
Anti-SM22 alpha Transgelin h,m,r Goat 1:500 (WB) abcam
polyclonal 1:100 (IF) ab10135
1:200 (IFP)
LEAF™ Purified  Trinitrophenol Rat 1:320 (IF) BioLegend
Rat IgG2, k + KLH monoclonal 1:200 (FC) 400516
isotype ¢rl lgG2a,k
Anti-l nt e g r bl-integrin h, m,r Rat 1:200 (FC) Merck Millipore
antibody, clone monoclonal MAB1997
MB1.2
Purified Rat Anti  bl-integrin, Rat 1:50 (IF) BD Bioscience
MouseCD29 active monoclonal 1:100 (FC) 550531
(9EGT7) 19gG2a,k
Secondary antibodies
Immunogen Conjugate Species Dilution Source
Goat IgG Alexa 488 Donkey 1:600 (IF) Invitrogen
A-11055
Goat IgG Alexa 568 Donkey 1:600(IF) Invitrogen
A-11057
Goat IgG HRP Rabbit 1:80000 (WB)  SigmaAldrich
A5420
Rabbit 1IgG Alexa 568 Donkey 1:600 (IF) Invitrogen
1:600 (IFP) A-10042
Rabbit 1gG HRP Goat 1:200000 (WB) SigmaAldrich
A0545
Rat 1gG Alexa 568 Goat 1:200 (IF) Invitrogen
A-11077
Rat IgG Alexa 647 Goat 1:200 (FC) Invitrogen

A-21247
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2.1.6. Oligonucleotidegor genotyping
Gene Primer Sequence Amplicon
Cre forward TGGACATGTTCAGGGATCGC

reverse TCAGCTACACCAGAGACGGA 613 bp
Lmx1b, forward AGGCTCCATCCATTCTTCTC 220 bp WT)
floxed reverse ~ CCACAATAAGCAAGAGGCAC 330 bp TG)
mTmG forward CTCTGCTGCCTCCTGGCTTCT

reverse ty CGAGGCGGATCACAAGCAATA 250 bp TG)
P2.5Cre forward GGTTGGCACCCCTCTAGCATGACATTAGGA

reverse TCATCACTCGTTGCATCGACCGGTAATGCA 364 bp
rTA forward GCAAGACTTTCTGCGGAACA

reverse GAAAAGGAAGGCAGGTTCGG 340 bp
Transgelin forward CTCAGAGTGGAAGGCCTGCTT
(WT) reverse CACACCATTCTTCAGCCACA 276 bp
Transgelin forward CTCAGAGTGGAAGGCCTGCTT
(KO) reverse GGCGATCCCTGAACATGTCC 220 bp

2.1.7. Plasmids and cell lines

Plasmids
Plasmid Bacterial strain Resistance Source
pcDNA3 DH5a Amp Invitrogen
pcDNA3/mAbra DHb5a Amp Own lab
pcDNA3/mArl4c DH5a Amp Own lab
pET21la/mAbreHis Rosetta pLysS Amp/Cam Own lab
pET21a/mArl4eHis Rosetta pLysS Amp/Cam Ownlab
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Cell lines

Cell line/ Description Source
bacterial strain

HEK239T human embryonic kidney cell line ATCC
Expression of SV40 large-dntigen
hPCL human podocyte cell line hPCL fromM.A.
pinducerLMX1B  Transducedvith pInducerLMX1B in own lab; Saleem (University
clone#l expression of Lmx1b upon doxycycline induction  of Bristol); (Saleem
et al., 2002
DH5a Escherichia colstrain DSMZz

Competent strain used for mammalian plasmid
reproduction

Rosetta (DE3) Escherichia colstrain Thermo Fisher
pLysS Suitable for protein expression due to T7 polymer:
T7lysozyme and rare tRNA exession

2.1.8. Equipment andnistruments

Equipment / Ingument Source
Absorbance microplate read@rSunr i s e o TECAN
Agarose gel el ectrophoresi s c¢ h Gibco
Agarose gel el ect rMEpsyGast'dids ¢ h Thermo Fisher
Autoclave 2540 MLO Tuttnauer
Autocl ave A5050 ELVO Tuttnauer
Blottingchamber ATank Bl ot SE 6000 Hoefer
Bunsen burner Usbeck
Cell separatiof magnet @l Magn BDBioscience
Cell sortdrl 0ARFACSATri a BD Bioscience
Centrifu®gee6nXPanwi-lDh rotor Ja Beckman Coulter
Centrifuge AHeraeus Pico 170 Thermo Fisher
Centri fuge @Hi t aithihotor TR5AGG2041 CT 1 5 VWR
Centrifuge -RMuwiti huget 8r LCh. 2 Heraeus
CentrifuflediiScelgmaK2006 with r ot Sigma
Chemil umi nescendX¥7" system AFusi VilberLourmat
COi ncubator ACB2100 Binder
Cryostat ACM3050so0 Leica
Digital slide sx@inner ANanoZo o Hamamatsu
Freezers20 °C Privileg
Freezers8 0 AC fAH®rafreeze Thermo Fisher

Gel dbcumentatiosy s t e m A'XeRI+Do ¢ Bio-Rad
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Gel

el ectrophoresis ¢
Glassware (beakers, bottlégsks)

el |

fi

Mi

ni

Heating plate with a magnetic
Hybridizatid@O@®0oven fAHB
Hybridization oven AO0OV30

Ice machine

I ncubator AKelvitron t"

I ncubator AMultitron standardo
I nverted microscope fAEclipse T
Laboratory pH Meter ACG 842"
Laminar fl ow bench fiLamin Air
Liquid nitrogen container AArp
Mi crot ome ARM2255"

Mi crowave fA8016 G"

Multi-di spenser “@Hacdy 8hép o

Neubauer counting chamber (depth 0.1 mm)

Paraffin embedding module AEG1
pH el ectrode ASenTix 60"

Pipettes

Pipettor Al PS Pipetboy acuo
Power suppiyi PS 608"

Power supply AStandard Power P
Refrigerators

Rocking platform shaker fADuoma
Rocking platform shaker #APol yn
Spectrophot onfé2®00d NanoDr op
Spectropheed0d'met er AU

Ti ssue pr-be2868or ATP

Ther mal cycler AMastercycler g
Ther mal cycler AMyCycl er TMO
Thermal <cycler AT1000
Transmission electron microsco
Ultrapurewat er unit ASeral pur PRO 9
Vacuum gas pump

Vertical gel electrophoresis ¢
Vortexer

Wei ghing scale ABL 1500 So

Wei ghing scale AKern 7700

Bio-Rad
Schott; VWR
Heidolph

UVvP

Biometra
Ziegra
Thermo Fisher
Infors

Nikon

Schott
Heraeus

Air Liquide Medical
Leica

Privileg
BRAND
Marienfeld
Leica

WTW

Gilson

Integra Bioscience
life technologies
Biometra
SEG, Privileg
Heidolph
Heidolph
Thermo Fisher
Hitachi

Leica
Eppendorf
Bio-Rad
Bio-Rad

Zeiss

Seral

VWR

Bio-Rad

VWR
Sartorius
KERN & Sohn
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Epifluorescence microscope

Name Source
Microscope Axiovert 200M Zeiss
Light source LEJ (HXP-120) Visitron Systems
Objectives Ultrafluar, 40x/0.6 Zeiss
Camera CoolSnap ES Visitron Systems

Epifluorescence microscope with motorized-gtgge

Name Source
Microscope ObserverZl Zeiss
Light source Colibri.2 Zeiss
Objectives EC PlanNeofluar 10x/0.30 Zeiss
Camera Axiocam MR R3 Zeiss
Confocal microscope
Name Source
Microscope Observeizl Zeiss
Laser 405 nm diode laser, LSM710 Zeiss
488 nm,Argon multiline, LDN301 Lasos
561 nm, DPSS laserSM710 Zeiss
633 nm, HeNe laser, LSM710 Zeiss
Objectives PlanApochromat 20x/0.8 Zeiss
LD C-Apochromat 40x/1.1 W Zeiss
C-Apochromat 63x/1.20 W Zeiss
Detection nodule LSM BiG Zeiss
Additional Active gas mixer HfAThe Ibidi
equipment Stagetop ncubak@ AHT Ibidi



MATERIALS AND METHODS

51

2.1.9. Softwareand tools

Software

Software Version Purpose Company

Bio 1D 15.07 WB quantification Vilber Lourmat

EndNote X7.1 Citation and references Thomson Reuters

Excel Office 2010 Data processing Microsoft

FCS Express 6.05 Flow cytometry processing De Novo Software

Fiji (ImageJ) 1.51s Image processing National Institutes
of Health

FileMaker Pro 6 Database FileMaker, Inc.

Fusion 15.18 WB imaging Vilber Lourmat

ImageLab 5.2 Gel documentation Bio-Rad

Inkscape 0.92.2 Image processing /

Magellard™ 7.2 Photometric measurement TECAN

NanoDrop 2000/2000c 1.6 Photometric measurement. Thermo Fisher

Operating Software DNA quantification

OriginPro 9.0.0 SR2 Data processing, diagrams OriginLab

SnapGene Viewer 4.1 Genédplasmid handling GSL Biotech, LLC

VisiView 214 Image recording Visitron Systems

Word Office 2010 Microsoft

ZEN 2011 SP3black edition) 8.1 Image recording Zeiss
Microlmaging

ImageJplugins

Plugin Version Authors

ADAPT 1.185 (Barry et al., 201p

JACoP 2.11 (Bolte andCordelieres, 2006

NDPI Tools 1.7.2 (Deroulers et al., 2033

Scientifig 3.1 (Aigouy and Mirouse, 2013

Internet databases atmbls

Name Internet address

BLAST https://blast.ncbi.nim.nih.gov/Blast.cgi
ensembl http://www.ensembl.org/index.html
Primer 3 http://primer3.ut.ee/

PubMed https://www.ncbi.nlm.nih.gov/pubmed/

UCSC Genome Browser

https://genome.ucsc.edu/
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2.2. Working with bacteriaand recombinantrptein purification

2.2.1. Cultivation andrecombinanprotein expression

Longterm storage of bacteria washieved by freezingellsin LB medium with glycerol
(6:1) at-80°C. All mediaand glass vesselgere autoclavedvhile antibioticsand IPTG
were sterile filtered before uselnoculation of cultures was carried out under sterile
conditionsnear the flame.

Cultures for plasmid isolation were directly inoculated with a small amount of bacteria and
grown overnight at 37C under constant shaking 50mL LB medium supplemented with
0.5 mg/mL ampicillin.

In case of protein expression culturdsnL of LB mediumsupplemented with appropriate
antibiotics (0.5mg/mL ampicillin, 34 ug/mL Chloramphenicol)was inoculated with a
small amount of frozen bacteria and growrBa@t’C and constant agitation for approxh.5
Main cultures(450mL) were inoculated with a dilution of 1:100 out of preparatory
cultures. OD values were measuffegquentlywith a spectrophotometext 550nm after
diluting 0.5 mL of bacterial cultures 1:2 in LB mediumfter reaching an OD of 0.5 the
cultureswereallowed to cool to RT and protein expression was induced by addimng 1
IPTG. Protein expression was conducted at 87 (pET2la/mAbréHis) or 25°C
(pPET21a/mArl4eHis) overnight.

2.2.2. Plasmid DNA isolation

Preparation of plasmid DNA wasarried outwith the Qiagen Plasmilus Midi Kit. At
first, overnight cultures were centrifuged4€200g for 15min at 4°C. The cell pellet was
resuspended in #L chilled buffer P1 by pipetting up and down. Aftemslg 4 mL of
buffer P2 was addednixed thoraighly and incubated for 35 min at RT. After adding
buffer S3 (4mL) and mixing the lysatewas immediately transferred into a seafiigr
cartridgeand incipated for 10min. The lysate was filtered, AL buffer BBwasadded and
the clear solution was inverted several times. The solution was drawn through a spin
column by applying vacuum. The bound DNA was washed withml. buffer ETR and
0.7 mL buffer PE bycentrifugation(10000g, 1 min). After spinningthe dry column once
more, the plasmid DNA wasncubated for Inin with 200uL buffer EB and eluted by
centrifugation. The DNA concentration was measured withe NanoDrop
spectrophotometer.
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2.2.3. Recombinanprotein purificatoru s i ng Hi sABi nd col umi

After determination of the OD the cells were pelleted by centrifugati@®@4, 10min,
4 °C) and resuspended in a volume ofocdd 1x binding buffer calculated bgquation(p).
PO whoaoo0i Q
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The cell suspension wégsed by five cycles of sonication (30each)nd cooledn an ice

bath betweertycles The lysate was e nt r i f u @,dmin( 4°©), the Gupernatant
was collected and storedo dissolve the pellet, it wafirst washed 3x withlx binding

buffer and then resuspended uneabinding bufferwith half the wlume calculated with
equation(p). The suspension was dissolved overnight while shaking on a rotating wheel at
4 °C. Remaining insoluble material was removed by drrgation (10000g, 30min,

4°C).

For protein purification a H&ind column was freshly prepare?imL of resin slurry was
filled into a prewetted gravity flow column and allowed to settle down to yieldL1bed
volume. The column was never allowed to dry out and washed with 3x bed vdiu®e
activated with5x bed volume chargsolution and equilibrated with3x bed volumeurea
binding buffer. To bindthe Histagged proteirio the resin, the resin was removed from the
coumn and incubated with the protein solution fdn 4t 4°C on the rotating wheel. féer
centrifugation (1000g, 3 min, 4°C) the resirpellet was resuspendedunea binding buffer
and loadedagain on the column. The column was washed with @& volune urea
binding buffer and 6%ed volume 1x wash buffeontaining 6 M ureaElution was carried
out with 1x elution buffer supplemented with 6 M urea and six fractions were collected
with 0.5xbed volume each. The column was washed and regenerated viigd olume
H,O and 3xbed volumestrip buffer and stored in strip buffer af@. To analyze which
fractions contain the purified recombinant protein, SEXSGE wasperformed

2.3. Working with proteirs

2.3.1. Determination of protein mass concentration

Bradford assayasperformedfor fast estimation of wholgrotein content in solution3he
assay was conducted on-@@ll plates. First, a BSA standard curve (b6g/L, 80mg/L,
40mg/L, 16mg/L and 8mg/L) was diluted in water using a §fl. BSA stock solution.
Samples to be analyzed and blanks containing onlgdhglebuffer were dilutedin the
range 0f1:10 and 1:200n water. 5QuL/well of BSA dilutions, protein samples and blanks
(buffer and water only blank) were pipetted in doublets on thevébplate. The dluted
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Roti-Quant reaction solutiorl(4 dilution,200puL/well) was added in fast succession with
a multidispenser, air bubbles were removed and the absorbance was measured with
450 nm and 59%m filters after a reaction time of 5 10 minutesIn case blank corrected
450/595 ratioof samplesvere not in the range of the standard curve, dilution was adjusted
accordingly. To receivethe mass concentratio(b) of protein in the sample, ratios of
absorbance at 45m to 595nm was calculated and corredtby the respective blank ratio.
Linear regression of the standard curve yieldedlope and yntercept and the mass
concentration could be obtained according to equ&gpn
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2.3.2. Separation of proteins and peptides

Separation ofproteins and peptides waschievedby SDSPAGE. Different sizes and
polyacrylamide concentrations were used according to the size and amthetrotein of
interest.Small proteis < 20kDa were separated on %b5gels, proteins between 20 and
50kDa with 12% els and larger proteins with0% gels.Gels were cast at least one day
before electrophoresigccording toTable 2.1 for mini gels andTable 2.2 for maxi gels.
TEMED and APS were added at last to the mixtures and separation gel was then
immediately poured intthe apparatusand covered with a smdlhe of isopropanol. Tie

gel was allowedto polymerizeat least 45min before isopropanol was decanted and
stacking gel was added on top followed by insertiora @bmb. After 45min, gelwas
wrapped into wepaper towels and aluminum fa@ihd stored at 4C.

Gels were mounted into separation chambers and fi#d 1x running gel buffer. One

part 5x loading buffer was addedftaur parts of protein solutioand boiled for 10 15min
afterwards. After short cooling and centrifugation, a maximum qil36r mini gels and

80 L for maxi gelswereloaded ito gel pockets.For estimation of protein sizesi 24 uL

of prestained protein marker was us&gparation was conducted by applying a voltage of
150V for mini gels and 50¥ for maxi gels while stirring and in the case of maxi gels
cooling to 10°C. After the run, stacking gel was removed and gel was either used for
western blding or stained with amido black staining solution forrih. Destaining was
conducted with water by several cycles of heating in the microwave and mild shaking for
approx. 30min. Gelswere digitalized with a scanner.
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Table2.1: Amounts forthe casting of mini gels. For separation gels, Ml2was used and 2r8L

for stacking gels.

Gel Ingredients
4% stacking gel 0.75 mL 4x stacking gel buffer
1.82mL HO
0.40 mL Acrylamide, 30% / Bisacrylamide, @@8solution
2.25uL TEMED
22.5puL APS,100 g/Lsolution
10% separation gel 2.50nL 4x separatiomel buffer
4.10mL H,0O
3.33mL Acrylamide, 30% / Bisacrylamide, @@solution
5uL TEMED
50uL APS, 100 g/L solution
15% separation gel 2.50mL 4x separation gel buffer
2.44 mL H,O
5.00 mL Acrylamide, 30% / Bisacrylamide, @8solution
5uL TEMED
50 uL APS, 1% solution

Table2.2: Volumes of componentssed for casting maxi gels. B8 were used for separation gels

and 10mL for stacking gels.

Gel Ingredients

3.00 mL
7.30 mL
1.6 mL
9 uL
90 pL

4% stacking gel

7.50mL
10.33 mL
12 mL
15 L
150 pL

12% separation gel

7.50mL
7.33mL
15 mL
15 L
150 pL

15% separation gel

4x stacking gel buffer

H,O

Acrylamide, 30% / Bisacrylamide, @@8solution
TEMED

APS, 100 g/Lsolution

4x separation gel buffer

H,O

Acrylamide, 30% / Bisacrylamide, @/8solution
TEMED

APS, 100 g/L solution

4x separation gel buffer

H,O

Acrylamide, 30% / Bisacrylamide, /8 solution
TEMED

APS, 100 g/L solution
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2.3.3. Western botting

Quantification of the relative amount of specific proteimas carried outby western
blotting. Western blding was carried out using wet blotting technique aftd45um pore

size PVDF membrane.X3-PAGE gelandsix pieces of cropped Whatman 3MM papers
were equilibrated in transfdyuffer for 15min. PVDF membrane was activatedndin in

pure methanol and afterwardlso equilibratd. To transfer protein, a stack of 3 Whatman
papers, the gelthe PVDF membrane and again 3 Whatman papers was build and air
bubbles were removedThe stack was then put between porous sponges and mounted into
the transfer chambevith themembrane orientated towards the anode

The transfer waschievedunder stirringof transfer bufferand cooling to 10C with a
current of 1A for 2:20h. After the runthe membrane wasropped into several pieces if
desiredand marked at the right top gal of each fragmentor reduction of unspecific
binding blocking wagperformedfor 30 min with skim milk blocking buffer at RT. The
primary antibody was diluted in blocking buffer and incubated with the membrane under
constant agitation overnight. The nelay membrane waswilled 2x and washedx with
TBS-T (2x 5min and 2x 10min). The appropriate secondary antibadliR P-conjugatewvas
diluted in blocking buffer and incubated for Abn at RT under constant agitation. After
again2x swilling and4x washing(5 min) with TBST the blot was finally washed with 1x
TBS for 5min.

Protein was detected using chemiluminescence reactions catalyzed by.uRophore
and oxidation reagenwere freshly mixed 1:1 and incubatednin with the membrane.
Afterwards sigral was measured with appropriatesolution and exposure time in the
A FusHXo7/nd c¢ h a mbvas quantiBedigtmtiael softwareBio 1D by measuring the
intensity of bands within a defined arédter blank correction signals were normalized to
glyceraldehyde8-phosphate dehydrogenaggapdl) as an internal standarth casethe
membrane was probed twiseveral antibodies, chemilumicest reagents were washed
out with TBST andthe nextprimary antibody was incubated forh2at RT followed by
washing and incubatiowith secondary antibodgsdescribed above.
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2.3.4. CNBr-activated SepharoséB coupling

Before proteis were covalently bound to CNExctivated Sepharose 4eads, interfering
small molecules were washed out by dialy8iglialysis cassetteraswetted 2min in H,O
and protein solution was injected with a syringe afterwards. Adteovingair bubbles the
proteirs weredialyzedthree times against Ol4dcoupling buffer for zh, 4 h and overnight
at 4°C. The next dayhe dialyzed sampl@astransferred ito a micro tubeAs proteins at
least partly precipitatedan appropriate amount of 160 SDS in coupling buffer was
added to yield ®/L SDS and boiled until albf the protein was dissolved. The solutions
were allowed to coadownto RT.

A properamount of beadsvas swollen in 10mL HCI (1 mM) solution for 30min and
loaded nto a gravity flow column.1 mL bedvolume of beads was used fof 30 mg of
protein. After washingoeads6x with 10mL HCIl (1 mM) solution and 1x with 2mL
coupling buffer supplemented with §/L SDS they were immediatelynixed with the
protein solution and put on the rotating wheel overnight &€.4The next day bound
protein was washed with 3L 1x coupling buffer containing &L SDS and afterwards
with 20mL caoupling buffer without SDSRemaining unreacted groups were blocked with
blocking buffer for 2h at RT. The column was washed in 3 cycles witimlOwash buffer

A and 10mL wash buffer B, followed by washing with b@L coupling buffer and 1énL

1x PBS. Finly, the column was stored in OgAL thimerosal in 1x PBS at4C.

2.3.5. Antibody dfinity purification

For dfinity purification of antibodiesrabbit seia and the antigen bound CNBr sepharose
columrs wereused. Both 9 mL of antrAbra and antiArl4c serum waspurified. The
column was washed with 10x bed volume 1x PBS and mixed with the antibody serum.
After incubation on the rotating wheel overnight &4unbound material was washed out
with 10x bed volume buffer 1, 10x bed volume buffer 2, 10x bed volumierb8fand
finally 10x bed volume buffer 1The atibody was elutedn five cycleswith 1x bed
volume elution buffer into micro cups containing 0.2x bed volume akzdtion buffer and
stored at-20°C. The column was washed with 10x bed volume 1x PBS storkd in

0.4 g/L thimerosal in 1x PBS at“C. Elution fractions were analyzed by SPBGE.
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2.4. Working with mice

2.4.1. Mousetransgenes

LC-1
LC-1 is a transgene with direct control of luciferase @nelrecombinase expression under
the promoter Rbi-1 (Schonig et al., 2002 This bidirectional promoter consistof seven
tetOrepeats flanked by two hCMV derived minimal promoters and is activated upon rtTA
binding.

Lmx1b, floxed

In this transgenic mouse linewo loxP siteswere introducedinto intronsdownstream of
exon 4 andupstream of exol of the endogenous murihenx1lb(Suleiman et al., 2007
Cre recombinase expression results in aframe deletion of exondi 6, containing the
homeobox sequer. Mice werekindly provided by R. Johnson.

mTmG

The reporter constrienTmGcomprises of membrartargeted versions of tdTomatmT)

and an EGFRmG) under the controbf a chickenb-actin core promoter with a CMV
enhancer(Muzumdar et al., 2007 tdTomatoand a downstream polyadenylatigpA)

signal are flanked by loxP sites. This construct results in mT expression in all kinds of
tissue uder normal conditions. In caser&Crecombinase igxpressed, mT and theAp
signal are cubut and expression of mG starts. This construct enables to mark specific cell
types with green fluorophores by specific promoter contrdllesl expressionMice were
kindly provided by T. B. Huber.

P2.5 Cre

The exprssion cassette for P1 bacterioph&ije recombinase is regulated by a Rifp
promoter fragment of the humaNPHS2gene(Moeller et al., 2008encoding the protein
podocin. TheNPHS2promoter is exclusively active in podocytes. The recombinase
excisedlanked byloxP (floxed)gene sequencesd for this reasqmpodocytespecific gene
deletions can be obtained.
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P2.5 rtTA

ThertTA gene (reverse tetracyclio®ntrolled transcriptional transactivator) is derived and
modified from theE. coli tetracyclineresistance operon. The encoded protein is able to
bind totetO and activate transcription only if tetracyclines (e.g. doxycycline) are present.
The gene was put under the regulatory control of a 2.5 kbp fragment of the NERH&?
promoter(Shigehara et al., 2003

SM-CreER (ki)

A construct encodindor the CreER?, an SV40 polyadenylation signal and a neomycin
resistance gene was integ@tirto the Sm22 locus resulting in &n®2 promoter driven
CreER? expression whilerainsgelin expression is abolishéiihbandner et al., 2000
CreER? is aCre recombinase fused to a mutant estrogen ligand binding doresiriting

in an inactive protein in the absencetaoxifen. In this work this mouse line was used as
aknockout mouse model, the CreERprotein was never activated with tamoxifen.

2.4.2. General handling and breeding

The mice are bred iaurostandard type Il and Il cagé a conventional animal laboratory
of the University of Regensbur@ffspring was marked by fopad tattoos and tail biopsied
47 21 days aftebirth and separated from the motlad 91 28 days of age. Animals had
unlimited access to drinking watercaoomplete food in a 12 daynight cycle.

2.4.3. Genotyping

DNA isolation

Mouse biopsiesvere digested with 0.g/L proteinase K in 70QiL tail buffer overnight in a
hybridization oven at 50C under rotation. The next day samplegsrg vortexed and
centrifuged(10000g, 30min, 4°C) to remove remaining insoluble materi&hereafter

600puL isopropanol was added to the supernatant in a fresh mialoand it was
vigorously inverted to precipitat D NA . Af ter cewt30mii, 4Ept i on
swernatantwas sucked off and %0 ethanol (50QuL) was added. The vial was inverted
several times and centrifuged @@0g, 15min, 4°C) again. Finally ethanol was
discarded DNA was completely dried at 4C for at kast 30min and resolved in

30- 200pL TE buffer overnight in a hybridization oven at %0.
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PCR

Mouse genotypindor all six transgenewas realizedby PCR. In all case®.5uL DNA

was diuted with DNA free water to 2QL in a 0.2mL micro tube. Additionallya positive
control of a known samplend a water control were also prepared. The master mix
containing the appropriate primers was freshly prepamedrdingto Table 2.3 and 5pL

was added to every sample. Immediately adtguick mix samplesvere put into a thermal
cycler andthe PCR program was startetiaple 2.4 and Table 2.5). After the program
finished samples were kept at 42 °C. A complete list of the primers can be found in
chapter2.1.6

Table 2.3: Master mixes for genotyping mousarnsgenes Cre, Lmx1b floxed, mG, P2.5Cre,
rTA, andSm22(KO).

Ingredients Volume for all transgene Volume for transgent
except P2.%re P2.5Cre
10x Thermopol buffer 2.5 uL 2.5 uL
DMSO / 0.75 pL
Primer (100 puM) each 0.15 pL 0.1 pL
dNTPs (10 mM) 0.5 puL 1.0 uL
Taqg polymerase 0.25 uL 0.25 UL
H,O ad5 pL ad5 pL

Table2.4: PCR protocols for all transgenes except P2.5 Cre

Step T t Comments
Melting DNA 94 °C 5 min
Melting anplicon 94 °C 30s
Annealing variable 1 min * 58 °C:Lmx1b floxedrtTA
% 61 °C:mTmG Cre
o 63 °C:Sm22(WT), Sn22 (KO)
L0
Elongation 72 °C variable @ 45 s:Lmx1b floxedrtTA
60 ssmTmG Cre
20 s:9m22 (WT), Sm22 (KO)

Final elongation 72 °C 5 min
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Table2.5: PCR protocol for P2.5 Cre

Step T t Comments
Melting DNA 94 °C 3 min

Melting amplicon 94 °C 45s o

Annealing 55 °C 45s _%

Elongation 72 °C 2 min @

Final elongation 72 °C 10 min

Agarose gl electrophoresis

5x DNA loading buffer was added to PCR sampdesl mixed well.In case the desired
PCR amplicon was 800bp, xylene cyanol FF was usedadye, for amplicons 300bp
bromophenol blueA 2% agarosegel was made by solving @ agarose in 156L 1x TAE
buffer by heatingin a microwave oven.For DNA visualization the ntercalation dye
ethidium bromide (6QuL/gel) was addedThe liquid was casin the apparatughe combs
were added and remaining air bubbles removed. After appraxir86f cooling at RT gel
becamesolid and 12uL PCR product with loading buffer was addper well. The 2-log
DNA ladder was used for size estimati@hectrophoresis was conducted in 1x TAE buffer
at aconstantvoltage of 150/. DNA bands were visualized and documented by ultraviolet
illumination in the GelDot" system.

2.4.4. Collectionandanalysisof urine samples

Collection ofurine

Urine samples of animals youngyan 21 days and samples taken the day of mouse
perfusionwere spontaneoug voided urinesamples(spot urine). At all otheroccasions
urine was taken over 2dby keeping aimals separately in a specialized cage for one day.
Spot urine samples from animals tested for survival were taken (if possibtily 4, 10

and 21 after birth. Additionally24 h urine was taken at the age of 6 and 13 weeks. Spot
urine at the day of pfrsion was taken from all animals regardless of experimental series.

Quditative and guantitative urine analysis

For qualitative determination of urinaryproteing SDSPAGE with 1uL spot urine ora
1:500 volumedilution in waterof 24h urine wasconducte. For a rough estimation of
urine albumincontent,differentBSA amountg1, 3, 10 and 3Q1g) were loaded on the first
four lanes. Therotocol for SDSPAGE isdescribé in chapter2.3.2
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The quantitative protein content was measuusthg the Bradford testwith a sample
dilution of 1:20, aslescribed in chapté:.3.1

The urine creatinine mass concentration was determined by the Jaffe reaction. Because of
urine volume limitations, urine creatinine was measured only once witlivéell in a 96
well plate. Urine was diluted to 90 with water (1:10)whereasvater blank (50 pL) and
a creatininestandard curvé€30, 15, 7.5 and 3.7@g/L) were pipetted in doublets. 150
of the master mixTable2.6) was added in fast succession. Aftemdi@ reaction timethe
colorimetric product was measured spectrophotometricady 540nm. To calculate the
mass concentratioof sampleslinear regression of the standamgrve was calculatedand
mass concentration was obtainesingequation(o).
wE i w Qe o0QI waQr

I ol Q0o QEXBAD Q0D & £ — (o)
I aegnQ

Table2.6: Master mix for Jaffeeaction for one urine sample

Volume Ingredients

50 uL 1.2 M Trichloroacetic acid

50 uL 35 mM Picric acid

50 pL 1.6 M Sodium hydroxide solution

2.4.5. Induction ofLmx1bknockout

The inducible podocytepecificLmx1bknock-out mouse linereceived2 g/L doxycycline

in the drinking water to induc€re expression. Normal drinking water was replaced by
induction solution containing doxycycline and sucraséhe morning 7 days before animal
perfusion. The solution wdseshly prepared every two dagad adnmistered in lightproof
bottles in excess.
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2.5. Working with kidney sections

2.5.1. Kidney perfusionfixation

Mice were first weigbd and spoturine was taken beforanesthetizingby two
intraperitoneal injectiong0.07-0.12mg per gram body weight for 8-day old animals,
0.12 -0.15mg pergram bodyweightfor adult animalysof Narcoren working solutionTail
biopsies were taken for 4genotyping After opening theperitoneum arteria and vena
iliaca communisand alsothe aorta below renal arteries were clamped. Abdominal aorta
was cut horizontally halfway and the tubing was inserted and tightly fixed with a string.
Finally, vena cava inferiowas cut, the aorta clamp was removed andiyston fixation
wascarried outwith 4% PFA in 1xPBS at a constant pressafel807 200 mbarfor 3 min.
Afterwards the fixation tubingvasremoved andlushed with heparin. Kidneys were taken
out and cut into two halvewertically to the longitudinal axisnd furtherprocessed
depending oembedding technique.

2.5.2. Embedding and slice preparation

Paraffinembedding and slice preparation

Kidney halves forparaffin embedding weradditionally immersion fked in £6 PFA in

1x PBS for 1i 2 days at constant agitatioffter fixation, thetissue was washed two times
with 1x PBS and an alcohol series was conducted using an aetbtisstie processor with
liquids and timingdlisted in Table 2.7. Paraffinrembedding wagerformedon a heated
paraffin dispensing module with the cutting edge orientated towards the bottom of the
block. Paraffin blocks were stored at RTlissue slices were prepared wahmicrotome at a
thickness of gum and relaxed in &0 °C waterbath. Two slices were taken up on one
microscope slide anslice quality was controlled with layht microscope after drying on a
heated plate at 4. If slices should be used for immunofluorescence stainings,
Superfrost” Plus microscope slides were us&thally, the slices were dried overnigat
37°C.
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Table2.7: Liquids equipped and program of the automaitesiie processor.

Liquid Timings
Isopropanol, 5% 90 min
Isopropanol, 7% 90 min
Isopropanol, 8% 90 min
Isopropanol, 9% 90 min
Isopropanol, 10% 90 min
Isopropanol, 10% 90 min
Isopropanol, 10% 90 min
Xylol, 100% 90 min
Xylol, 100% 90 min
Melted paraffin (60C) 240min
Melted paraffin (6C0C) 240min
Melted paraffin (6C0C) 240min

Cryo embedding and slice preparation

Perfusionfixed kidney halves were processed in 18% sucrose iIRB& for 4h under
constant agitatiorAfterwards they were washed twice with B8S, put into a cigmold®
with the cutting edge orientated towards the bottom and embedded in-TedgRe After
removing air bubbleshe embedding medium was frozem the gas phase abovViguid
nitrogen and stored aB0°C. Tissue slices were taken withcayostat at a thickness of
7 um, dried at RT for 20nin and stored aB0 °C for a maximum of two weeks.

Table2.8: Procedure for epon embedding of glutaraldekyxid kidney pieces.

Liquid Timings
0.1 M sodium cacodylate buffer 3%, 20 min
10 g/L Osmium tetroxide if.1 M sodium cacodylate buffer 2h

0.1 M sodium cacodylate buffer 4x, 5 min
Ethanol, 56 30 min
Ethanol, 706 30 min
Ethanol, 906 30min
Ethanol,96% 30 min
Ethanol, 1006 30 min
Acetone, 10&o 3x, 15 min
Acetone / epon (1:1 mixture) overnight

Epon 3h(30°C)and 2d (60 °C)
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Eponembedding and slice preparation

Perfused kidneywere posffixed in 2% glutaraldehyde in ONI sodium cacodylate buffer

(pH 7.4) for at least Bays at £C under constant agitation. Thereaft@dneys were cut

into small chunks with a maximum edge length ohi2. Kidney pieces were washed with

0.1M sodium cacodylate buffer and processed with osmium tetroxide at RT tter be
contrast and tissue conservation during dehydration. After another washing step samples
were dehydrated in ethanol and acetone. Tissue was when treated with an acetone / epon
mixture and finally with freshly made epon. Polymerization at®@vas findly conducted

over two days. The complete procedure is listeGahle2.8. Tissue slices were cut with an
ultramicrotome at a thickness of B0 nm and placed ongrid for TEM examination.

2.5.3. Staining of paraffin sections

Deparaffinization and rehydration

To eliminate paraffin ando rehydrate the tissue sectjoslices were treated witla
descending alcohol series accordind &ile2.9. Theretomicroscopeslides were put into a
glassholderand moved from one reservoir to the ott@ides were shortly stored in water
until all slides were rehydrated.

Table2.9: Descending alcohol series for deparaffinization and rehydration of paraffin seatibns
ascending alcohol series for dehydration after H&E staining.

Liquid Timings Timings
Xylol, 100% M 10 min 10 min
Xylol, 100% 10 min 10 min
Isopropanol, 100% 2 min 2 min
Isopropanol, 10% 2 min 2 min
Isopropanol, 9% 2 min 2 min
Isopropanol, 8% 2 min 8s
Isopropanol, 70% 2 min 3s
Isopropanol, 50% 2 min

bidest. HO >1 min

H&E staining of paraffin sections

Prior to basophilic staining of deparaffinized and rehydrated sections with hematoxylin, the
staining solution was filtered through a folded filter. Staining e@sductedfor 3 min at

RT followed by shortap washingwith H,O. Afterwards sections were differentiated 2x
with 0.1% HCI in 70% isopropanofor few seconds to remove excess color followed by an
additional tap water wash for 10 min. For acidophilic stainangg/L eosin solution was
freshly prepared and a drop of acetic agas added per 108\L staining solution. Staining
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was conducted for 49 at RT andlides werevashed with HO afterwards. To remove any
water from the sectionspascending alcohol series was perforraecording tolable2.9.

Fully dehydrated and stained sections were mounted with DePeX embedding medium.
Slides were digitalized with a slide scanner equipped with a 40x objective.

Immunofluorescence staining of paraffircgens

To unmask epitopes of the desired protesestions were autaoled in retrieval buffer for
10 min. After cooling down fo20 min, thecontainer with the slides was removed from the
autoclave and further cooled down at the bench for additionalir2OAfterwards slides
were washed 1x with tissue permeabilization buffer in a glass reseBedare blocking
with 30 uL histoblock buffer for 30nin at RT,a watefrepellent circle waslrawn around
the sections with a pen. For incubation with primariibadies the histoblock buffer was
sucked off the slide and 2B8. antibody solutionrwas added and incubated in a humidity
chamber at 4C overnight. The antibody solutiocontaired a dilution of all primary
antibodiesused inhistoblock buffer.The next day slides were washed 3x with tissue
permeabilization buffer in a glass reservoir. Subsequethity watefrepellent circle was
dried carefdly with a task wipe and sections were incubated with2fhgL of secondary
antibodies diluted in histédck buffer for 45min at RT in a humidity chamber in the dark.
After incubation the slides were washed 3x with BBS andthereafter the liquidvas
removedfrom the slides by tapping. The sections were permeabilized wiflL 3Bsue
permeabilization bdér, stained with 2pL DAPI for 5min at RT and washed 3x with
1x PBS. Finally sections were mounted air bubble free with mounting buffer and the
viscousbuffer was allowed to solidify overnight at°€. Slides were examinedsing a
confocal microscope.

2.5.4. Staining of cryosections

Phalloidin staining

Cryosections were used to stairaétin with phalloidin conjugates. Firssections were
washedlx with tissue permeabilization buffand subsequently slides were dried with task
wipes before a wataepellantcircle around each section was drawn. The cryosections
wereblocked with 3QuL histoblock bufferand dter removingthe blocking buffer, 2pIL
phalloidin dilution was incubated for 20in in a humidity chamber at RT. The slides were
washed 3x with tissuegpmeabilization buffer in a glass reservoir and the waeellent
circle was dried with a task wipe thereafter. Nuclei were stained with. ZBAPI staining
buffer and washed again 3x with PBS. For better permanency sections were mounted
with mounting buffer containing DABCOand kept at least overnight at°@ before
inspection under theonfocalmicroscope.
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Quantification of phalloidin signal

The mean phalloidin intensity within a glomerulus was measured using ImageJ. The
fluorescence picture was bagr ound subtracted by t he
Subsequentlythe outline of the glomerulus was drawn by hand and the mean intensity of
the phalloidin signal within the outlined glomerulus was measufidte complete
procedure is listed iAppendix8.1.

2.5.5. Contrasting of epon sections and quantification of filtration slits

The sections placed in the grid were washed with filtered double distijed(¢tiHO),
negative stained withh% uranyl acetatsolutionfor 30 min in the dark, and washed again

10x with filtered ddHO. Finally, additional contrastingith 3% lead citratesolution for

1 min was conducted and sections were washed again 10x with filtei¢®DddEM
pictures of two glomeruli per mouse were taken at magnifications of 400x, 7000x3

7000x and 2@00x. To quantify thérequencyof filtration slits, blinded 20000x magnified
micrographs were examined. The length of the basal membrane aasretat the border

to neighboring podocytes using the software ImageJ and gaps between podocyte foot
processes were counted to calculate the ratio slits/um.

2.6. Isolation of glomeruli and primary podocytes

2.6.1. Isolation of glomeruli and outgrowth of primary paytes

Isolation of glomeruli

Isolation of glomeruli by magnetic bead perfusion utilizes that beads perfused titihneugh
arteria renalis get stuck in the capillary loops of the glomeruli. After digestion glomeruli
can be separatdtbm other tissue with a agnet Before perfusion, 5QL bead stock slurry
(2x10" beads)per mouse was washed 4 times with ImL HBSS using a magnet and
beads are finally added to hfL warm HBSS and kept at 3T until perfusion.For
podocyte isolation mice at the age df 3 months were used onlilice were weighed and
spot urine was collectedhereafter mice were anesthetized withio intraperitoneal
injections of Narcoren working solutior{0.12 -0.15mg per gram body weight) A tall
biopsy was taken for regenotyping before the peritoneum was opewksséatkidneys.
Kidneys were shortly washed iwarm HBSS and subsequently perfused with tubing
connected to a syringe over thderia renaliswith 1 mL HBSS followed by 2x 2.51L
bead slurry eacii.he capsule was removed and the kidneys were cut into small @plies,
into two equalamountsand digested in two round bottomedn2 micro tubesprefilled
with 1 mL collagenaséA (1 g/L) at 1200rpm and 37 °C for 30min. The following steps
were allcarried ouon ice.The digested suspensiaras then filtered through a 1(dn cell
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strainer into a 5@nL tube and rewashed with 7x L HBSS. The filtered solutiowas
transferred to a 1L roundbotiomed tube, rewashed with 2x B HBSS and
glomeruli were collected with a magnet. The supernatant was cardistigrdedand the
remaining glomerulwere resuspended in 1L HBSS. After another washing step and
resuspension in BIL HBSS, the suspension was filtered throad®Oum cell strainer into

a 12mL roundbottomed tube and rewashed with 3mR HBSS. The glomeruli were then
washed several times with b HBSS until the supernatant contained no more than 3
tubular fragments(717 9 washing steps)lsolated glomeruli wereeither lysed for Rho
family activation assays @latedon culture flasks for outgrowth of podocytes.

Outgrowth of podocyteand podocyte harvesting

Glomeruli were resuspended 6 mL prewarmedprimary podocyte growtimediumand
seededon a cell culture flaskAfter four days of incubatiorat 37°C and 36 CQO, the
medium was renewedt this time point mosglomeruli attached to the surfaserrounded
by outgrown glomerular cells, which are for the most patiocytes The following day
cells were washed 2x withmL 1x PBS, incubated with mL accutase for 1fin at37°C
and vigorously tapped to detach all cells. To stop the enzymatic redetienof primary
podocytemedium was added.hE& suspension was filtered througt3@um cell strainer
into a 15mL tube. After rewashing 2x with 4nL medium the cellsuspension was
centrifuged (26@, 5min, RT), the supernatant wadiscardedand the cells were
resuspended in BL primary podocytegrowth medium. Cell amount was counted using a
Neubauer chamber and ceNsrefurther processed dependiag the planned experiment.

2.6.2. Isolation of glomeruli and podocyesing enzymatic digestion

Isolation of glomeruli

Podocytes detached from glomeruli by enzymatic digestion wectusively used for
FACS sortingfollowed bycell lysis, as they anmect capable of attaching to surfade cell
culture. The principle of glomeruli isolation is identical to the one described in chapter
2.6.1 Mice transgene fomTmG which additionally expresse@re recombinaspodocyte
specific, were weighed and anesthetized with two intraperitoneal injections of Narcoren
working solution(0.12 -0.15mg pergram body weight) after spot urinecollection A talil
biopsy was taken and kidnewere dissected aneashed in warm HBS$ach kidney was
perfused over tharteria renaliswith 1 mL HBSS, 2x 2nL bead slurry and L digestion
solutioncontainingbeads (2x10beads in total per mouse). The capsule wasoved and

the kidneys were minced into small piec@hereafter the tissue wadransferred to a
3.5mm cell culture dish anduspended in &L digestion solutionThe suspension was
thenincubated at 37C for 5min under soft agitation, pipetted severales up and down

and incubated for anotherndin. The digested suspension was filtered twice through
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100um cell strainerand rewashed with approx. 2L ice-cold HBSS each. Tissue was
pelleted by centrifugation (150pm, 5min, 4°C) and thesupernatant was decanted.
Afterwards the pellet was resuspended im2 HBSSon ice transferred into two round
bottomed 2nL micro tubesand rewashed with &L HBSS. The glomeruli were washed
31 5 times to remove most of naomeruli tissue by colleatg glomeruli with a magnget
removingthe supernatantarefullyand resuspendirihe remaindein ice-cold HBSS.

Detachment of podocytes by enzymatic digestion

Podocytes were detached from glomeruli by resuspending thdsalindigestion solution

each roundbottomed micro tuhefollowed by incubation at 37C for 45min in a
thermomixershaking atl200rpm. During incubation the samples were treated according

to Table 2.10. After digestion green fluorescent podocytes and red fluorescens cel
including podocytes without 1€ expression, mesangial and endothelial cells were kept on
ice. To removethe remaining glomerular and tubular fragments frim cell suspension

the digesbn was placed in the magnetic collector. The supernatant containing podocytes
was collected and pooled, followed layfiltration through a35um cell strainer and
rewashing with HBSS. After centrifugation (150n, 5min, 4°C) the cell pellet was
resuspended in 738 FACS buffer.

Table2.10: Handling of glomerulduring incubation with digestion solutiaa detach podocytes.

Time Procedure

5 min Pipetted up anddown witha glasspipet

10min Shortlyvortexed pipetedup anddown witha glass pipet

15min Passed 35 timesthrougha 27G needle

20min Shortlyvortexed pipetedup anddown witha glass pipet

25min Pipettedup anddown witha glass pipet

30min Shortly vortexed, passed through 200pipette tip stuck od mL pipdte tip
35min Pipettedup anddown witha glass pipet

40 min Vigorouslyvortexed, passed through 200 pipette tip stuck ol mL pipdte tip
45min Passed 35 timesthrougha27Gneedle
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FACS sortingof green fluorescent podocytes

Immediately prior to FACS sorting the suspension was filtagadn through a cell strainer
and 38uL PI stock solution was added #ofinal concentration of 5éng/L. FACS sorting
was carried outat the Department for Internal Medicine Ill, University Hospital
Regensburg, Regensburg with the heldaduelineDirmeierat a FACSAria llsorter(BD
Biosciences)Green fluorescent podocytes were sotisithg four gates listed ifiable2.11.
Sorted cells were pelleted by centrifugation (86® min, 4°C), the supernatant was
discarded and the dry pellet wasapfrozen in liquid N and stored a80 °C.

Table2.11: Gates and their description for FACS sorting of green fluorescent podocytes.

Gate x-Axis y-AXis Purpose

1 FSCGA SSCA Exclude debris
2 FSCA FSCW Exclude cell aggregates
3 FSCGA Pl Exclude damaged alead cells

4,5 tdTomato EGFP Separation of green fluorescent (podocytes) and red fluoresce
cells (glomerular and tubular cells)

2.7. Working with glomeruli

2.7.1. Rho family activation assay

For determination of the amount of active, Giéund RhoA, Racl anddc42 the GISA
kits (cytoskeletonvereused. The kg utilize the specificity of Rho GTPase effectors to the
active state. Effector domains are immobilized on the bottotheofvells tocaptureactive
GTPases, which themselves can be recognized byfispggmary antibodies. Secondary
antibody conjugates catalyze cdaromogenicreaction which is then rad out with a
microplate spectrophotometer. The experiment wpsrformed following the
ma n u f a dnstwgctiens. 0 s

Lysis of glomeruli

Freshly isolated gimeruli were pelleted antie supernatant wasompletelydiscarded. Ice
cold lysis buffer(2107 240pL) included in the kivas added, glomeruli were resuspended
and transferred to a pahilled micro tube.The sispension wasmmediatéy centrifuged
(10009, 1 min, 4°C) andportions of the supernatant weakquoted and snap frozen in
liquid nitrogen.Afterwards 20 puL of the remaining supernatawastransferred to a finL
cuvette For protein content quantificatioRrecsion Red™ (1 mL) was addedand the
solution waswell mixed The absorbance at 606n was measured aftermin and
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corrected by blank (20L lysis buffer with ImL Precision Rel"). The mass concentration
could be calculated by a modified versioh BeerLambert law(t) where Ao is the
absorbance at 600, | is thelength of the solution the light passescm ande is the
extinction coefficient in mL/(mg cm).

A < 0 aQ
I QQaoedweé+— v U—= O (1)

o &6
PR oa P

As GTPbound to GTPasdsydrolyzes rapidly only samples lysed in less tha80min and
with a protein mass concentration above 0.4 g/L were used f@B-tH8A assaysOnly
one GLISA assay per lysate coub carried oubecause of limited protein amounts.

G-LISA assay
Protocols for RhoA, Racl and Cdc@&LISA differ slightly (Table 2.12). Samples were
kept on ice and processedpidly until GTPasesvere bound toimmobilized effector
domains tolimit GTP hydrolysis.All sample measurements werealizedin duplicates
First, Hanks and positive controlsvere diluted and cooled in an ice ba@LISA wells
were cooled and 1Q0L ice cold watemwas added each welh dissolve included powder.
Glomeular lysates were ragily thawed to 2/3 in@RT water bath, immediately put on ice
thereafterand diluted with icecold lysis buffer to equalize lysate concentrations. In case of
RhoA GLISA, 60puL of diluted samples were mixed with §Q ice-cold binding buffer.
The solutionfrom the GLISA wells was removed by a series of vigorous pats onto paper
towels, andmmediatdy thereafter 5QL of equalized lysates, blanks and positive controls
there pipetted into duplicateSamplesvere incubated on an orbital shaké®@@rpm, 4 °C)
for a certain period stated ifable2.12. Afterwards wells were washe@x with 200pL
wash bufferfollowed by incubation with200uL antigen presenting buffer faexactly
2min at RT. After washing 3x with 2Q0L wash buffer, primary antibody dilutiof®0 pL
per well) was incubated on the orbital shaker (400, RT). Thereafter samples were
washed 3x with 20QuL wash buffer angncubated with 5QuL secondary aniody dilution
on the orbital shaker (40Pm, RT) After another washing step (3x, 200 wash buffer)
HRP detection mixture was freshly prepared by mixing equal volumes of reagent A and B
and incubated in &ISA wells. After the incubation time listed ifable2.12 reaction was
stopped by adding HRP stop solution. Absorption of bubrele wells was measured at
490nm using a microplate spectrophotometer. The blanlected means of duplicatase
proportional to theaumberof active GTPase species.
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Table 2.12: Listing of volumes, mass concentrations, incubation times and antibody dilition
which RhoA, Racl and Cdc4z-LISA assays differ.

Step RhoA Racl Cdc42

Blanks 60 pL lysis buffer 120 pL lysis buffer 120 pL lysis buffer
+ 60 pL binding buffer

Positive controls 12 L control protein 36 L control protein 24 uL control protein
+ 48 L lysis buffer + 84 uLlysis buffer + 96 L lysis buffer
+ 60 pL binding buffer

Samplemass 0.4 mg/mL 0.5 mg/mL 0.4 mg/mL
concentration
afterequalization

Addition of 60 pL equalized sample / /
binding buffer + 60 pL binding buffer

Sample 30 min 30 min 15 min
incubation on
orbital shaker

Primary antibody 1:250 1:50 1:20
dilutedin

antibody dilution

buffer

Primary antibody 45 min 45 min 30 min
incubation

Secondary 1:62.5 1:100 1:62.5
antibodydiluted

in antibody

dilution buffer

Secondary 45 min 45 min 30 min
antibody
incubation

Chromogenic 50 uL detection reagent 50 pL detection reagent 70 UL detection reagent
reaction 37°C, 13 min RT, 15 min 37°C, 15 min

HRP stop buffer 50 L 50 pL 140 pL
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2.8. Working with celb

2.8.1. Mammalian cell culture

General handling

Aside fromworking in alaminar flow benclcells cultureswere kept at 33 or 37C with
5% CQ, and 95% relative humidityn a CQ incubator.For cultivationcell culture flasks
with a filter capat a size of 28’ or 75cm? were used with BnL or 15mL medium,
respectively All equipment was sterilized with 70% ethanol before putting ihedbench,
selfmade liquids were autoclaved or sterile filtered before @sasumables were bought
sterile. Cell concentratios were determinedy counting cells in all four quarters af
Neubauer chamber.

Subculture

Cells were passaged when they reached approx. 80% confluency estimated by light
microscopy. For subculturing cells were washed twice with 1x PBS and detached
thereafter with InL (T25 cell culture flask) or L (T75 cell culture flask)
Trypsin/EDTA solution for 6 10min. After full detachment of cellgudged by light
microscopy,at least 4nL culture medium wh FCS wasadded and cells were split
1:5- 1:20 depending on cell growth rate and density.

Cell freezing
For freezing, cells were growro t80% confluency, trypsinized and counted. After
centrifugation (26@, 5min, 4°C) the cd pellet was resuspended 90% FCS and 2@
DMSO as a cryoprotectant (In8L per 1i 2 million cells).The sispension was transferred
to 1.8mL cryovials and placed into polystyrene containers-8&t°C to ensure slow
freezing at a rate of approx.°C/min. For shorterm storageells were kept at80 °C, for
long-term storage cells were transferred to the gas phase of liquid nitrogen.

Cell thawing
Frozen cells wre kept on ice until they were thawed by pipetting culture medium several
times on top of the ice. The resulting calispension was diluted in culture medium to
10mL and then immediely centrifuged (260, 5min, 4°C). Afterwards the supernatant
was discarded and the cell pellet was resuspended in the appropriate growth medium and
platedin cell culture flasks.
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HEK293T

HEK293T cells were culted in DMEM supplemented with ¥ FCSat 37°C. Culture
medium was exchanged twice a week and cells were passaged 1 or 2 times, a week
depending on cell density.

hPCL pinducedt. MX1B clone#l

This cell linewas culturedunder pernsgsive conditions at 33C and 36 CG, with RPMI
1640 medium supplemented with®%(~CS, 1x ITSG and puromycimntibiotic (1 pg/mL).
Cell culture medium was exchanged three times a \@edkassaging wasarried ouonce

a week. For differentiatin, cells wereseededat a density of 7206ells/cnf and kept at
33°C for one day. Afterwardgshey wereshifted to 37°C to induce differentiation for a
total of 14 days. In the period of differentiatjdhe incubator was only opened for medium
exchangethree times a weeland the medium contained nopuromycin. Induction of
LMX1B expression wasperformed by supplementing culture medium withpg/mL
doxycycline five days prior to the experiment. All experimemése performed with cells
platedon laminin-521-coated covelips placed in 24 wellcell culture dish.

Primary murine podocyse

Isolation of primary murine podocytes is described in chah&@d Cells were cultivated

i n D ME M/ Hl2 nmiedium supplemented with %0 FCS, 1x ITSG and
penicillin (1000units)/streptomycirfl g/L) at 37°C. After detachment with accutase and
separation from glomerulgells were either directly stainedrfflow cytomery or seeded

on laminin521-coated glass substrates and subjected to experiments. Primary murine
podocytes were not sttultured as differentiation markers diministith cultivation
duration.

2.8.2. Transient transfection

HEK293T cells were transiently transfedtwith polyethylenimine PEI) asa polycationic

DNA packaging agentl million cells wereplated onLOOmm cell culture dishes. The next
day 6ug plasmid DNA and 18g PEI were dilted in ImL DMEM without FCS andhe
mixture was incubated foBOmin at RT after vigorous vortexing Shortly before
transfection the growth medium was exchanged with b fresh medium. The
transfection mixture was pipetted dropwise evenly distributed over the culture dish. After
6 h of incubation at 37C and 836 CQO, the traasfection medium was replaced by mhQ
growth medium. Cells were lysed B4after transfection.
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2.8.3. Coatingwith laminin-521

Coating withlaminin-521 wasconductedhe evening beforasage The laminin521 stock
solution was slowly thawed imaRT water bath and diluted in PBQ0 a concentration of
5ug/mL or 10ug/mL. A volume of 30QuL wasaddedto cover slidesplacedin 24-well
plates and 40QL was added to glagsottomed pdishes.Thereafterculture plates or dishes
were put ina refrigeratorovernight to ensureven coating. Cells were seeded on coated
surfaces after removal of PBSwithout washing. Coated surface®re never allowed to
dry out.

2.8.4. Fixation and mmunofluorescencephalloidin staining

Fixation and staining

Immunofluorescence staining wasnducted onmmortalized human and primary murine
podocytesplated on laminin521-coated cover slides 24-well plates First, cells were
fixed by adding an equal volume of 42FA in 1XxPBSto growth medium. After 15nin
fixation & RT cells were washed 3x withmlL 1x PBS andpermeabilizedwith 0.5mL
histoblock buffer for 30min at RT. Primary antibodiediluted in histoblock buffer were
pipetted on top of the cover slides placed on Parafilm®@u(Z8lide) andincubated for

at RT in a humidity chamber. After washing 3x withmL cell permeabilization buffer
cells were incubated with secondary antibodies or phalloidin diluted in histoblock, buffer
for 30min at RT in a humidity chambeThereaftercells were washed again 3xtiwvil mL
cell permeabilization buffer and nuclei were stained withn@L.5DAPI staining buffer for
5min at RT in the dark. After final washing steps with 3rll cell permeabilization
buffer cover slides were mounted with mounting buffer on microscopgsslithe viscous
buffer hardened at least overnight &CGlbeforeconfocalpictures werdgaken Only in the
case of pMLC stained hPCL pindudeMX1B clone#l cells a conventional
epifluorescence microscope was used.

Quantification of mean intensitie$ green fluorecentprimary podocytes

Mean intensities of phalloidin, transgelin and actb/kintegrin were quantified using

ImageJ macros listed iAppendix 8.2 and Appendix 8.3. Pictureswere onlytaken from

podocytes witbut contact to other cell®r the picture borderCell borders were first
determined using the greéinorescece of podocytes Ther et o t hedgesninand
and a median filter were applied to the green chatnabtain a better signal to noise ratio.

Signal was auto threshad usingiTr i ang@ghdo AEDM Binary Oper a
performed to fill small gaps #hin signals. The cell edges were finally recorded by the
command AAnal yze Particleso. Twitlein thra ecalln i nt e
boundarywas measured in the corresponding channel after background subtraction.
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Quantification of mean intensisin hPCL pinduceiLMX1B clone#l cells

As hPCL cells do not express EGFP in contrast to primary podothgells had to be

stained. Transgelin is highly expressed in this cell type all over the cell and hence was used

as a cell border marker. The mean intensityp®fLC was measured with ImageJ. Cells

with contact to other cells or the picture edge were excluded dreantification. Firsta

median filter was used on the transgelin staining to sharpen cell borders and background

was subtracted by the rolling ball algorithm. After thresholdingtidta ut o t hr eshol d 0
the cell boundary was extracted with the comthani Anal y z e p athetmean! e s 0. Fi
intensity of the pMLC signal was measured after background subtraction in the
corresponding channel. The macro uselisted inAppendix8.4.

Quantification of colocalizatiorPearson correlation coefficient)

Colocalization of transgelin and phalloidin staining was quantified by calculating the
Pearson correlation coefficient witdnmnelshe Cost e
were background corrected by subtraction of the mean intensity of a background area.
Pearson coefficient was <calculated with the I
automatic threshol dodo enabl ed.

2.8.5. Cell lysis

HEK293T

For lysis of HEK293T cellstwo buffers were subsequently used. Lysis buffer A contains
the mild, nonionic and nedenaturing detergent Nonidet4® to break cell membrase
openat low salt concentrationLysis buffer B is ahigh salt buffer for nuclear protein
extraction.Culturedcells werewashed24 h after transfection witlix PBS and harvested
with a cell scrapein 4 mL 1x PBS. After pelleting by centrifugation (3@0 7 min, 4°C),
cells were resuspended in g0 ice-cold lysis buffer A and incubated H@in on ice.
Afterwards the lysate was vortexed and @D ice-cold lysis buffer B was added. This
mixture was incubated for 2€@in on ice and centrifuged @0g, 15min, 4°C) to remove
insoluble material. The supernatant was aliquoted, snap frozen in liquid njtraxgen
stared at-80 °C.

Primary murine podocytes

FACS sorted green fluorescent primary podocytes wees lygth high concentratianof
urea and Triton XL00. Ice cold urea lysis buffer (40L) was added to sndajpozen cell
pellets and incubated for IBin on ice,vortexed, and incubated for further dfn.
Insoluble material was removed by centrifugation @0g, 10min, 4°C) and the
supernatant containing the denaturized proteins was snap frozen in liquid nitrogen.
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2.8.6. Random movemerdf primary podocytes

Experimental procedure

Primary, green fluorescent murine podocytes were tsegiantify random movement on
laminin521-coated dishes. Outgrown primary podocytes were harvested after fivaslays
described in chapte2.6.1 and plated onaminin521-coated glass bottom-gishes at a
density of 95@ells/cnf. The next dayhe p-dish was placed on thepnfocalmicroscope
stage with heating (37C) and active gas regulation8C0O,) and equilibrated for 3fin.
Thereafter a 5x4 tile scan (20x objective, Bo®m) with 488&m argon laser illumination
was taken every 150 over a period of 1B. Tile scans were stitched using ZEN black
software.

Quantification of mean velocity

Quantification of the mean velocity wasalizedusing the ADAPT ImageJ plugifonly

the first 200 tiles (50@nin) were analyzed due to RAM limitationBirst, stitchedtime

serieswere lateral drift corrected by aligning with the MultiStackReg (Transfboma
Translation)commandAf t er usi ng t h drift torrdctecetime serlkesepea c k | e
then | oaded into the ADAPT plugin and anal
Mor phol ogy Dat ao, AAut o Threshol dengbled ) 6 an
The plugin calculates mean velocities for every green fluorescent specimen detected as a
cell. To exclude artifacts mdy velocities of cells present at every time point were finally

used for quantification.

2.8.7. Morphologyof spreading and steady staidocytes

Experimental procedure

For examination of cell shape and amg@en fluorescent pnary podocytes wernglatedon
laminn-521-coated cover slides (X@m) placed in a 24ve | | pl adels/we()) 10 000
Cells were allowed to settle at 3C and 5%CO, and fixed exactly after 20, 40 and Bn

(spreading cellspr after overnight growtlisteady state cellsh an incubator. Nuclei of

fixed cells were stained with DAPI and cells were mounted with mounting buffer on
microscope slideg-luorescence pictures of DAPI atite green channel were made by a

tile scan of the whole cover slide with 30% overlap on an Observer.Z1 microscope and
stitching with ZEN blue software.
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Quantification of cell area, circularity and roundness

Quantification wasachievedusinga selfwritten macro foimageJ(Appendix8.5). As cells

at the edge of the cover slides were often distorted, only the middle ad@X77 146 px,

centered) was quantified. To reduce background and to sharpen cell edges a ntedian fil

and unsharpen mask was usédf t er background correction us
algorithmthepct ur e was converted to aanglienda.r ySmnuaslilng
holes in cells were closed HEDM Binary Operations followed by analyss of cell

circularity, roundnessorareai t h t he command fAAnalwtkzan Parti cl
areaof at least 95Qum? and in case of area measurememtith a circularity between

0.6- 1.0 0.17 1.0in case of cells fixed after overnight incubajievere counted as a cell.

Signals ofremaining glomeruli, cells touching each othand remainingartifacts were

removed manually.

2.8.8. Cytochalasin D treatmenf primary podocytes

Primary podocyteswere treated with cytochaladih to estimate the rate of-&ctin
depolymerization and subsequent polymerization by measthagell area.To examine
the impactof specific signal pathwaysells were additionallynicubated with inhibitors in
some cases.

Shrinking of podocytes after cytochalasin D treatment

Outgrown green fluorescent podocytes weeededon laminin521-coated (10 pg/mL)
glass bottonu-dishes at a density of 38@@lls/cnf. The next day cells wereailed on the
microscope stage equipped with a heating systeniGBandan active gas mixing unit
(5% CQ). After equilibrating 15 25 min growth medium was exchanged by warm
(37°C) growth medium supplemented with @Bl cytochalasirD. Measurement was
immediately started after focusing atite time between cytochadinD treatment and
begin of measurement wasted. A 5x4 tile scan with 20 overlap was recorded every
minute over a period of 12hin. Resultingpictures were stitched using ZHEi¥ack edition.

Spreading of podocytes after washt of cytochalasin D

Outgrown green fluorescent podocytes platedaomnin521-coated glass bottom-gishes
(density: 3800 cells/cfiwere treated with cytochalasin (10 uM) six days after glomeruli
isolation. After B h of cytochalasiD incubation growth medium was renewed including
cytochalasirD andpossiblyan inhibitor.Addition of inhibitors is showin Table2.13. The
u-dish was placed 2030 min prior cytochalasirD washout onto the heated (3T) and
gas controlled (5%0,) microscope stage for equilibratidBxactly 24h after the begin of
cytochalasirD treatment it was washed out twice with &1L growth medium possibly
supplemented with an inhibitor and live cell imagiwwgs started. Tile scans (5x4) with
20% overlap of the EGFP fluorescence were taken every mavwatea period of 12fnin.
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Time between wasiout andstart of the measuremewas notedStitching wasperformed
using the softwar@EN black edition.

Table2.13: Experimental setups for podocyte spreadirgeriments after cytochaladintreatment

Experiment Inhibitor name  Concentration Inhibition target
Podocyte spreading / / /

Podocyte spreading with ROCKi Y-27632 5 uM ROCK1 + ROCK2
Podocyte spreading with LIMKi  LIMKi 3 10 uM LIMK1 + LIMK2

Quantification oftherelative EGFP positive cell area

Stitched time series were corrected for | at
withtheopt i on A Tr ansf or mat Thereafter asneedian filter wasTused n s | a
to reduce noise anthebackgr ound was corr ecborighoh. Afiey t he
contrast enhancemenpi ct ur es wer e treshol ded Thei t h t
EGFRpositive areawas then measured within founon-overlappingROIs with equal
dimensions(Appendix 8.6). The macro to calculate EGFP positive areashswn in
Appendix8.7. The resulting areas were thdasignated witlthe respective tingpanpast

washout of cytochalasib. As some focus fluctuations occurred mainly in the first few

minutes of the experiment, EGFP positive area was normalized to the aremiat &f€er

washout.

Cytochalasin D treatmewf podocytes for phalloidin staining

To show the effect of cytochaladnh on the actin cytoskeleton of podocytes outgrown
primary podocytes were plated daminin521-coated cover slide (10mm) placed in
24-well plates at a density of 3800 cellsfcithenext day cells were treated with 40V
cytochalasirD over a period of 24. After exactly 24 half of the cover slides were fixed
by adding an equal amount of 4% PFA in 1x RB$%e growth mediumAfter fixation for
15min at RT cells were washed 3xtiw1x PBS.The other halbf cover slidesvas washed
twice with growth mediumAt exactly 2h after the wastout of cytochalasi cells were
fixed asdescribed above. Podocytes were stained as described in ¢h8pter
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2.8.9. Analysis ofbl1-integrin activity of glomerular celldy flow cytometry

Freshly isolated glomeruli from 134 mice per genotype were resuspended mL6
podocyte growth medium and transéstrto T25 cell culture fl&s and incubated at 3T

and 3 CQ,. After four days growth medium was renewastd podocytes were detached
seven days past glomeruli isolation. To detach outgrown cells they were washed twice with
1x PBS (37C) and then incubatl with 2mL accutase (1fin, 37°C). Enzymatic
digestion was stopped by addingnd growth medium and cells from mice with identical
genotype were pooled. Cells and remaining glomeruli were pelleted by centrifugation
(260 g, 5min, 4°C). Afterwards the pellet was resuspended in 3k 1x PBSand split

into three parts with equal volume. Aftemaaher centrifugation step (260 5min, 4°C)

each third was incubated with 200 of a primary antibody (antactive b1-integrin, ant
bl-integrin or isotype control) diluted BSA blocking buffer (3@/L BSA in 1x PBS)on

a rotating wheel (3@in, 4°C). Cells were washed twice withmL ice-cold 1x PBS and
incubated afterwards with 2Q0. Alexa633conjugated secondary antibody dilution an
rotating wheel (3@nin, 4°C). Thereaftercells were pdéted and washed twice with ice
cold 1xPBS and one time with FACS buffdtinally, glomeruli and cell aggregates were
sieved out by a 3pm cell strainer, Pl was added (B@/mL) and stained cellsvere
immediately analyzed by flow cytometryFlow cytometry wascarried outat the
Department for Internal Medicine l1ll, University Hospital Regensburg, Regensburg with
the helpof JaquelineDirmeierat a FACSAriall sorter (BD BiosciencesBoth green adh

red fluorescent glomerular cells were analyzed regarding Alexsi§@al intensityafter
gating out debris, cell aggregates and Pl positive ¢gltes are depicted Appendix8.8.
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3. Results

3.1. Validation of target gene expression

A previous studyrevealed several potential Lmx1b target genes in malseeruli
(Burghardt et al.,, 20)3 The gene with He highest upregulation at the mRNA level
following LmxZ1binactivation wasSm22 encoding for transgelif.wo additionalpromising
candidates with mRNA upregulation were Abra and Arl4c, and bindimgioianLMX1B

to therespectivepromoter regns could beconfirmed for both(Burghardt et al., 2023
Although increasedtransgelin proteincontentcould be shown bymmundluorescence
staining inLmx1bknock-out glomeruli therewere no dataavailableregarding Abra and
Arl4c regulation on the protein levelo address the question whether the amount of those
proteins is increased specifically gmeen fluorescentmxlbknockout podocyteswestern
blotting of FACS sortednurine podocytewasperformed

3.1.1. Affinity purification of rabbit antisera

Generation of specific antibodies against Arl4c and Abra was the first step towards protein
expression validationln case of transgelina commercial antibodywas available.
Antibodies were generated by injecting purified -lengthmAbraor a peptide cotaining
the C-terminal region of mArlc comprising 060 aa in rabbits, as reported previously
(Stepanova, 2016In order b eliminate norspecific bnding rabbit antisera were selojed
to affinity purification. To generate affinity purification columnk, coli strains(Rosetta
pLysS) transfected with bacterial expression plasmids pET2la/mHAlsa or
pET21la/mArldeHis (containingthe partialArl4c seguence from 396 to 57tp) were used
to expressrecombinant mAbra and mArl4c. Recombinant prateiverepurified on Ni?*
charged Hi s AADSPAGE revealedproteis elution mainly in fractions 2, 3
and 4 in case of mAbr@rigure3.1, A) and in fractions 2 and 3 in case of mAri&ggure
3.1, B). After dialysispurified mAbraor mArl4c was coupled to CNBr Sepharose lddads
and 9mL rabbit antisera was affiniyurified each.

In order totestthe specificity of the affinitypurified antibodies and to determine the most
suitable antibody dilution western blding using dfferent antibody diltions was
performed. Therefey lysates of HEK293T cells transfected withcDNA3/mAbra,
pcDNA3/mMArl4c or controlpcDNA3 plasmidwere usedWestern blding showed specific
binding of both antmAbra Figure 3.2, A) and antrmArl4c (Figure 3.2, B) in the full
dilution range, but the highest signal was detected dilution of 1:100 in case of anti
mAbra and 1:300 in case of amtiArl4c.
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Figure 3.1. SDSPAGE showing different steps ofthe generation and purification of
recombinant full-length mAbra [A] and the C-terminal 60 aa region of mArl4c [B]. Both
constructs contagd a Gterminal T#tag and an Merminal Histag The predicted molecular
weights are 8.2kDa (mAbra) and 8.%Da (mArl4c) The samples loaded on respective lanese
(from left to right):baderial lysates before and afteovernight induction with IPTGthe complete
lysate the supernatant antthe pellet fractionafter bacterial lysisThe elution fractions of the pellet

purification on HIARBi nd col umns -haedr sie df the motathr weighigrarker.
Marker weight is given in kDa.

A 1:100 1:300 1:1000 1:3000 B 1:100 1:300 1:1000 1:3000
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Figure3.2: Titration of the affinity purified anti-mAbra [A] and anti-mAric [B] antibodies by

western bloting. Lysates of pcDNA3/mAbra, pcDNA3/mArl4cor control plasmid pcDNA3
transfectedHEK293T cells wereused (40 ug each lang and probed withdifferent dilutions of
affinity purified antibodiesThe predited molecular weights are 4X%Ba for HA-tagged mAbra
and 22.kDa for HA-tagged mArl4cMarkerbands are depicted on the leftkba.
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3.1.2. Quantification of target gene expression by western blotting

To isolate podocytesnale inducible podocyispecificLmxlbknock-out and control mice
at an age of 3 to 5 months were induced with doxycyétinene weekPrimary podocytes
wereobtained by enzymatic digestion foéshly isolated glomeruland FACS sortedsee
chapter2.6.2 to receive a fraction of podo®@g with definite Cre expression and DNA
recombination.Fewer podocytes per mouse could be obtained flomx1bfl/fl animals
(~60000 cells/mouserompared toLmx1b+/fl (~119000 cells/mouse) andmxlb+/+
(~1 2aD0 cells/mouse)animals A total of 24 LmxIfl/fl, 16 Lmxlb+/fl and 11
Lmx1b+/+ mice were perfused with magnetic beadls gain a minimum of1.3 million
podocytes Lysis of the podocytes resulted in at least fi§Qotal protein each genotype,
and two western blots with 0y proteineachwerecarried out

Theknock-out of full-length Lmx1b could be confirmed on the protein lewére3.3, B
and C), but interestingly thehortenedhomeaomainlacking LmxLb was still expressed
and was not degradedHigure 3.3, B andD). Incubation with the affinity purified Abra
antibody resulted in only weak signals. Upon long expodsimes two bands were
identified, one stronger around BBa and one weaker at aroundkK3a. The lower band
might represent Abra protein with a predicted molecular weight &D&3 but may also be
of unspecific origin. Therefore, the signal was not difiad. Moreover, a &old increase
of the Arl4c protein content ibmx1bknock-out podocytes compared wild-type could be
revealed,and also heterozygousmx1b knock-out podocytes shoed a 2fold increase
(Figure 3.3, B and E). Transgelin was expressed iimx1bfl/fl podocytes, but not in
Lmx1b+/fl or Lmx1lb+/+ controls Figure 3.3, A and F), as previously indicated by
glomerular mRNA content and immuifloorescence stainin@urghardt et al., 2093

3.2. Dysregulatiorof the actin cytoskeleton

Besides the identification of Lmx1b target genes in glomeruli Burghetrdal also
presented data indicating an involvement of the actin cytoskeleton in the progression of
podocyte damage aftemxlbknockout These datavere (I) increased phalloidin staining

of glomerularknockout cells, (ll) decreased spreading rate of primlanyx1bknock-out
podocytes after 2B cytochalasirD treatment and (lll) reducesiovement of fibronectin
coated nanobeads attached to the surfaggooherularknock-out cells (Burghardt et al.,

2013. However these data are mainly based on cell mixtofegilomerular originand not
specfically on podocytes. Mreover the GBM protein laminifb21 was not available at

this time. Different experimentsith green fluorescent podocyte®re conducted to further
examine the role of the actin cytoskeleton in podocytes follolwmglbinactivation.
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Figure 3.3: Western blots using lysates of FACS sorted green fluorescent primary podocytes
isolated from mice without (Lmx1b+/+) or with heterozygous (mx1b+/fl) and homozygos
(Lmx1bfl/fl) podocytespecific Lmx1lb knock-out. Lysates were generated from a total of 11
(Lmx1b+/+), 16 Lmx1b+/fl) and 24 (mx1bfl/fl) mice, and tw western blots witl80 g protein
each lane were conductefA] Western blot againstArba (~43kDa), Gapdh (~36kDa) and
transgelin £22 kDa). The blotshowsalso an unspecific band of unknown nat(iB3.Western blots
showing Lmx1b {42kDa), Gapdh(~36 kDa), shortened_mx1b (~29kDa) and Arl4c {21kDa)
expression. The band abovethat of the shortened Lmx1lb corresponds to d&pdh
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[C - F] Quantfication of the western blot&ignals werenormalized to @pdhandare presenteds
fold changes tavild-type. Arl4c wasanalyzedon both plots, shown are the mean values and SDs.

3.2.1. Mean ghalloidinintensity

To analyze the amount ot&ctin of primarypodocytes, glomeruli were isolated from two

31 5-monthold male mice per genotype after doxycycline treatment for one gk
chapter2.6.1). After 5 days of owrowth, glomerular cells were plated on lamifb@1-
coated coverslips and fixed exactly #in after platingspreading)pr the next daysteady
state) Fixed cells were stained with phalloidin to visualizadtin, and the mean phalloidin
fluorescence imnsity per green fluorescent podocyte was analyzed on confocal images
(see chapte?.8.4).

The increased -Bctin content ofsteady stateLmx1b knockout podocytes could be
confirmed (Figure 3.4) by analyzingexclusively Cre expressingpodocytesseededon
laminin-521. Additionally, increased-&ctin was already present on roustt spreading
Lmx1Dbfl/fl cells fixed 40min after plaing, raising the possibility that a dysregulated actin
cytoskeleton coulémpactdynamicactindependenprocesses like cell spreading.
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Figure 3.4: Mean phalloidin intensity of green fluorescentprimary podocytes isolated from
two male mice per genotype of the inducible podocytspecific Lmx1b knock-out line. After 5
days of grow-out, the podocytes wenglatedon laminin521-coated cover slides and fixed after the
indicated time points and @t&d for F-actin. A total of 311 36 cells were analyzed per time point
and genotype, andiswn are mean values and SDs. *P < 0.05
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3.2.2. Random mvement

As the actin cytoskeleton plays an important roleghia cellular movement, the random
movement of primary gen fluorescent podocytes was another parameteinterest
Female inducible podocyspecific Cre expressing mice were treated with doxycycline for
one weekjfollowed by isolation ofglomeruli (see chapte.6.]). After 5 days outgrowth,
glomerularcells were seeded on lamirbi2 1-coated disheand analyzed thiollowing day

by live cell imaging. Fluorescence pictures of the green channel wereaaign25 min
over a period of 60fhin (see chaptez.8.9.

The membrangargeted EGFP variant (mG¥hich isexpressednly ininduced podocytes
showed an even luorescence signal throughout the cytosol and also in small cell
protrusions Figure3.5, A). Therefore it wassuitable as a cell boundary mark€he mean
velocity of primary podocyte®f at least 3mice per genotypewnas quantified using the
ImageJ plugin ADAPT Kigure 3.5, B). Therewasno significant difference in the random
movement of.mx1bknockoutcompared tavild-type podocytes.
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Figure3.5: Random movement of green fluorescent primary podocyteseasured 6 days after

the isolation of glomeruli. Four femaleLmx1b+/+ and threeLmx1bfl/fl mice were treated with
doxycycline for one wek, and primary podocytes were platedlaminin521-coatedculture dishes

after 5 days of outgrowth. The next day cells were mounted on a live cell imaging stage with
heating (37C) and CQregulation (5%) and pictures were taken every4d80er a period of 18.

[A] Time series of a green fluorescelinx1b+/+ podocyte visualizing the shape changes and
random movement ofthe cell [B] Quantification of themean velocities of green fluorescent
podocytes within 50@nin. A total of 166Lmx1b+/+ and 119 .mx1bfl/fl podocytes were analyzed
(gray dots), and shown arthe median (middle line), the middle 50% percentile (box) tznsl
reaching to the last point within the range of 1.5 time$dight of thebox. n. s. not significant.



RESULTS 87

3.2.3. Morphologyof spreadingand steady stafgodocytes

The cytoskeleton is the backbooiethe cells defining the cellular morpholod@articularly
important is he actin cytoskeleton, as it applies the force to the membrane necessary for
protrusion generation and cell movemé@abllard and Cooper, 20D9-or this reasonthe

cell area, circularity and roundnesprimary podocytesvere determineat defined time

points aftercell plating. Thereforethreeto four male mice each group were treated with
doxycycline for 7 days, followed by the isolation of glomeruli and outgrowth of primary
green fluorescent podocytes fodays(see chapte2.6.1). Outgrown glomerular cells were
platedon laminin521-coated cover slides and fixed after 20, 40 anchBDand on the next

day. The green fluorescenaghich marksprimary podocytegxpressingCre recombinase,

was used to examine the caka, circularity and roundneésee chapte2.8.7).

Primary podocytes attaetalready afte20min to thelaminin-521-coated cover slidgeand
spread in the following time course on the surfagigure 3.6). Attachment and spreading
within the first 60min showed no differences betweemurine Lmx1b knockout and
control podocytes regarding the cell araa,previously reported for glomeruladls on
BSA- and fibronectircoated surface@urghardt et al., 20)3 Nevertheless, steady state
primary Lmxlb knock-out podocytes grown overnightwere significanty larger
(7093pum? + 5481pum?, 975celly than control podocytes (6038um? + 5286um?,
766¢cells).

Circularity and roundness are two parameters both describing the shape of cells, but with
different definitions. The values of the circularity range from 0 to 1, with 1 describing a
perfectly circular cell. Circularity is defined as described in equétipn

N U (Vi B O X OV
0 Qi wo aat PeP 08 Qo Qi (v)

As the area is divided by the square of the perimeter, any cell protrusions extending from
the cell body lowers the circularity, but the shape of the cell body (round vs oblong) has
low impact on that parameter. On the other hand, the roundness of & eeljood
parameter to characterize the shape of the cell body, as the cell area is divided by the square
of the length of the major axis (equatig@p)).
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length of the major axis. Just like the circularity, the maximum value of the roundness is 1
for a perfectly round cell and the minimum is 0.
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Figure3.6: Cell area of adheent green fluorescent podocytes at different discrete time points
after plating on laminin-521-coated coverslips.Glomerular cells were obtained byday
outgrowth of glomerulisolatedfrom doxycyclineinduced quadruple transgenic mice. Cells were
derived from 3 to 4nice of each genotypexceptfor Lmx1b+/+ at 60min, where cells frononly

2 mice could be used® minimum of 370(maximum 1099) cells were analyzedgray dots) using

the green fluorescence as a dmlundarymarker. The data are presented in a box blot displaying
the median (middle line), the lower and upper quartile (box) antalsemarking the last poist
within the range of 1.5 ties the box heighh. s. not significant; ***P<0.001

Primary green fluorescent podocytesere circular and round after attaching to the
laminin-521-coatedsurface and in the early phase of cell spreadimegardless of the
Lmx1b genotype(Figure 3.7). Within the course of the experiment, both circularity and
roundness decreakeAlready 60min after platingof the cells, the cell shape difést
between the two groups. Primary green fasmentLmx1bfl/fl podocytesshowed a
significantly higher circulaity (0.80+0.10) and rounaess (0.86+ 0.10, 1220cells)
compared tdmx1b+/+ podocytes (8 + 0.10and0.84+ 0.10, 555 cells)This difference
was even higher insteady statepodocyts, where bothcircularity (0.47+0.21) and
roundness(0.53+ 0.22; 959cells) of Lmx1b knockout podocyteswere significantly
increasecompared to contralells (0.37+ 0.18 and 0.4& 0.20; 747cells).
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Figure 3.7: Circularity [A] and roundness[B] of primary green fluorescent podocytes at
different time points after plating on laminin-521-coated cover slides.To isolate primary
podocytes, at leastrale quadruple transgenic mice (exceptidnmxlb+/+ podocytesat 60min

after plating were derived from only 2 mice) were induced with doxycycline for 7 days, followed by
the isolation of glomeruli and outgrowth of podocytes for 5 days. The value of singigcell is
depicted as graydot, while the box represents the lower and upper quartile. The median is shown
as the horizontal line, and thais reach to the furthest points within the range of 1.5 times the box
height. n. s. not significant; *P<0.08P<0.01; ***P<0.001.

Taken together, the spreading rate of primary podocytes was not affedtetkblgknock

out, although some differences in the cell shape were observed in the late spreading phase.
However, large morphological changes were presesteady state knoeiut podocytes.
Lmx1bkdeficient podocytes were larger and exhibited a higher degree of circularity and
roundness, arguing for less cellular protrusions maintained by the actin cytoskeleton.
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3.2.4. Effect of cytochalasin D treatment on podocyte

A well-known and widely used toxin to depolymerize theimactytoskeleton is
cytochalasirD. As described in chaptér5.5 cytochalasirD has low side effects,ub does

not directly depolymerize -Bctin, instead it rather caps the growing barbed end.
CytochalasirD was applied to primary podocytes to further investigatelyimamics of the
actin cytoskeleton with respect kanx1bknockout Owing to the indect mechanism of
cytochalasirD induced Factin depolymerization, the toxiwas used to investigate the
depolymerization by endogenous proteins. Moreoveactih polymerization fabwing
cytochalasirD washout was als@xamined.

Structure of the actinytoskeleton after cytochalasin D treatment

In order b investigate the effect of cytochalaginon the actin cytoskeleton of primary
podocytesF-actinwas stained with phalloidinoth after cytochalasib treatment and after
subsequent recoverfor 2h. Primary green fluorescent podocytes were obtained by
outgrowth of podocytes fronglomeruli isolatedfrom 7 day inducedemale quadruple
transgenic micgsee chapte2.6.1). After 5 daysof outgrowth, glomerularalls were plated

on laminin521-coatedcover slides and treated withub1 cytochalasirD the next day for a
period of 24h. Thereaftercells were fixed immediately or aftaerashout of cytochalasib

and reovery for 2h (see chapte?.8.8. Five to six podocytes were investigated per mouse,
andpodocytes originated fromvo mice per genotype

Treatment with cytochalasD resuledin shrinkageof the cell body of primary podocytes,
but manythin protrusions remagdand dd not retreat Figure3.8, A andB). Additionally,
the actin cytoskeletowasin large parts destroyed, but somadgin rich spotsvere located
in proximity of the nucleus andt the basef cell protrusions, consisht with previous
reports(Wakatsuki et al., 2001 No overt differencesin the Factin localizationbetween
Lmx1bfl/fl podocytesand Lmx1b+/+ controls were apparent judging from at leastl 1
confocal picturs.

Two hours pastvashout of cytochalasii, the cellsverespread again and sheda more
typical podocyte structure with multiple broad and also sthirecell protrusiongFigure
3.8, C andD). The phalloidin staining reveall some actin fibers throughout the cell,
mostly extending from factinrich spotsmentioned aboveThose spotsvere neither seen
in untreatedspreading noin steady state podgtes (sed-igure3.16). Again, the phalloidin
staining showd no apparent differencesegarding structure and localizatidretween
Lmx1lbknockout and control podocyteddultiple nuclei in primary podocytes as seen in
Figure 3.8 were frequently observed, bubherewasno differencein the nucleus count per
podayte after 5 days of outgrowtbetweenLmx1bfl/fl and Lmx1b+/+ podocytes(data
not shown).
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Taken together, cytochaladhtreatment reswdd in shrinkage ofprimary podocyteand
accumulation ofshort F-actin fibers into few aggregatesand waskout of g/tochalasirD
led to a spreading of the cells, although the actin cytoskeleton rethatructurally
disturbed h post waskout.
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Figure 3.8: Representative confocal pictures of primary green fluorescenpodocytes stained
with phalloidin to visualize F-actin. Cells weretreated with 5uM cytochalasirD over a period of
24 h prior phalloidin stainingA, B] or were stained after subsequent wash of cytochalasi
and recovery for B [C, D]. The primary podocytes originate from glomeruli of Zday
doxycyclineinduced female quadruple transgenic mib&o mice per genotype were investigated,
and 5- 6 confocal pictures of primary podocytes per mouse were taken.
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Cytochalasin D induced celhenkageandpost-cytochalasirD spreading

The capping of the barbed end of actin filaments drastically reduces the dynamic actin
turnover and is therefore suitable tmvestigate the actin depolymerization or
polymerization. Cytochalasid was applied to primary greemuérescent podocytes to
induce cell shrinkage and theodocyte area was taken as a parameter foeackn
depolymerization, as the direct observation of single actin filameniise cell imaging
experiments was not possibMoreover removal of cytochakn D was taken as a starting
point for newly actin filament growth and again the cell area was taken as an indicator
actin polymerization.

Female mice at an age between 3 and 5 months were induced with doxycycline for 7 days,
followed by the isolatiorof glomeruli and the outgrowth of primary green fluorescent
podocytes for 5 dayg¢see chapteR.6.]). The cells were plated on lamint21-coated
culture dishes The next day fully expanded podocytes were treated wifiM5
cytochalasirD or solvent as a control. In shrinkage experiments, the green fluorescent
surface area was immediately analyzed by taking fluorescence pictures eweoy&0a

period of 12Imin in a live cell imaging setup. For spreading experiments, cells were
induced with cytochalasiD for a total of 24, and cytochalasiB was renewed h prior
washout (see chapte?.8.9. Fluorescence pictures were taken immediately after the-wash
out in the same way as described above. In both cases, 4 fields of view (FOVs) per
experiment were analyzed regarding the green fluorescent surface area, and the value at
10min after the start of the experiment was taken as 100%. The podocytes atifjiorate

one mouse per experiment, and a total of 24 FOVs (6 mice) were analyzed for every
setting, except only 8 FOVs (2 mice) were used in the control experiments of cell
shrinkage.

Following cytochalasiid treatment primary podocyteshrank slowly but constamy
(Figure 3.9, A), while podocytes treated with ethanol atk only within tre first 30min
and regaiedtheir initial size within the course of tlexperiment. The reasdar the initial
cell shrinkage of control cells could either the toxicity of the solven¢thanol or the cell
stress accompanied by medium exchange. Tlwasso difference in the cell area between
Lmx1bfl/fl andLmx1b+/+ podocytes after 12tin cytochalasiD treatment Figure 3.9,

C). This finding indicates thdhe depolymerizatiorprocesses of the actin cytoskeleton are
not influenced byLmx1b knockout Nevertheless, as live visualization of the actin
cytoskeleton was not possibleell shrinkage could also be limited by focalhasion
disassembly Although the difference between the control growpss significant, the
number of experiments was in this case maybe too low for statistical analysis (8 FOVSs).
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Figure 3.9: Changes of the surface area covered with green fluorescent podocytes following
cytochalasin D treatment or washout. OQutgrown primary podocytesere derived from female
quadruple transgenic mice. The cells were plated omnlia-521-coated culture dishes and
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subjected to live cell imaging experimer®ictures of the greemG fluorescence were taken every
60s over a period of 12hin. The area covered with green fluorescent podocytesanalyzed
within 4 noroverlapping felds of view (FOVs) per mousend the value at 1@in was defined as
100%.[A] Primary podocytes were treated withubl cytochalain D or solvent (ethanolfo induce
cell shrinking Shown arethe mean values 8D of 24 FOVs (cytochalasiD experiments) oB
FOVs (ethanol controls)B] Primary podocytes were incubated withuld cytochalasirD or
solvent for 24h, and thespreadingafter waskout of the toxinis depicted Shown are the mean
values = SD of 24 FOVs per experiment, [@ Box plots of the relatve EGFP positive area after
121min cytochalasirD treatmen{C] or after 121min recovery postytochalasirD washout [D].
The values are presented as gray dots, the median as the horizontal line and the box marks the lower
and upper quartile. Theaus reach to the last point within the range of 1.5 times the box height
not significant; *P<0.05

After washout of cytochalasi bothLmx1bknockout and wildtype podocytes started to
spread, while the spreading rate decreased over the courseexptiteénent Figure 3.9,

B). The waskout of ethanol had no impact on the size of the podocytes, proving that cell
spreading was a consequence of cytochal@sivashout. Interestingly L. mx1bknockout
podocytes spread slower compared to wyige podocytes, and the difference was
significant at 12Imin after removal of the toxir-{gure 3.9, D). As the actin cytoskeleton
provides the force necessary for pushing the cell membrane, it is very likely that the
assembly of actin filaments was disturbed or the number of assembling filaments was
decreased.

Taken together, some actiiepemient processes like random movement, spreading of
untreated cells and cytochalasin D induced cell shrinkage are not influendetdxXiyp
knockout. Nevertheless, theell area, circularity, andoundness of knoekut podocytes
were increased, while the spoing after wastout of o/tochalasirD was decreased.
Moreover, direct investigation of the actin cytoskeleton showed an increaaetinF
staining inLmx1bknock-out podocytesarguing for an Lmxlgependent regulation of the
actin cytoskeleton.
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3.3. Dysreguation of signaling pathway®gulatingthe actin
cytoskeleton

The increased phalloidin intensity, cell area and roundnesmribknock-out podocytes

and moreover the reduced spregdiafter removal of cytochalasidh demonstrated a
dysregulation of the actin cytoskeleton. As the transcription factor Lmx1b is located within
the nucleus, these observatiaasnotresult from a direct interaction. It is more likely that
Lmx1b regulated target genes impact the actinskgleton. Indeed, Abra and transgelin
are reported to directly interact with actin filame(Asai et al., 2002Fu et al., 200Q and
furthermore Arl4c influences Rho GTPasefChiang et al., 203, Matsumoto et al., 2034

For this reasonsignaling pathwaysipstream of thectin cytoskeletorwere investigated

For instance, the activation of Rho GTPases in glomerular lysates was checked, and
additionally the phosphorylation of the myosin light chain MX1B expressing hPCL
cells. Furthermorethe impact of different inhibitors on the spreagliof podocytes was
investigated.

3.3.1. Activity of Rho GTPases

As the Rho GTPases are master regulators of the actin cytosk@eibok and Marshall,
2014, the activites of the familymembers RhoA, Racl and Cdc42 weramined. Rho
GTPases are actiwwhen bound toGTP and inactive tven bound to GDP. Active Rho
GTPases are shdived species, atheintrinsic hydrolysisactivity leads to GTP hydrolysis
which is further catalyzed b@ TPase activating proteif©APs). With this in mindit was
decided to analyze frhly isolated glomeruli and not FACS sorted detached podocytes or
partly dedifferentiated outgrown glomerular cells.

Female podocytspecific Lmx1bknockout (Lmx1bfl/fl) mice and heterozygous controls
(Lmx1b+/fl) were induced with doxycycline for 7 dalgefore glomeruli were isolatddee
chapter2.6.]). Pure glomeruli fractions were immediately lysed in less tham8nd snap
frozen until the Rho GTPase activitvas analyzed using -GISA assays. Total protein
content of glomerular lysates was equalibedorehandGlomerular lysates from 5 mice
per genotype were used ¢ase of RhoA and Cdc42, and 4 in case of Rad1SA. The
amount of ative RheGTPaseswas detected by absorption measurements of a
chromogenic reaction catalyzed by HRupled antibodietsee chapte?.7.]).
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Figure 3.10: Amount of active GTP-bound Rho GTPases as discovered by-GSA assays.
Glomeruli were isolated from female quadruple transgenic mice induced with doxycycline for 7
days. The assays were conducted with equalized glomerular lysates after rapid lysis. Active Rho
GTPases were detected by HRP coupled antibodies catalyzing a ogemim reaction.

[A, C, E] Shown are the blank corrected means of doublets + SD per glomerular lysate for RhoA,
Racl and Cdc42. [B, D, F] Shown are the mean Rho GTPase activity per genotype + SD. n. s. not
significant; *P<0.05.
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A statisticaly significant difference in the amount of active RhoA and Cdc42 between
Lmx1bfl/fl and Lmx1b+/fl glomeruli was found. The amount of Gbeund RhoA wa
decreased to 76%t-igure 3.10, B) and GTPbound Cdc42 was decreased t&6Figure
3.10, F) in Lmx1bkdeficient glomeruli comgred to heterozygoushock-outs. The amount

of active Racl was notydregulated in respect tanx1lbknockout (Figure 3.10, D). A
higher variance withilmx1b+/fl controls was detected in all caségyure3.10, A, C and

E). Although thesedata show glomerular activity levels, podocytesre the only cells
within the glomerulus with Cre expression and genomic recombination following
doxycycline treatment, leading to the assumptibat mostly podocytes contribukeo
changesn activity levels

In summaryLmxlbknockout led to decreased levels of active RhoA and Cdc42, which
might contribute to a dysregulation of the actin cytoskeleton of podocytes.

3.3.2. Phosphorylation of the myosin light ch&n

Myosin-2 is an actirbinding hexamer important for force generation alsitg actin
filaments which is activated by phosphorylan of Ser19 of myosin light chain ZMLC)
(see chapten.5.d. Rho GTPases regulate MLC phosphorylation, for instafiteoA
induces MLC phosphorylation over ROGKotsukawa et al., 2000 This makes pMLC to
an interesting targdor deepe analyse regarding the influence of Rho GTPase signaling
pathways on the actin cytoskeleton.

The hPCLpInducerLMX1B cell line was usedot investigate the amount of pMLBy
immunofluorescence staining. As the hPCL cell line showed.MX1B expressionin
proliferating and differentiated cells, thbPCL pIinducel.MX1B cell line wascreatedby
lentiviral transductionof hPCL cells This cell line expressed human LMX1B after
induction with doxycycline, as shown Fgure3.11. Proliferating as well as differentiated
cells showedow LMX1B protein in the absence of doxycycline, while induction with
doxycycline for 5 days resulted in strong nuclear expression of LMX1Beamly all
proliferating cells. In differentiated celltherewas also LMX1B protein staineout to a
lesser extentThe nuclei and cell area of differentiated cellsre larger compared to
proliferating hPCLpInducerLMX1B.

To quantify the amount of pMLGiproliferating hPCL pinducetMX1B cells, cells were
grown 5 days in the presence or absence wigA. doxycycline and were replated on
laminin-521-coated cover slides thereaftéCL pIinducerLMX1B differentiation was
conducted by culturing at 3T for 14 days. Within the last five days of differeatiton
some cellswere additionally treated with doxycyclin® induce LMX1B expression.
Differentiated cells were replated on lamitil-coated cover slides. Both proliferating
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and differentiated cells weffexed 20, 40 and 6fnin after replating and stained for pMLC

and transgelin. The cell area was in both cases determined by immunofluorescence staining
against transgelin, which located throughout the cytosol. Interestingly, transgelin was
highly expressedboth in induced and neimduced hPCL pInducdtMX1B cells, at least

after 5 days of doxycycline treatment.

- dox (off) +dox (on)

proliferating podocytes

differentiated podocytes

Figure 3.11: LMX1B expression of the hPCL pinducer-LMX1B cell line in the presence or
absence ofdoxycycline.[A] Proliferating cells werglatedon laminin521-coated cover slides and
stained for LMX1B after 5 days. [B] Proliferating cells induced witig/L doxycycline for 5
days.[C] Cells were platedn lamininrcoated cover slides and differemdid over 14 days at 3T.
[D] Differentiating cells were induced withriig/L doxycycline the last five days of differentiation.
For better visibility lightness of pictures C and D was increased compared to pictures A and B

The expression of LMX1B influeced the amount of phosphorylated myosin light chain
in spreadinghPCL pIinducerLMX1B cells. Proliferatingpodocytesshowed significantly
decrease®MLC fluorescence irdoxycyclineinduced LMX1B expressing cells both 20
and 40min after platingFigure3.12, A). However, there was no differenafter 60 min of

cell spreadingA similar result was obtaineadthen using differentiated cel(§igure 3.12,

B). LMX1B expressing cells stained 4@in after plating had significantly reduced amounts
of pMLC, while the difference at 6@in after plating was nearly significant. Nevertheless,
there wasagainno differenceat one time point, in this case atain after plating.
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Figure 3.12 Mean pMLC intensity of proliferating and differentiated hPCL pinducer-
LMX1B cells in respect to doxycyclineinduced LMX1B expression. Proliferating and
differentiated cellsverefixed 20, 40 and 6@nin after replating on laminib21-coated cover slides
and stained for pMLC and transgelin. Transgelin staining was used as a cell bounday mar
[A] Proliferating cells were treated withmg/L doxycyclinefor five days prior replating. At least
10 cells were analyzed. [B] hP&iinducerLMX1B cells were differentiated at 3T for 14 days
and additionally induced with doxycycline within thest five days of differentiation. At least 8
cells were analyzed per setting. n. s. not significant; **P<0.01.

In summary, LMX1B expressing podocytes had reduced or equal levels of pMLC
compared to control cells, but the pMLC amount was never increasese Tata further

hint towards a role of LMX1B in the regulation of the actin cytoskeleton, but the data are
only preliminary as the experiment was performed only one time before the end of this
thesis.

3.3.3. Influence of signaling cascades on the spreadimgiofary podocytes

It was shownn chapter3.2.4that primary Lmx1bdeficient podocytes spread sloweteaf
the removal of cytochalasb. Thisexperimentwas usedo narrow down the nature of the
dysregulation of the actin cytoskeletorhe experimental setup and proceduesained
unchanged except for the addition ofan inhibitor 1h prior to the waslout of
cytochalasirD, and the inhibitor was also supplementedthe washing mediunfsee
chapter2.8.8. The effect of the inhibitor on the spreadingLofix1b+/+ and Lmx1bfl/fl
podocytes was then analyzed in comparisonntoeatedpodocytes Two inhibitors were
usedso far Y-27632 (5 uM) and LIMKi 3 (10 uM), which inhibit the kinases ROCK1/2
and LIMK1/2, respectivelyThesekinases play an important role in the regulatiorthaf
actin cytoskeleton anaict downstream of Rho GTPases.
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The resulting spreading curves were interpreted as follows: In case the inhibited kinases are
not part of the dysregulated signaling pathway, the inhibitor should act on the spreading of
knockout and wildtype podocytes inthe same way. That means the spreading of
Lmx1bfl/fl podocytes should remain slower. In case the inhibited kinases are dysregulated
following Lmx1b knockout, the inhibitor should nullify the differences in the actin
regulation and in the spreading, abs$t as long as only one pathway is to most parts
responsible for the dysregulation of the actin cytoskeleton.

Involvement of ROCK in the dysrequlation of the actin cytoskeleton

When treated with ROCK inhibitor (ROCKIi)-27632, the relative cell area bx1bfl/fl
podocytes 12inin after waskout of cytochalasiid was significantly decreasedrigure

3.13, C). Unfortunately, there was only a slight and not signifiadifference in the
spreading of control podocytes treated with the solvent of the inhibit®)(Hbossibly
because only half as many animals (3 mice, 12 FOVs) compared to the initial spreading
experiment [Figure 3.9, B) were used. Nevertheless, the significant difference of ROCKi
treated podocytes indicates that the kinase ROCK is not involved in the dysregulation of
the actin cytoskeleton.

Involvement of LIMK in thedysrequlation of the actin cytoskeleton

The spreading of green fluorescdmx1bfl/fl and Lmx1b+/+ podocytes treated with
LIMKi was almost identical Kigure 3.13, B), and there was no difference in the relative
EGFP positive area after 12din of spreadingKigure3.13, D). A marked difference in the
spreading of control podocydreated with solvent (DMSO) was noticeable, although it
was not significant 12fnin after waskout of cytochalasib. Again, the animal number
was lower (3 mice, 12 FOVs) compared to the initial experiment, which explains this
statistical finding. As thepreading curves of LIMKi treated podocytes were at the same
level, it is hypothesized that LIMK is dysregulated limx1b knockout podocytes.
Moreover, the spreading of knockit podocytes in the presence or absence of LIMKi was
similar, indicating that LIMK activity inLmx1bfl/fl podocytes was already at a low level
and therefore not influenced by the inhibitor.

Taken togther, these results point towards a decreased activity of LIMKnixiLbknock
out podocytes, whereas the activity of ROCK is not affected.
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Figure 3.13: Spreading of pimary green fluorescent podocytes after wash-out of
cytochalasinD in the presence or absence of inhibitor®rimary podocytes derived from female

quadruple transgenic mice after doxycycline induction for 7 days and were obtained by glomerular
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outgrowthover 5 days. Podocytes were treated with cytochalagor 24h and cell spreading was
analyzed after wasbut of the toxin by live cell imaging (ongicture every 68, 121min
observation time). fie inhibitor treatment startedhlbefore wasiout and catinued in the course

of the experiment. Data are presented as the green fluorescent cell area relative to thenarea 10
post waskout. Cells from one mouse per genotype were used per experiment, and 4 fields of view
(FOVs) were analyzed per experimefA] Spreading of primary podocytes treated withuMa
ROCK inhibitor or solvent (kD). Shown are the means and SDs from 3 experiments (12 FOVs).
[B] Spreading of podocytes in the presence ofiftlOLIMK inhibitor or solvent (DMSQO). Shown

are the means and SOrom 3 experiments (12 FOVYYL, D] Box plots of the relative podocyte
area 12Inin after cytochalasi® washout. Gray dots represent values of single FOVs, the boxes
the lower and upper quartiles and the horizontal line the respective medl&assech to the
furthest points within 1.5 times the bbright n. s. not significant; **P<0.01.

3.4. Dysregulation of focal adhesions

The regulation of theactin cytoskeleton isfluencedby extracellular signals, which are
recognized by transmembrane recepleasling to an activation of signaling cascades. Two
transmembrane compartments especially important in podocytes are focal adhesions and
slit diaphragmgsee chaptet.4.3. Both are mechanically linked to the actin cytoskeleton
andadditionallyregulate the actin cytoskeleton over signaling cascéehad et al., 200)/

As the possibility to inducdoot processand potentially slit diaphragm formatiorof
culturedprimary podocytes waseported only at the end dfis thesis(Yaoita et al., 2018

the contribution of slit diaphragmsto actin cytoskeleton dysregulatiorouwdd not be
investigatedOn the other handsomeprevious datdinted towards dysregulain of focal
achesions afterLmx1b knockout For instanceLmxlb knockout podocytesadhered
strongerto laminin111 (Burghardt et al., 20)3and FRAP experiments revealed slower
recovery ofa-actininl and actin afocal adhesions in primarknockout podocytes
(Stepanova, 2016 Additionally, defects of focal adhesion proteins are known to cause
podocyte damag and foot process effacemgiivante and Hildebrandt, 20)16Focal
adhesios were investigatedto answer the question if dysregulation of the actin
cytoskeleton inLmx1b knockout podocytes is alreadyaased by dysregulated focal
adhesions.

3.4.1. Activation ofbl-integrin

Integrins are extracellular matrix receptors and dbatral proteins of focal adhesions.
Within podocytesthe heterodimeri@3bl-integrin is the most abundant integ(8achs
and Sonnenberg, 201L3Integrins are activated either to extracellular stimuli (outside
signaling) or by intercellular binding of proteins (insiolat signaling)Askari et al., 2009
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Owing to its importancéor focal adhesions the activity bfl-integrin was investigated by
fluorescence staining with an activatistate recognizing antibody.

Investigation by immunofluorescence stainofgdherentpodocytes

In a first experiment primary adherent podocytes were stained againsttectivtegrin to
visualize the localization and amount of actb/integrin. To obtain primary podocytes,
male quadruple transgenic mice were induced with doxycycline fiayg, followed by
isolation of glomeruli and outgrowth of podocytes for 5 d@ge chapte?.6.1). Outgrown
podocytes were plated on lamir21-coated cover slides and fixed afesractly 40min or
atthe next day and stained against aclitantegrin. At least 26 green fluorescent primary
podocytes originating from two male mice per genotype were analyzed.

The staining revealed the typical loeakion and shape of focal adhesions in spreading and
steady state podocyteBigure 3.14, A - H). This pattern was also frequently observed by
paxillin staining of pimary podocytes (data not shown). In roundish spreading podocytes,
focal adhesions were commonly arranged in a ring near to the cell edge, but no difference
betweenLmx1b+/+ and Lmx1bfl/fl podocytes was visible. The localization of active
bl-integrin in steady state podocytes was more heterogeneous and was dependent on the
cell shape, but again no overt differences between the two genotypes were recognizable.
Isotype controls revealed some unspecific fluorescence signal primarily in the vicinity of
the nieleus, especially in spreading cells. Quantification of the mean fluorescence intensity
per cell showed equal levels bfi-integrin activation both in spreading and steady state
podocytes when comparimgnx1bfl/fl to Lmx1b+/+ podocytesKigure3.14, ).

Investigation by flow cytometry

To reveal potential small differences in the activatiolbbintegrin, a greater number of
cells were investigated by flow cytometfiemale quadruple transgenic mice were induced
with doxycycline for 7 days followed by isolation of glomeruli and podocyte outgrowth for
additional 7 daygsee chapteR.6.1). Glomerular outgrown cells were detached from the
surface and split into three equal parts. Each part was incubated either wilctiaeti
bl-integrin, antitotal bl-integrin or isotype camol antibodies(see chapte.8.9. As
glomerular cells comprehended green fluorescent Cre expressing podocytes as well as red
fluorescent podocytes without Crepegssion and possibly red fluorescent endothelial and
mesangial cells, an antibody coupled to theréar fluorescent dye Alexa633 was chosen as

a secondary antibody. Both green and red fluorescent cells were analyzed by flow
cytometry regarding the Alex&8 intensity per cell. Total cell numbers are lisied able

3.1, originating from 11 mice per genotype.
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Figure 3.14: Localization and quantification of the amount of active bl-integrin in primary
green fluorescent podocytedMale quadruple transgenic mice were induced with doxycycline for 7
days followed by isolation of glomeruli and gumwth of podocytes for 5 days. Outgrown cells
were plated on laminib21-coated cover slides and fokeafter 40min or the next day.
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[AT H] Confocal pictures of spreading (topanely and steady state (bottoanel green
fluorescent podocytestainedfor active bl-integrin. [I] Quantification of the mean fluorescence
intensity within a cell. At least 26 cells isolated from 2 mice per genotype were analyzed. n. s. not
significant.

A slightincrease of activel-integrin of green fluorescehimx1bfl/fl podocytes compared
to Lmx1b+/+ podocytesnvas found, while the amount of total-integrin remained at the
same level Figure 3.15, A). The data were not compromised by unspecific binding of
antibodies, judging from the low isotype control intensities

Red fluorescent cells showed a different signal distributibgufe 3.15, B). There were

two peaks of activél-integrin regardless of their origin, arguing for at least two different
bl-integrinexpressing cell types. The right peadost likely corresponds to nenduced

red fluorescent podocytes, as it showed similar fluorescence intensities compared to green
fluorescent podocytes. Although there were differences in relative cell numbers of red
fluorescent primary podocytes, the ambwf activebl-integrin was at the same level
between red fluorescent podocytes isolated from podepgeific Lmx1bknockout and
wild-type animals. The amount of tothll-integrin was increased in cells froomx1b
knockout animal origin. However, thieroad signal argues again for overlapping aign

from different cells types.

Taken together, green fluorescent but not red fluorescent podocytes from pexpanyte
Lmx1bknockout mouse origin showed slightly increadgtiintegrin activity, indicating

that this difference was rather caused by intracellular processes than extracellular
glomerular basement membrane alterations. On the other hand, the amount bi-total
integrin remained unchanged, at least in green fluorescent podocytes.

Table3.1: Numbes of cells analyzed by flow cytometry regarding their acbtantegrin,
total b1-integrin and isotype control staining intensity.

Primary antibody Genotype EGFP positive cells  tdTomato positive cells
activebl-integrin Lmx1b +/+ 107193 196206
Lmx1b fl/fl 92060 238252
total b1-integrin Lmx1b +/+ 95529 157770
Lmx1b fl/fl 76532 243888
isotype control Lmx1b +/+ 94115 233472

Lmx21b fl/fl 92788 250893



106 RESULTS

EGEFP positive cells

3000 -
isotype control active f1-Integrin J\\ total f1-Integrin

22501

normalized count
—
(%]
o
o

7504

10’ 10° 10 10° 10°
Alexafi33 intensity
B .
tdTomato posttive cells
4000 -
isotype control active f1-Integrin .. total Pl-Integrin
3000 -
E
(=]
o
-
& 2000
2
&
Q
é
1000 -
0 p

10’ 10° 10° 10" 10°
Alexafi33 intensity

Figure 3.15. Amount of active and total b1-integrin of green fluorescent podocytes and red
fluorescent glomerular cells determined by flow cytometryGlomerular cells were obtained by
7-day lasting outgrowth from glomeruli isolated rftoa total of 11 female quadruple transgenic
mice per genotypeCells were incubated with monoclonal antibodies against abtiviategrin,

total b1-integrin and an isotype control. An Alexa633 coupled secondary antibody was used and the
Alexa633 intensityper cell was analyzed by flow cytometi®ed and orange colalenots curves

of cells from Lmx1bfl/fl mouse origin andlack and bluewas used for curves dfells from
Lmx1b+/+ mouseorigin. The cell count was normalizedr better comparability. [AJAlexa633
intensity histogram of green fluorescent podocytes with known Cre recombinase expression and
activity. [B] Alexa633 intensity histogram of red fluorescent glomerular cells.
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3.5. Investigation of transgelin iomx1bknock-out podocytes and
mice

Transgeh revealedthe strongesimRNA upregulation in podocytspecificLmx1bknock

out glomeruliidentified by DNA microarray studig8urghardt et al., 2093 Additionally,

de novotransgelin expression in freshly isolated green fluorescent1bfl/fl podocytes
was confirmed in chapte3.1.2 at the protein level. Although upregulation of transgelin
seems to be a common reaction of podocytes to damage, it is however an interesting study
target owed to the observation thaeletion of transgelin had beneficial effects in a
crescentic glomerulonephritis model in mi¢®larshall et al., 200)1 The effect of
transgelin in the progression of renal damagased byLmx1bhomeobox deletion was
mainly studied using a podocyspecific Lmx1b knockout mouse line crossed with a
global transgelin deletion mouse line. Additionally, the subcellular localization and
expression of transgelin in outgrown green flgoent primary podocytes was investigated.

3.5.1. Subcellular dcalization of transgelin in primary podocytes

Transgelin localizes to the actin cytoskeleton in smooth muscle(Eellst al., 2000 but

its localization in spreading and steady state podocytesnataseportedso far. For this
reason primary podocytes were obtained from male 7 day induced quadruple transgenic
mice by glomeular outgrowth for 5 dayésee chapte2.6.1). Those cells were replated on
laminin-521-coated cover slides and fixed after exactlynf#ii or at the next day and
stained against transgelin. Confbpéctures of at least 31 green fluorescent podoqyéss
groupwere taken, and the cells originated from two male mice per gen(tgpechapter
2.8.9.

Although transgelin was expressaxhly in freshly isolated Lmx1bfl/fl, but not in
Lmx1b+/+ podocytes (see chapt&1.2, there was a sbtng transgelinexpression in
outgrown spreadingnd steady state podocytet both genotypegFigure 3.16). As the
expression of transgelin in outgrowtmxlb+/+ podocytes was unexpected, the mean
transgelin intensity per cell was also quantifi€dg(re 3.17, B). Although there was no
significant difference in spreading pagtes, steady stalemx1b+/+ podocytes analyzed

6 days after isolation from mice had significantly lower levels of transgelin protein
compared tamx1bfl/fl podocytes.
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Figure 3.16: Localization of transgelin and colocalization with actin in spreading and steady
state podocytes.The pictures show primary podocytes obtained by glomerular outgrowth for 5
days, which were replated on lamifb@1-coated cover slides and fixedter 40min [A, B] or the

next day [C, D] The podocytesources wereéwo male quadruple transgenic mice per genotype
induced with doxycycline for 7 day®n the righthand side are magnifications thie areasnarked

in the merge picturedisplaying stress fibers and the leading edge
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Figure 3.17: Quantifications of actin-transgelin correlation and the amount of transgelin.
[A] Pearson correlation coefficientiustrating the colocalization of -kctin and transgelinThe

coefficient was calculated y Cost esd aut omafori4aconttolandeéssamopled met

podocyteqgray dots)per genotype and time point. Controls were processed like sample cells apart
from skipped anttransgelin antibody incubatiofthe box regresents théower and upper quartile

the horizontal line within the box the median, dr@as reach to the last pointgthin 1.5 times the

box height.[B] Mean transgelin intensity oét least 31loutgrown spreading and steady state
podocytes. n. s. ngignificant; ***P<0.001.

In spreading podocytes, transgelin was localized throughout the cyfogaig3.16, A and

B). An increased fluorescence signal was noticetha cell edge and at the perinuclear
region, but not at phalloidin stained actin fibers. Actin fibers located in a belt between the
nucleus and the cell edge similar to the localization of adifisntegrin stained focal
adhesions (seleigure3.14). No difference in the localization between knaak and wild

type podocytes was obvious. In steady state podocytes, transgelin localized to the leading
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edges of lamellipdia and to actin fibers regardless of the podocyte genofygeré3.16,

C and D), although the transgelin fluorescencd.nmx1b+/+ podocytes seemed to be
weaker. Ralloidin staining was most prominent at stress fibers, but also weak staining of
cortical actin was detectable.

Colocalization of transgelin and actin was quantified with the Pearson correlation
coefficient Eigure 3.17, A). A value of 1 represents total positive correlation
(colocalization), while O represents no correlation afidtotal negative correlation
(exclusion). Cells treated with phalloidin and the secondartibody, but without the
primary antibody against transgelin served as controls. The coefficient was calculated for 6
cells per sample group and 4 cells per controls. The Pearson coefficient confirmed the
finding of phalloidin and actin colocalization steady state podocytes, but there was no
colocalization in spreading podocytes. Colocalization was not influencedhkib knock

out.

In summary, transgelin colocalized witha€tin in steady state, but not in spreading
podocytes. Transgelin wdarthermoe enriched at the leading edgmsd was generally
expressed in dedifferentiated primary podocyte culture, although to a higher extent in
Lmx1bknockoutpodocytes.

3.5.2. Phenotypic characterization binx1bandSm22doubleknock-out
mice

Podocytespecfic Lmx1b knockout mice die from renal failure after around 14 days
(Suleiman et al., 20Q07Mice with globalSm22knock-out are healthy, fertile anchew no
overt abnormal phenotyg&uhbandner et al., 2000To examine the effect of transgelin on
the survival and proteinuriaf Lmx1bkdeficiert mice, these mouse linesvere crossedAs
the probability of offspring of the desired genotype was lmming to three different
transgenesmice werebred in two different crossing schemeBlice of both crossing
schemes were of mixed C57BL/@29/Svgendic background.

The crossing schemes and frequencies of birth ofnestigatedgenotypes are listed in
Table 3.2. As the til biopsiesfor genotypingwere taken foudays after birth, mmals
dying earlier were not includeih statistics. As it was not possible to discriminate between
hemizygous and homozygouB2.5Cre mice by PCR genotyping, the expected
probabilities are given as rang@$e birth rate of mice with both podocydpecificLmx1b
knockout and heteroor homozygoussm22knockout were reduced, while thieirth rate

of Lmx1b+/+, P2.5Cre+, Sm22-/- mice was slightly increased. On the other hand
podocytespecificLmxlbknockout mice had a birth rate similar to what was expected. The
reason for the lower birth rate of doukl®ockoutanimalsremairedunclear.
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Table3.2: Frequencies of birth of mice with the denoted genotypesnalsiwere obtained
by two different crossing schemes, and a total of 367 mice in the upper and 130 mice in the
lower case were genotyped 4 days after birth. Animal numbers are given in brackets.

Genotype Expected offspring Actual offspring
Lmx1b +/fl,P2.5 Cre +, Sm22 +/x Lmx1b +/fl, P2.5 Cre +, Sm22-
Lmx1b +/+, P2.5 Cre +, Sm22- 9.4-12.5% 14.2% (52)
Lmx1b fl/fl, P2.5 Cre +, Sm22 9.4-12.5% 6.0% (22)
Lmx1b fl/fl, P2.5 Cre +, Sm22 +/ 9.4-12.5% 4.4% (16)
Lmx1b +/fl, P2.5 Cre +, Sm22/+ x Lmx1lb +/fl, P2.5 Cre +, Sm22 +/+
Lmx1b fl/fl, P2.5 Cre +, Sm22 +/+ 18.8% 20.0% (26)

Nevertheless, Kaplahleier survival analysis Higure 3.18 A) revealed a prolonged
lifetime of a subset of doubknockout animals beyond 4 days. However, there was also
one podocytespecific Lmx1bknockout mousewith comparableprolonged lifetine. The
survival ofLmx1b+/+, P2.5 Cre+, Sm22+/- mice was indistinguishable frompodocyte
specific Lmx1b knock-out mice Control Sm22 knockout mice showed no abnormal
survival, at least within the observed time span of&eéks. Interestinglynost podocyte
specificLmxlbdeficient mice died at around 14 days regardlesglditionalSm22knock-
out, but few micesurvivedlonger. A possible explanation for this finding is the mixed
genetic background, leading to birth of mice with differauscetibilities to renal damage
caused by absemhimx1b. But still, there was a higher degree of mice watprolonged
lifespan wherSm22was knockeebut. Unfortunatelythere was no statistidglsignificant
influence of transgelin on the survival of podoegpecific Lmx1b knockout mice
(P=0.189, logrank test)and alsca direct comparison afhe survival of doubl&nock-out
andpodocytespecificLmx1bknock-out mice was not significar(® = 0.105, logrank test).

Proteinuria wasdditionallydetermined fomost animalsKigure 3.18, B). Urine samples

were taken from mice at the age of 4, 10 and 21 days and 6, 13 and 17 weeks and analyzed
by SDSPAGE. Asit was expectedSm22-/- mice had no proteinuria, including the two
animals dying within the analyzed lifespan, hinting towards other causes of ajeath

from renal failure. All other animajswvhich could be analyzed for proteinuria at the last
sampletime point before deatthad developed proteinurién general, mice which died at
around 14 days showed proteinuria already at the age of 4 days, whereas mice with a
prolonged lifespan had no proteinudatithat ageAll podocytespecific Lmx1bknock-out

mice had developed proteinuria by 6 weeks, irrespective of addisom22knock-out.
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Figure 3.18: Survival and onset of proteinuria of mixed C57BL/6/129/Svmice with various
combinations of podocytespecific Lmx1b knock-out and global Sm22knock-out. Mice were
genotyped four ays after birth, individuals dyg earlierwereexcluded. A total of 2T.mx1b+/+,
P2.5Cre+, Sm22-/-, 14 Lmx1bfl/fl, P2.5Cre+, SnR2-/-, 13 Lmx1bfl/fl, P2.5Cre+, Sm22+/-
and 18 Lmx1bfl/fl, P2.5Cre+, Sm22+/+ mice were analyzedip to an age of 17 weeks.
[A] Kaplan-Meier survival analysigB] lllustration of the survivabnd onset of proteinuria of each
mouse Proteinuria wasletermined by SD®AGE at the age of 4, 10, 21 days and $atd 17
weeks (dashed vertical line3)he lifetimeuntil the last observation of no proteinuria is depicted in
green and the lifetime after thedirobservations of proteinuria red. The timespan Ying in-
between is illustrated agange, as proteinuria must have develojpetthis time frame For some
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mice it was not possible to obtain urine samples, and few mice died without any observation of
proteinuria. Those times are depicted in gray,paoteinuria could potentially have developed
before death.

In summary, a higher degree of double knodk mice had a delayed onset of proteinuria
and a prolonged lifespan compared to podespkecificLmxl1bknock-out mice, indicating
that transgelin is one of multiple factors defining renal susceptibility to damage.

3.5.3. Investigationof Lmx1h Sm22doubleknock-out mice 8 days
postnatdly

To further investigate the potential negative effectdef novotransgelinexpression on
podocytehealth of Lmx1b knockout mice the kidneys of double knoedut mice and
controlswere perfusion fixed at the age of 8 days. Fixed kidneys amafyzed regarding
kidney histology and ultrastructure in addition to immunofluorescetaiaing of selected
proteins.As heterozygou$Sma22inactivationhad no effect on survival and proteinuria of
podocytespecificLmxlbknock-out mice, those mice werxcluded from further analyse

Quantification of poteinuria,bodyweight andhedensiy of filtration slits

Urine samples were taken and the weight was deternmmextdiately priorto perfusion.
The numberof filtration slits per micrometer basement membrane was determined using
electron micrographs of two glomeruli per mouse.

As expected, none of thé control mice lmx1b+/+, P2.5Cre+, Sm22-/-) showed any
sign of proteinuria, while all 6 podocyspecific Lmx1bknock-out mice had developed
proteinuria Figure 3.19, A). Surprisingly, the protein to creatinine ratio of most double
knockout mice was increased compared to podosyecific Lmx1bknock-out animals.
Nevertheless, one of the eight doukleck-out mice showedno proteinuria 8 days after
birth.

Consistent witlthoseobservations, the weight of some douki®ck-out mice was already
markedly decreased, while the orghout proteinuriadoubleKO mouse 1had a weight
similar to controls Figure3.19, B). Again, the weight of podocyspecificLmx1bknock
out mice at the age of 8 days was still close to coniralg;ating a milder phenotype.

Those observains were reflected on the subcellular level by the number of filtration slits
per micrometerKigure3.19, C). Every gap between adjacent foot processes was counted as
a filtration slit. The number of filtration slits was drastically reduced of both podocyte
specificLmx1bknock-out and double knoe&ut animals, with the exception of the double

KO mouse 1.
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Figure3.19: Proteinuria, weight and filtration slits per micrometer basement membrane of 8

day old mice with combined podocytespecific Lmx1b knock-out and global Sm22knock-out.

The values for individual animals are depicted, and every column represents one #jitdahd

protein to creatinine ratio determined by Bradford protein assay and Jaffe reaction. [B] Weight of
individual mice at the time of perfusion. [C] Filtration slits per micrometer glomerular basement
membrane. Slits were countegdelectron micrograps of two glomeruli per mouse, and every gap
between adjacent foot processes was counted as a filtration slit.

















































































































































































