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SUMMARY

Podocytes, highly specialized epithelial cells, build
the outer part of the kidney filtration barrier and
withstand highmechanical forces through a complex
network of cellular protrusions. Here, we show that
Arp2/3-dependent actin polymerization controls
actomyosin contractility and focal adhesion matura-
tion of podocyte protrusions and thereby regulates
formation, maintenance, and capacity to adapt to
mechanical requirements of the filtration barrier.
We find that N-WASP-Arp2/3 define the development
of complex arborized podocyte protrusions in vitro
and in vivo. Loss of dendritic actin networks results
in a pronounced activation of the actomyosin cyto-
skeleton and the generation of over-maturated but
less efficient adhesion, leading to detachment of po-
docytes. Our data provide a model to explain podo-
cyte protrusion morphology and their mechanical
stability based on a tripartite relationship between
actin polymerization, contractility, and adhesion.

INTRODUCTION

Cellular protrusion formation is involved in many important bio-

logical functions ranging from tumor metastasis to embryogen-

esis (Ladoux et al., 2016, Bravo-Cordero et al., 2012; Hunter

and Fernandez-Gonzalez, 2017; Krause and Gautreau, 2014).

Among the best-studied cellular protrusions in 2D is the ‘‘clas-

sical’’ lamellipodium, which is generated in a well-coordinated

interplay of polymerization, crosslinking and severing of actin fil-
Developmental Cell 47, 741–757, Dece
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aments (Krause and Gautreau, 2014). Various protrusion types

have been identified and differ not only in their molecular compo-

sition, but also in their context-dependent properties (Inagaki

and Katsuno, 2017; Di Martino et al., 2016; Leijnse et al.,

2015). However, not much is known about how extremely fine

protrusions can produce outstanding mechanical durability

while maintaining adaptive capacity in integrated tissues and

organs.

Here, we focused on the podocyte, which is essentially

involved in the formation of the kidney filtration barrier by enwrap-

ping glomerular capillaries with its specialized cellular protru-

sions (namely, foot processes [FPs]; Pavenst€adt et al., 2003).

As podocyte FPs are required tomaintainmorphological stability

and cell-matrix adherence against physical filtration forces, they

serve as an ideal model to study the contribution of protrusion

phenotypes and reciprocal cell-matrix interactions. Retraction

and simplification of the complex podocyte FP network is often

linked to detachment of podocytes from the glomerular base-

ment membrane and presents a key feature of glomerular dis-

ease (Grahammer et al., 2013;Kriz et al., 2013).During glomerular

development, podocytes undergo dramatic morphogenetic al-

terations, transforming from cuboidal epithelial cells into arbor-

ized podocytes with a network of highly branched FPs (Schell

et al., 2014;Welsh andSaleem, 2011). Based on the identification

of disease-causing mutations affecting core components of the

actin cytoskeleton (e.g., ACTN4 or INF2), the concept of a tightly

controlled cellularmorphology for podocyte function has evolved

(Brown et al., 2010; Kaplan et al., 2000). However, it is still incom-

pletely understood how the podocyte process networks form,

which molecular machineries are involved, and if different cyto-

skeletal pools exert specific functions.

Here, we show that the Arp2/3 complex controls the integrity

of the kidney filtration barrier by influencing two distinct, yet

interlinked processes. First, Arp2/3 complex-dependent actin
mber 17, 2018 ª 2018 The Authors. Published by Elsevier Inc. 741
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Figure 1. The Arp2/3 Complex Presents a Central Node in the Network of Cytoskeletal Proteins in Podocytes

(A) Schematic depicting how podocytes reside on the outer surface of glomerular capillaries.

(B) During glomerular maturation podocytes undergo profound cell shape changes (GBM, glomerular basement membrane; FP, podocyte foot process).

(C) Colorized scanning electron microscopy (SEM) image of podocyte protrusions illustrating the complex interdigitating network of podocyte FPs covering

glomerular capillaries.

(D) Transmission electronmicroscopy (TEM) demonstrates FPs attaching to the glomerular basement membrane (GBM; cap - glomerular capillary). Slits between

individual FPs are bridged by specialized cell-cell contacts known as slit diaphragms.

(E) Schematic describing the strategy for isolation of genetically labeled primary podocytes and subsequent mass spectrometry (MS) analysis. Following single-

cell isolation and further FACS-based purification, respective cell populations are analyzed.

(legend continued on next page)
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polymerization critically determines the arborization and

complexity level of podocyte FPs. Second, Arp2/3-controlled

focal adhesion (FA) and traction forces influence podocyte adhe-

sion. The Arp2/3 complex provides actin nucleation and fila-

ment-branching properties to generate highly branched actin

networks, which are essential for the formation and propulsion

of lamellipodia (Rotty et al., 2013). It was only recently demon-

strated that Arp2/3 also influences the alignment of cell-matrix

adhesions and thereby affects cell-matrix-dependent haptotaxis

(Wu et al., 2012). In the classical model, Arp2/3-complex-medi-

ated filament assembly is activated by nucleation-promoting

factors (NPFs such as SCAR/WAVE and N-WASP) downstream

of CDC42- and RAC1-dependent signaling axes (Campellone

and Welch, 2010). Advanced models challenged this view, as

they identified competition between the Arp2/3 complex and

other nucleation machineries (such as the formin protein family)

defining critical cellular responses (Lomakin et al., 2015; Wu

et al., 2017). Despite many years of research on Arp2/3, little is

known about its role in vivo beyond the importance for classical

lamellipodia and adhesion structures.

RESULTS

The Arp2/3 Complex Presents a Central Node in the
Network of Cytoskeletal Proteins in Podocytes
Given theextensivecharacterizationof theArp2/3complex in vitro,

we reasoned that Arp2/3-dependent branched actin networks

might be involved in process formation as well as FA initiation in

glomerular epithelial cells. Podocytes derive from themetanephric

mesenchyme (Schell et al., 2014) and exhibit a rather cuboidal

morphology in early glomerular development.With ongoingmatu-

ration, cells shift their polarization pattern and extend numerous

cellular protrusions (podocyte processes) toward the glomerular

basement membrane (Figures 1A and 1B). These thin processes

are interconnected with extensions from adjacent podocytes

and provide anchorage to the glomerular basement membrane

(protrusions directly evolving out of the cell body are termed pri-

mary processes, whereas further arborized and terminally

branched protrusions are termed secondary, or FPs; Figures 1C
(F) Proteome network analysis of podocyte-enriched proteins revealed high ab

binding or focal adhesion-associated proteins. Filtering of the enriched protein

complex as a central node (color coded: enrichment scores and functional group

detection ratio >2 for podocytes to non-podocyte glomerular cells).

(G) Focal adhesome proteomics generated out of immortalized human podocytes

the focal adhesome (FA) (enrichment scores are indicated in Table S2; proteins w

(H and I) Immunofluorescence of spreading primary wild-type podocytes revealed

spreading phases (white line indicates region for intensity line scan analysis; RFI

(J) Western blot analysis of focal adhesion (FA)-enriched cell fractions or total c

(Paxillin) and PDH (Pyruvate dehydrogenase E1) were used to demonstrate succe

(see also Figure S2).

(K) Confocal laser scanning microscopy of human glomeruli confirmed distin

compartment (dashed line boxes indicate areas of higher magnification inserts).

(L) A similar enrichment was also observed for ARP3 employing confocal laser s

micrometers apart; dashed outlines indicate the podocyte compartment; synpat

(M) Schematic depicting stages of glomerular development (podocyte progenito

depicted in orange).

(N and O) At late capillary loop stage, ARP3 (N) and N-WASP (O) accumulated at t

takes place (in earlier developmental stages, this prominent accumulation was

podocyte compartment; pod, podocyte; cap, capillary; NIDOGEN was employe

analyzed at p0).
and 1D). Podocytes reside on the outer surface of glomerular cap-

illaries and are exposed to high physical filtration forces. Special-

ized adhesion machineries are required to prevent detachment

of those cells into the urinary space. We hypothesized that the

structure and composition of the actin cytoskeleton networkmight

interconnect FP development with efficient adhesion regulation.

To describe the composition of the podocyte cytoskeleton, we

made use of our recently developed genetic-reporter-based pro-

tocol for highly efficient single-cell isolation and downstream

mass spectrometry (MS) applications (Figure 1E). Based on our

initial hypothesis, we aimed to identify proteins or complexes

that are known to act at the interface of cellular protrusion forma-

tion and FA regulation. Here, GFP-labeled podocytes were iso-

lated from genetic reporter strains and after fluorescence-acti-

vated cell sorting (FACS)-based enrichment, MS analysis was

performed. Filtering this dataset for podocyte-enriched cytoskel-

etal components involved in actin binding, protrusion formation,

and FAs resulted in a list of 114 proteins, where the N-WASP/

Arp2/3 complex axis appeared as a central node (Figures 1F and

S1; Table S1; comparing podocytes versus non-podocytes, i.e.,

mesangialandendothelial cells). Employingproteomicsof enriched

adhesioncomplexes (focal adhesome), cell fractionationprotocols,

aswell as immunofluorescence,wecould furthermoredemonstrate

that ARP3 is enriched in the adhesion complex of podocytes (Fig-

ures 1G–1J and S2; Table S2). These observations once more

corroborated our initial hypothesis that the Arp2/3 complex might

function at the interface of propulsive actin network generation

and theFAcomplex regulation inpodocytes.Usingconfocalmicro-

scopy on human kidney tissue, N-WASP and ARP3 were detected

in the podocyte compartment (enriched in podocytes as indicated

by co-labeling with the podocyte specific protein SYNPO; Figures

1K, 1L, and S2). Formation and generation of podocyte FPs occurs

during glomerular maturation at the so-called capillary loop stage

(Figure 1M). Immunofluorescence studies on different maturational

stages of glomeruli revealed that ARP3 and N-WASP accumulated

at thebasal compartment of podocyteswhere FP specification and

arborization occurs (Figures 1N and 1O). This localization pattern

was also detected in completely maturated glomeruli of adult

mice, where N-WASP except for glomeruli also showed minor
undance of proteins contributing to distinct functional subsets such as actin

s for the indicated functional subsets confirmed components of the Arp2/3

s are indicated in Table S1; proteins were defined as podocyte enriched by a

detected multiple members of the Arp2/3 complex as enriched components of

ere hierarchically ranked according to their detection scores).

co-localization of ARP3 and the focal adhesion protein PAXILLIN during early

, relative fluorescence intensity; FA, focal adhesion).

ell lysate (TCL) confirmed ARP3 as a FA-enriched protein in podocytes. PXN

ssful separation of the focal adhesion fraction from the whole cell compartment

ct localization of the nucleation-promoting factor N-WASP in the podocyte

canning microscopy (inserts in (L) show different levels of z stack series 0.43

opodin (SYNPO) was used as a marker for the podocyte compartment).

rs and podocytes are shown in green; endothelial cells and capillary loops are

he basal compartment of maturating podocytes, where podocyte FP formation

not apparent; dashed line boxes indicate inserts; arrows indicating the basal

d as a marker of the glomerular basement membrane; mice glomeruli were
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Figure 2. N-WASP and ARP3 Are a Prerequisite for Ordered Podocyte Development In Vivo

(A) Schematic illustrating the crossing strategy for the generation of N-WASPfl/fl*Six2Cre knockout mice: Cre recombination targets all tissues deriving from the

metanephric mesenchyme, i.e., the whole nephron including podocytes.

(legend continued on next page)
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accumulations in distal nephron parts (Figure S2). Together, these

findings indicate a substantial requirement of N-WASP and ARP3

in the podocyte FP compartment not only during development

but also in completely maturated glomeruli.

N-WASP and ARP3 Are a Prerequisite for Ordered
Podocyte Development In Vivo

To test the relevance of N-WASP/Arp2/3-generated actin net-

works for the formation of podocyte FPs, we employed a set of

conditional knockout mouse models. We previously observed

that deletion of N-WASP using the podocyte-specific Nphs2Cre

line resulted in a delayed onset of proteinuria, starting at 3 weeks

after birth (Schell et al., 2013). It is known from earlier studies that

the hNPHS2 promotor exerts activity starting at embryonic day

E14.5 onward and specifically targets maturating podocytes at

the late capillary loop stage (Moeller et al., 2002). Hence, com-

plete and efficient deletion in early podocyte progenitors cannot

be predicted. To circumvent potential compensatory actions of

other actin NPFs, we employed the Six2Cre deleter strain

(E11.5; Figure S3), which targets the whole nephron including

podocyte progenitors from early nephron and glomerular matu-

ration onward (Kobayashi et al., 2008). Here, we observed that

loss of N-WASP resulted in conspicuous glomerular capillary

aneurysms (Figures 2B–2G), a phenotype associated with

disturbed podocyte process formation (Hartleben et al., 2013).

The impact on the integrity of the kidney filtration barrier was

marked as respective knockout animals exhibited proteinuria

early after birth (Figure 2H). To assess the morphology of podo-

cyte FPs, we employed electron microscopy and detected

marked simplification of FP morphology in N-WASP*Six2Cre

knockout animals (Figures 2I–2K), indicating the prerequisite

role for N-WASP in this morphogenetic process. Of note, primary

processes appeared not to be affected. Aside from the impact of

N-WASP deletion on the glomerular compartment, we observed

significant reduction in kidney and body weight of respective

knockout mice (Figure S3). This effect might be attributed to

the deletion of N-WASP throughout the whole nephron (Fig-

ure S3, as previously shown [Reginensi et al., 2013]). To abolish
(B–G) Histological evaluation revealed dilated and aneurysmal transformed glom

([B and D] glomeruli from control animals; [C and E] aneurysmatic capillaries in N

glomerular capillaries). Immunofluorescence for the podocyte marker NEPHRIN a

compartment ([F] shows an example of a respective control animal, while in G imp

white arrows).

(H) Evaluation of albumin to creatinine ratio (mg/mg) detected proteinuria in respe

analyzed; ****p < 0.0001).

(I) Quantification of foot process (FP) width by TEM showed pronounced effacem

analyzed; **p < 0.01).

(J and K) Transmission electron microscopy of wild type (J) and of N-WASP KO

junctions (yellow asterisks indicate misconfigured FPs; yellow arrows highlight S

(L) Schematic depicting the crossing scheme for the generation of podocyte-spe

(M) Western blot of FACS-sorted primary podocyte confirmed loss of ARP3 in re

(N) Arp3 knockout animals showed shrunk and pale kidneys at p21.

(O) Body weight gain was decreased in Arp3 KO animals beginning with 3 week

(P) Measurement of albumin to creatinine ratio (mg/mg) detected increased levels

showed high levels for the whole observational period of 4 weeks (at least 6 anim

(Q) Kaplan-Meier analysis revealed that 50% of respective Arp3 knockout anima

(R) Quantification of FP width in Arp3 knockout animals revealed marked simplifi

(S–U) Overview of 3D SIM microscopy in respective wild-type animals (S); sing

animals) illustrate misconfigured filtration barrier morphology indicative of aberra

mulated over 2 individual animals per genotype; ***p < 0.001). All data are repres
Arp2/3 complex-mediated actin nucleation, the nucleation core

component Arp3 was deleted by the use of the well-established

Nphs2Cre line, which initiates recombination at the late capillary

loop stage during glomerular development (Figures 2L and 2M).

Loss of ARP3 in podocytes resulted in high levels of proteinuria

already at birth, accompanied by decreased birth weight gain

(Figures 2N–2P). This phenotype drastically progressed to

chronic kidney disease characterized by glomerular sclerosis

as well as overall reduced survival (Figures 2Q and S4). Remark-

ably, loss of ARP3 resulted in global simplification of podocyte

FPs in a similar manner as loss of N-WASP, which we demon-

strated by transmission electron microscopy (TEM) (Figures 2R

and S4). Of note, primary processes were not obviously affected

in terms of morphology and size (in line with our observations in

the NWASP*SixCre model). In addition, we also employed a

recently established super resolution microscopy technique

(Figures 2S–2U and S4) to visualize and quantitate FPs of wild-

type and respective knockout animals (Siegerist et al., 2017).

These studies corroborated our initial observation by TEM and

overall support our initial hypothesis that propulsive actin net-

works, as provided by the N-WASP/Arp2/3 complex axis, are

involved in the complex generation of podocyte FPs and accu-

rate formation of the kidney filtration barrier. Of note, Arp3

knockout podocytes did not exhibit major differences in the

expression of podocyte-specific proteins (Figure S4).

ARP3-Mediated Actin Polymerization Is Required for
Efficient Protrusion Formation
Podocyte FPs are specialized cellular protrusions, which inter-

connect adjacent podocytes to each other and enclose glomer-

ular capillaries (Figures 1A–1D). We devised a simplified in vitro

model to assess protrusion formation of primary podocytes (Fig-

ures 3A and 3B) and observed that finely arborized protrusions

are mainly F-actin based as their in vivo counterparts (Suleiman

et al., 2017). Blockage of actin polymerization using latrunculin

resulted in a marked reduction of generated protrusions (Figures

3C and 3D). In order to establish a primary cell culture system of

high purity, we made use of a genetically encoded reporter
erular capillaries indicating defective enclosing of podocyte foot processes

-WASP*Six2Cre knockout animals; red dotted lines highlight areas of dilated

lso demonstrated the defective invagination of podocytes toward the capillary

aired invagination in N-WASP*SixCre knockout animals is shown; indicated by

ctive knockout animals at p3 and p5 (at least 3 animals at each time point were

ent and simplification in respective N-WASP KO animals (n = 3–4 animals were

(K) mice detected misconfigured podocyte FPs, without proper slit diaphragm

D junctions).

cific Arp3 deletion using the Nphs2Cre line.

spective knockout cells (TUBA: alpha-tubulin was used as a loading control).

s of age; respective heterozygous animals were unaffected (****p < 0.0001).

of proteinuria in Arp3 knockout animals already at p1. Proteinuria persistently

als per time point and genotype were analyzed; ***p < 0.001, ****p < 0.0001).

ls died within 30 days after birth.

cation and effacement (n = 3 animals per genotype were analyzed; *p < 0.05).

le plane zoom-ins (T-1 for wild type animals, and T-2 for respective Arp3 KO

nt FP architecture. (U) Quantification of SIM data (measurements were accu-

ented as mean ± SEM.
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system (Figure 3E). Loss of N-WASP or ARP3 resulted in a

marked decrease of protrusion formation under 3D-culture con-

ditions (Figures 3F–3H and S4). When we classified the

morphology of respective protrusions (Figure 3I), we found that

wild-type podocytes produced a higher level of complexity in

terms of terminally branched protrusions compared to either

N-WASP or Arp3 primary knockout podocytes (Figure 3J). This

inability for efficient and complex protrusion formation was

also underlined by an overall decrease in length of those cellular

protrusions (Figure 3K). Altogether, loss of ARP3 and N-WASP in

primary podocytes resulted in overall shorter and less arborized

protrusions. These findings were coupled by alteration in the

structure of the F-actin cytoskeleton characterized by decreased

levels of cortical actin and diffuse accumulation of coarse cyto-

plasmic actin speckles in Arp3 knockout podocytes (Figures 3L–

3O). Similar findings of defective lamellipodia protrusion forma-

tionwere also observed in 2D-culture environments in respective

Arp3 knockout podocytes (Figure S4). Morphological assess-

ment of FP structure and complex arborization levels in Arp3

knockout animals additionally revealed an overall simplification

of FPs in vivo, paralleling our in vitro observations using respec-

tive primary podocytes in 3D-culture conditions (Figures 3P, 3Q,

and 2R–2U). Together, the N-WASP/Arp2/3 axis appears to act

as a prerequisite for efficient and complex arborized cellular pro-

trusion formation of podocytes in vitro and FP formation in vivo

(in the following the term protrusion will be used for 3D cellular

extensions in vitro, and the term FPs for the in vivo situation).

Loss of ARP3 Results in Altered Focal Adhesion
Morphology and Increased Actomyosin Activity
As efficient protrusion formation also involves interaction

of cells with their surrounding extracellular matrix (ECM), we

aimed to analyze how the N-WASP/Arp2/3 axis might affect

FA function and respective morphology. Here, we observed

that loss of ARP3 but not of N-WASP in primary podocytes re-

sults in the formation of FAs with distorted morphology and a
Figure 3. ARP3-Mediated Actin Polymerization Is Required for Efficien

(A and B) Primary podocytes in 3D culture conditions form protrusions with increa

branched protrusions consisted mainly of filamentous actin, whereas major protr

polymerization inhibitor Latrunculin A markedly suppressed protrusion formation,

****p < 0.0001).

(E) Schematic depicting the generation of a fluorescence-based reporter line: afte

the glomerular epithelial cell compartment. Single-cell isolation and further FACS-

(F and G) 3D reconstruction of primary podocytes in 3D culture systems (wild typ p

terminally branched protrusions.

(H) Color code describing segmentation of individual protrusion classes into mai

(I) Loss of ARP3 and N-WASP resulted in significantly less cells with branching p

were accumulated over at least 3 experiments; n.s., non significant, ***p < 0.001

(J and K) Reconstructed images of individual z stacks were used as a basis for the

ARP3 and N-WASP deficiency, higher order branched protrusions were diminis

conditions (17 wild-type, 32 Arp3 KO, and 20 N-WASP KO primary podocytes

****p < 0.0001).

(L–O) Analysis of the cortical actin cytoskeleton of wild-type (L) and respective K

mentous actin intensities in single planes demonstrated altered levels of cortical a

and ratios between cortical and cytoplasmic actin intensities weremeasured at mu

black arrows mark individual representative cell borders; ****p < 0.0001; MFI, me

(P) Scanning electron microscopy (SEM) detected pronounced simplification, red

shows a representative image of wild type controls, whereas (P-2) and (P-3) dem

(P-3) depicting segmentation of podocyte processes, each colorized dashed line

secondary processes). (Q) Podocyte process branching was quantified from sem

****p < 0.0001). All data are represented as mean ± SEM.
plaque-like appearance. These FAs were linked to each other

via dense F-actin webs (Figures 4A–4F and S4). The overall

number of FA sites as well as their composition appeared not

to be altered in Arp3 knockout cells, but the morphology was

shifted toward plaque-like FA sites at the expense of nascent

adhesions (Figures 4G, 4H, S4, and S5). These plaque-like

FAs displayed an increased density and altered localization

pattern of FA proteins such as PAXILLIN (Figures 4I and 4J).

Remarkably, primary N-WASP knockout cells exhibited an un-

altered FA morphology and distribution pattern, accompanied

by prominent lamellipodial protrusions (Figures 4E, 4F, and

S5). This difference between protrusion deficiency in 3D-culture

conditions (N-WASP and ARP3) and FA morphology (only

ARP3) might be explained by compensatory upstream NPFs

in 2D conditions. Indeed, the NPF WAVE2 was detected at

the lamellipodial leading edge of WT and N-WASP KO primary

podocytes. Inhibition of the RAC1/WAVE2/Arp2/3 signaling axis

in N-WASP KO podocytes resulted in a phenocopy of the dis-

torted FA morphology of ARP3 knockout podocytes, support-

ing a compensatory concept of NPFs in a contextual manner

(Figure S5). As FA function is directly linked to tensional control

of the actomyosin cytoskeleton, we assessed the distribution of

non-muscle myosin II (NMHC-IIA) and actinin-4 (ACTN4) in

Arp3 wild-type versus knockout cells (Figures 4K, 4L, and

S5). Here, we observed sarcomere-like distribution patterns

for both proteins in Arp3 knockout cells, suggestive for

increased inherent tension levels. We correlated phosphory-

lated levels of myosin-light-chain (MLC) with respective geno-

types and observed an increased activity and circular distribu-

tion of activated actomyosin cytoskeleton in Arp3 knockout

podocytes (Figures 4M–4O), whereas a more longitudinal

pattern for pp-MLC was detected in wild-type cells. The indi-

vidual levels of pp-MLC also appeared to be modulated by

the substratum stiffness, as knockout cells exhibited even

higher pp-MLC levels on softer surfaces when compared to

control cells (Figure 4P). Similar observations were also made
t Protrusion Formation

sing levels of branching; immunofluorescence staining revealed that terminally

usions also showed positivity for tubulin (B). (C) Acute treatment with the actin

as shown by a quantifcation for main protrusions (D) (n = 38–41 analyzed cells;

r podocyte-specific Cre-recombination mGFP is selectively expressed in only

based purification results in a primary culture systemwith proven genetic origin.

odocytes [F]) unmasked the deficiency of Arp3 knockout podocytes (G) to form

n, primary, and secondary order protrusions.

rotrusion phenotypes (at least 150 cells per condition were analyzed, and data

, ****p < 0.0001).

segmentation analysis (J) and length measurements of protrusions (K): due to

hed and apparent protrusions were significantly shorter compared to control

were reconstructed and analyzed; n.s., non significant, *p < 0.05, **p < 0.01,

O (M) cells under 3D culture conditions. Representative line scans (N) of fila-

ctin due to loss of ARP3 (19 wild-type and 16Arp3KO cells were reconstructed,

ltiple localizations (O); orange dashed lines indicate areas of line scan analysis,

an fluorescence intensity).

uced branching and misconfiguration of podocyte processes in Arp3 KO ((P-1)

onstrate representative images from Arp3 KO animals; colorized SEM image

indicates one individual major process; white arrows and red asterisks mark

i-planar SEM areas (n = 5 wild-type and 4 Arp3 KO mice were analyzed at p8;
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Figure 4. Loss of ARP3 Results in Altered Focal Adhesion Morphology and Increased Actomyosin Activity

(A and B) Staining for the focal adhesion (FA) component PAXILLIN (red) revealed confluent FA clusters in primary Arp3 KO podocytes (B-1), which were

connected via filamentous actin webs (wild type (A) and KO (B)). F-actin (blue) was stained by Phalloidin.

(legend continued on next page)
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for mechanical tension markers pp-MLC and YAP on glomer-

ular sections in vivo (Figures 4Q–4T and S5). These finding

together indicate that a loss of ARP3-mediated actin branching

results in increased intracellular tension linked to elevated

levels of pp-MLC and nuclear translocation of YAP in podo-

cytes in vivo. Our in vitro and in vivo results imply an interde-

pendent crosstalk between the podocyte actin cytoskeleton

composition and inherent intracellular tension levels, as pro-

vided by the actomyosin cytoskeleton.

Competition between Different F-Actin Networks
ModulatesProtrusion Phenotypes and FAMorphology of
Podocytes
Next, we addressed the question of whether and how Arp2/3-

dependent actin networks compete with actomyosin-mediated

contractility and how this interplay might translate into modula-

tion of essential parameters such as protrusion formation

and cell-matrix interaction. First, Arp3 as well as N-WASP

knockout cells were seeded in 3D matrices and pretreated with

blebbistatin to assess protrusion formation and their branching

complexity. In both conditions, inhibition of myosin-2 resulted

in a mitigation of the protrusion defect (Figures 5A, 5B, and

S5). Similar results were also observed upon blockage of the

Arp2/3 complex using specific inhibitory compounds in primary

cells and to some extent in tissue culture approach (Figure S5).

The Arp2/3 complex differs in its mode of actin polymerization

from other actin nucleators (such as formins) by providing a

branched actin network instead of only linearly polymerized actin

filaments (Campellone and Welch, 2010). To elucidate the mini-

mal requirement for actin-dependent protrusion formation in our

system, we inhibited formin function and observed a phenocopy

in terms of defective protrusion formation. In contrast, co-treat-
(C and D) Quantification of average focal adhesion area (C) and major axis (D) sho

and 28 Arp3 KO cells were analyzed; ***p < 0.001, ****p < 0.0001).

(E and F) Average focal adhesion area (E) and lamellipodium formation (F) was not

(n = 36 cells per genotype were analyzed, n.s., non significant; FA were stained

(G) Analysis of focal adhesion clusters due to their individual size indicated a shift

KO cells were analyzed; **p < 0.01, ****p < 0.0001).

(H) This shift in FA size was paralleled by a change in the distribution of individual F

per genotype were analyzed; n.s., non significant, **p < 0.01).

(I and J) Analysis of PAXILLIN fluorescence intensities (FI) in wild type podocytes (

increased mean PAXILLIN intensity (J) per focal adhesion (n = 100 mature FA pe

(K and L) Immunofluorescence for NMHC-IIA (K) demonstrated an increased sarc

lines indicate positions for line scan measurements, and black arrows indicate m

(M) Immunofluorescence staining for pp-MLC and the focal adhesion marker PAX

Arp3 KO podocytes.

(N) Staining for pp-MLC revealed increased MLC activation levels in Arp3 KO po

ring-like distribution was observed in the majority of Arp3 KO podocytes. (Yellow

(O) Line scan profiles for pp-MLC showed highest activation levels close to the c

notype; gray error bars represent SEM).

(P) Quantification of fluorescence intensity for pp-MLC on either glass or soft gels

41 Arp3 KO cells on glass; 31 wild-type and 32 Arp3 KO cells on gels were anal

(Q and R) Staining for pp-MLC in glomeruli from either wild-type (Q-1) or Arp3 K

compartment, as visualized with the podocyte-specific marker NEPHRIN (mean

analyzed; *p < 0.05; the mean pp-MLC intensity per animal was calculated from m

glomeruli per animal).

(S and T) Immunofluorescence staining for the mechanical tension marker YAP

percentages of YAP-positive podocyte nuclei in KO animals (T). Podocyte nuclei

YAP-positive podocyte nuclei per glomerulus of n = 5WT and 5 KO animals were a

for YAP, **p < 0.01; the percentage of YAP positive podocyte nuclei per glomerulu

represented as mean ± SEM.
ment with the myosin-2 inhibitor blebbistatin could not revert

or modify this phenotype as observed for Arp3 or N-WASP

knockout cells (Figure 5B). Interestingly, the branching level of

protrusions (ratio of major tominor protrusions) in terms of arbor-

ization correlated to the presence or absence of ARP3, indicating

that formin-mediated actin polymerization appears as a prereq-

uisite for protrusion formation, whereas Arp2/3 predominantly

determines the level of terminally branched protrusions and

influences myosin-2 tension (Figures 5B and 5C).

As a loss of ARP3 resulted in the formation of FA plaques (Fig-

ures 4A–4D), we reasoned that increased actomyosin contrac-

tility might modulate this phenotype. In fact, inhibition of

myosin-2 with blebbistatin significantly reversed the formation

of FA plaques in a dose-dependent manner and also mitigated

migratory deficits of Arp3 knockout cells (Figures 5D–5J and

S6). To exclude at this point that the FA-plaque phenotype is

rather a result from generally inhibited actin polymerization, we

tested a series of different Arp2/3 inhibitors as well as other

chemical compounds affecting different modes of actin poly-

merization. Interestingly, we detected predominant formation

of FA plaques only in Arp2/3-inhibited cells, underlining the

specificity of branched actin networks involved in the generation

of the FA-plaque phenotype (Figure S6). These observations

were corroborated by complementary experiments where acto-

myosin contractility was titrated either by treatment with the

phosphatase-inhibitor calyculin-A or inhibited with blebbistatin

in wild-type cells (Figures 5K and S6). Moreover, employing in-

hibitors for RAC1 (as an established upstream regulator) or the

Arp2/3 complex itself revealed that there is an inverse correlation

between Arp2/3-dependent lamellipodia formation and FA size

(Figure 5K). At this point, we asked whether and how a compet-

itive interplay between the Arp2/3 complex and formin type actin
wed increased values for both parameters in respective KO cells (25 wild-type

obviously impaired in primary N-WASP KO podocytes in 2D culture conditions

by PAXILLIN and F-actin by phalloidin; white arrows indicate lamellipodia).

toward enlarged adhesion clusters in Arp3 KO podocytes (25 WT and 26 Arp3

A classes: loss of Arp3 resulted in the accumulation of FA plaques (n = 18 cells

I-1) and in respective Arp3 KO cells (I-2) revealed altered intensity patterns and

r genotype were analyzed; ****p < 0.0001).

omere-like pattern of actin fibers (L) in respective Arp3 KO podocytes (yellow

yosin-2 peaks).

ILLIN illustrated prominent, fiber-like accumulations of pp-MLC linked to FAs in

docytes, condensed in arc regions between pseudopodial protrusions. Also a

lines indicate representative positions for line scan measurements).

ell edge in Arp3 KO cells (values represent mean intensities of 6 cells per ge-

revealed higher MLC activation levels for Arp3 KO podocytes (37 wild-type and

yzed; **p < 0.01, ****p < 0.0001).

O (Q-2) animals showed high levels of phosphorylated MLC in the podocyte

podocyte pp-MLC intensity of n = 4 WT and 4 KO animals were statistically

ean pp-MLC intensity of the segmented podocyte compartment of at least 20

in glomeruli from either wild-type or Arp3 KO (S) animals showed increased

were visualized by the podocyte-specific marker WT1 (the mean percentage of

nalyzed; white arrow bars indicate podocyte nuclei with co-occurring positivity

s per animal was calculated from at least 20 glomeruli per animal). All data are
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Figure 5. Competition between Different F-Actin Networks Modulates Protrusion Phenotypes and FA Morphology of Podocytes

(A and B) Decrease of intracellular tension in Arp3 KO primary podocytes with the myosin-2 inhibitor blebbistatin (Bleb) resulted in the formation of simplified

cellular protrusions compared to blebbistatin-treated WT cells (A). Cell morphology and thereby protrusion generation was quantified by circularity scores

(legend continued on next page)
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nucleation might influence FA morphology. Inhibition of formins

resulted in a significant dissolution of FA plaques in Arp3

knockout cells. Interestingly, a similar response was observed

in wild-type cells but was accompanied by a pronounced in-

crease in numbers of nascent FAs (Figures 5L–5P). These find-

ings indicate that formin type nucleation machinery and the

Arp2/3 complex feed into different FA types via generation of

distinct actin networks. To further extend these observations,

we performed washout and co-treatment experiments after

dissolution of the actin cytoskeleton with cytochalasin D treat-

ment. Here, control cells showed a time-dependent expansion

in cell size accompanied by increasing numbers of FAs (Figures

5Q and 5R). In contrast, blockage of the Arp2/3 complex,

myosin-2, or formins revealed again an inverse correlation of

cell size expansion and assembly of FAs. Altogether, these ob-

servations suggest that an interplay between the formin type

nucleation machinery, the Arp2/3 complex, and myosin-2 activ-

ity critically defines cellular protrusion formation and at the same

time influences the assembly rate as well as maturational level of

cell-matrix adhesions.

Loss of ARP3 Leads to Decreased Adhesive Properties
of Podocytes under Mechanical Stress Conditions
Up to this point, we established a central role for Arp2/3 in podo-

cytes linking protrusion formation, actomyosin tension, and FA

maturation. However, the in vitro experiments were performed

under static conditions. Podocytes reside on the outer surface

of glomerular capillaries and are therefore exposed to high levels

of physical filtration forces (Endlich and Endlich, 2006). To simu-

late this continuous physical stress, we cultured primary

knockout podocytes under cyclic-isometric stress conditions

(Figure 6A). Interestingly, this intervention led to a rearrangement

in the F-actin cytoskeleton of wild-type cells characterized by

an increased density of ventral stress fibers, whereas Arp3

knockout cells did not show an adaptive response (Figures

6B–6F and S6). Of note, wild-type cells still showed a lower

stress fiber density compared to Arp3 knockout cells. In addi-

tion, FA morphology showed an adaptive change in wild-type
(B). Quantification showed that co-treatment with blebbistatin results in a decreas

more protrusive phenotype. Suppression of protrusion formation by SMIFH2-med

and 43 blebbistatin treated wild-type cells; 73 DMSO and 70 blebbistatin treat

70 SMIFH2+DMSO and 100 SMIFH2+blebbistatin treated wild-type cells were a

(C) Definition of a branching index (major protrusion per end tips (minor protrus

Quantification for this branching index revealed simplified cellular protrusions w

compared to blebbistatin treated WT cells. (35 WT and 36 Arp3 KO cells were a

(D–J) Inhibition of myosin-2 via blebbistatin resulted in a dose-dependent decreas

KO - (G-I)), indicating that FA plaques represent myosin-2-dependent structure

indicating FA sites; 20 cells per condition were analyzed; *p < 0.05, **p < 0.01, *

(K) Correlation of average focal adhesion (FA) size to the level of lamellipodium

indicating also an inverse correlation between Arp2/3 and (acto-) myosin-2 ac

respectively, to either activate or inhibit myosin-2 activity. Rac1 inhibition by N

Nocodazol was used to stabilize focal adhesions (FA) in a myosin-independent fa

*p < 0.05, **p < 0.01; ****p > 0.0001).

(L–P) Treatment with the formin inhibitor SMIFH2 resulted in a dissolution of ma

adhesions in wild-type cells (M) and a loss of focal adhesion formation in Arp3 KO

**p < 0.01, ***p < 0.001, ****p < 0.0001). (O) Focal adhesion area and (P) FA num

(Q and R) Washout experiments employing cytochalasin-D and co-treatments wi

Arp2/3 nucleation (CK-869) revealed specific actin network activities as a prerequ

and cell size spreading (R) of podocytes (31–104 cells per condition were analy

***p < 0.001; ****p > 0.0001). All data are represented as mean ± SEM.
cells under stress conditions while in ARP3-deficient cells, FA

plaques remained stable and appeared unaffected (Figures

6G–6L). Together with our previous observations of increased

actomyosin cytoskeleton activity, we wanted to directly test ex-

erted traction forces of Arp3 knockout cells. Here, we observed

that primary podocytes deficient in ARP3 exerted significantly

higher traction forces on the underlying substratum paralleling

the prior results of increased actomyosin activity in vitro and

in vivo (Figures 6M–6O and 4N–4T). Surprisingly, we detected

an increased tendency of detachment of Arp2/3-inhibited podo-

cytes under mechanical stress conditions (Figures 6P, 6Q, and

S6). Altogether, those observations suggested that a loss of

Arp2/3 function results in a hyper-contractile status essentially

impairing adaptive capacity in situations of continous me-

chano-physical stress conditions.

ARP3 Is Required for Efficient Podocyte Adhesion and
Maintenance of Foot Process Morphology In Vivo

To transfer these observations to the in vivo setting, we

analyzed our in vivo models for signs of podocyte detachment

and could detect loss of WT1-positive cells from the glomerulus

into the urine of respective Arp3 knockout animals (Figures 7A–

7D). To address the question, whether these mechanisms are

not only required during glomerular maturation but might also

be relevant to maintenance conditions in fully developed podo-

cytes, we generated an inducible knockout model for Arp3

specifically in podocytes (Figure 7E). Here, we observed a pro-

nounced reduction of podocytes per glomerulus indicative

of podocyte detachment (Figures 7F and 7G), paralleled by

increasing levels of proteinuria and glomerular sclerosis (Fig-

ures 7H and 7I). Assessment of podocyte FP morphology

employing scanning electron microscopy as well as super-res-

olution microscopy revealed marked simplification of podocyte

FPs (Figures 7J–7L and S6). Together, these experiments

in vitro and in vivo support the concept that ARP3-dependent

actin networks not only determine the complexity level of podo-

cyte protrusions (in vitro) or FPs (in vivo) but also are required for

the establishment of efficient and mechano-adaptive podocyte
e of the circularity score in Arp3 as well asN-WASP KO podocytes, reflecting a

iated formin inhibition is resistant to co-treatment with blebbistatin. (44 DMSO

ed Arp3 KO cells; 50 DMSO and 53 blebbistatin treated N-WASP KO cells;

nalyzed; n.s., non significant, ****p < 0.0001).

ions) allowed a more detailed analysis of protrusion complexity and quality.

ith reduced branching levels for blebbistatin treated Arp3 KO cell podocytes

nalyzed; ****p < 0.0001).

e in focal adhesion (FA) size in Arp3 knockout podocytes (WT - (D-F) and Arp3

s in these cells. Quantification of FA area was performed ([J]; white arrows

**p < 0.001, ****p < 0.0001).

formation shows an inverse correlation between these cellular processes,

tivity as an underlying mechanism. Calyculin-A and blebbistatin were used,

SC-23766 or CK-869 was used to inhibit Arp2/3-mediated actin nucleation;

shion. (24 to 44 immortalized human podocytes were analyzed per condition;

ture FAs, which was accompanied by an increase in the number of nascent

podocytes (N) (compared to untreated Arp3 KO cells - (L); n.s., non significant;

ber were quantified.

th inhibitors for myosin-2 activity (blebbistatin), formin nucleation (SMIFH2), or

isite for the inverse correlation between dynamic focal adhesion maturation (Q)

zed for FA maturation and 40–215 cells were analyzed for cell size; *p < 0.05;
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Figure 6. Loss of ARP3 Leads to Decreased Adhesive Properties of Podocytes under Mechanical Stress Conditions

(A) Schematic illustrating the application of cyclic stretch on primary podocytes by culture on a flexible membrane.

(B–E) Immunofluorescence staining of the actin cytoskeleton in wild-type (B and C) and knockout podocytes (D and E) analyzed under non-stressed and stressed

conditions, respectively.

(F) Quantification of stress fibers under stressed conditions revealed an adaptive deficit of actin filaments in Arp3 knockout podocytes when compared to wild-

type controls (at least 50 cells per condition were analyzed; n.s., non significant, **p < 0.01;****p < 0.0001).

(G–L) Analysis of focal adhesion morphology ((G and H) depict wild type podocyte FAs; (I and J) depict Arp3 KO podocytes) under stressed conditions indicated

an increase in focal adhesion size in wild-type cells ((K) - FA area quantification and (I) - FAmajor axis quantification for each condition), whereas no changes were

observed in respective knockout podocytes (at least 11 cells per condition and genotype, n.s., non significant, *p < 0.05; **p < 0.01).

(M and N) Quantification of traction force microscopy (M) on collagen-coated soft gel matrices showed increased traction forces in Arp3 KO podocyte and

increased strain energy (N) (22 WT and 32 KO cells, ***p < 0.001, ****p < 0.0001).

(O) Pseudo-colored forcemaps of wild-type andArp3KOpodocytes on soft matrices (note difference in individual traction scale betweenwild-type and KO cells).

(P) Immunofluorescence staining of Arp2/3 inhibited podocytes under stressed conditions. (Q) Quantification of adherent cells under stressed conditions (n = 3

individual experiments; ***p < 0.001). All data are represented as mean ± SEM.
adhesion properties under conditions of physical stress (Figures

6 and 7M–7O).

DISCUSSION

The complex cellular architecture of glomerular epithelial cells

(namely podocytes), consisting of primary and secondary pro-

cesses, is intimately linked with their function in providing the

integrity of the kidney filtration barrier. Despite significant prog-
752 Developmental Cell 47, 741–757, December 17, 2018
ress in podocyte biology research, it is still incompletely under-

stood how those cellular protrusions are developed and main-

tained during later life (Schell et al., 2014; Pavenst€adt et al.,

2003; Liapis et al., 2013). Here, we employed in vitro and in vivo

models to understand the contribution of Arp2/3-generated actin

networks to control podocyte process networks. The Arp2/3

complex is an extensively in vitro characterized molecular ma-

chinery generating propulsive actin polymerization and branch-

ing, which is involved in diverse cellular processes such as



migration or endocytosis (Swaney and Li, 2016; Soderling,

2009). However, it is still poorly understood which specific role

this complex exerts in different biological contexts and cell types

in vivo. Remarkably, we observed that the Arp2/3 complex influ-

ences not only the complexity level of cellular protrusions of po-

docytes (in vitro and in vivo) but also modulates their mechano-

physical adaptive capacity under dynamic stress conditions.

Based on the identification of causative mutations for genetic

podocyte diseases, previous work showed the relevance of

certain actin-cytoskeleton related proteins (Perico et al., 2016).

Based on 2D studies with cultured cells, it is well established

that lamellipodial protrusions depend on propulsive dendritic

actin meshworks generated by the Arp2/3 complex (Bisi et al.,

2013; Dang et al., 2013). This mode of actin nucleation also

seems to be required for the formation of more complex cellular

protrusions in vivo, like it was recently shown for neuronal den-

drites and oligodendrocytes (Zuchero et al., 2015; Kim et al.,

2015; Kim et al., 2013). Given their highly arborized cellular pro-

trusions, podocytes have several morphological features with

these cells in common. However, biological function and expo-

sure to physical forces differ strongly between these cell types

(e.g., exposure to filtration forces in the case of podocytes), sug-

gesting cell-specific mechanisms for protrusion formation and

maintenance. Employing in vitro as well as in vivo models, we

could delineate how N-WASP and the Arp2/3 complex influence

the morphology and architecture of podocyte FPs (Figures 1, 2,

and 3). Based on our in vivo observations, the onset andmanifes-

tation of phenotypes (comparing Arp3 and N-WASP podocyte-

specific deletion) might be explained by the upstream-regulatory

role of N-WASP and potential compensatory NPFs (e.g.,WAVE2;

as shown in Figure S5). Remarkably, we observed an indispens-

able role of formin-mediated actin polymerization in phases of

initial 3D protrusion formation, whereas Arp2/3-dependent

processes are mainly driving the complexity level of generated

protrusions (Figures 2, 3, and 5). Besides established models

for F-actin network modulation (such as Rho-GTPase signaling;

Figures 7 and S7), recent reports proposed an additional model

where different actin polymerization machineries are in competi-

tion for limited G-actin pools (Burke et al., 2014; Suarez et al.,

2015; Rotty et al., 2015; Suarez and Kovar, 2016). In line with

this, we identified formin-mediated actin polymerization as a

competing factor in this network, modulating podocyte protru-

sion as well as FA formation (Figure 4). To date, the atypical for-

min INF2 is the best characterized formin family member in the

context of podocytes based on the identification of INF2 dis-

ease-causing mutations (Brown et al., 2010). Previously, INF2

mutations were characterized to affect the interaction with

mDIA, subsequently leading to altered RhoA signaling (Sun

et al., 2011). Remarkably, knockin mice bearing disease-causing

INF2mutations do not show any obvious phenotype under basal

conditions, in particular normal podocyte FP morphology was

reported (Subramanian et al., 2016). However, stressing this sys-

tem resulted in the collapse of podocyte FP architecture, high-

lighting the concept of balanced actin cytoskeleton pools to

maintain podocyte FP morphology. Based on our results, it

may be hypothesized that deletion of formins in vivomight result

in a predominant defect of primary process formation (although,

to our knowledge, there are no systematic studies published

focusing on formin deletion in vivo). Consistently, the correlation
of our in vitro and in vivo findings indicate that Arp2/3-controlled

process formation predominantly affects most terminal pro-

cesses instead of primary processes or protrusions (Figure 2).

Together, these findings suggest that Arp2/3-mediated actin

polymerization is essentially involved in critical morphogenetic

programs as observed during the complex process of glomerular

maturation, leading from only cuboidal epithelial cells to highly

arborized podocytes (Figures 1 and 7).

Aside from the formation of complex, arborized networks of

interdigitating FPs, podocytes are required to withstand high

levels of physical forces given their extreme anatomical position

on the surface of glomerular capillaries (Endlich and Endlich,

2006). The relevance of podocyte adhesion is exemplified by

the identification of disease-causing mutations affecting certain

integrin subunits as well as a series of genetic models targeting

different components of the cell-matrix adhesion machinery

(Has et al., 2012; Sachs et al., 2006; Pozzi et al., 2008). However,

the complex and reciprocal interplay between cell-matrix adhe-

sion and inherent contractility control is still unclear. Here, we

demonstrated a high abundance of Arp2/3 complex components

in the focal adhesome of podocytes in vivo and in vitro (Figure 1),

highlighting a close link between this cytoskeletal machinery and

the cell-adhesion nexus. Only very recently, it was shown that the

Arp2/3 complex is influencing the alignment of FA complexes in a

migrationmode termed as haptotaxis (Wu et al., 2012), and it was

demonstrated that ARP3 is interacting with FA components such

as VINCULIN and FAK (Chorev et al., 2014; Serrels et al., 2007).

Furthermore, we observed the formation of large FA plaques at

the expense of smaller nascent FAs in Arp3 knockout cells (Fig-

ure 4). Based on biophysical models, retrograde actin flux due

to Arp2/3-generated propulsive actin polymerization presents a

critical factor in the maturation cycle of FAs by initiating nascent

adhesions (Choi et al., 2008; Wu et al., 2017; Wu et al., 2012). In

this context, it is of interest that Arp3 knockout cells were able

to initialize nascent FAs but presented with hyper-maturated,

plaque-like FAs (Figure 4). These observations indicate that the

Arp2/3 complex might not be solely required for the initialization

of nascent FAs but also for later maturational processes and,

thereby, might influence the turnover of FAs (Wu et al., 2012).

Remarkably, ARP3-deficient cells exhibited concomitantly an

activated actomyosin cytoskeleton and exerted high traction

forces (Figures 3, 4, and 6). We reasoned that loss of branched

actin networks provokes increased inherent tension levels, and

indeed lowering the activity of myosin-2 resulted in a reversal

or at least mitigation of observed phenotypes such as FA

plaques or impaired 3D protrusion formation (Figure 4). Besides

established models for F-actin network modulation (such as

Rho-GTPase signaling), recent reports proposed an additional

model where different actin polymerization machineries are in

competition for limited G-actin pools (Figures 7 and S7) (Leijnse

et al., 2015; Liapis et al., 2013; Lomakin et al., 2015). In line with

this, we identified formin-mediated actin polymerization as a

competing factor in this network, modulating podocyte protru-

sion as well as FA formation (Figure 4).

By combining our in vitro and in vivo observations we

demonstrated that ARP3-deficient cells show only impaired

adhesive properties under dynamic stress conditions, despite

large FA plaques and increased actomyosin activity (Figures

4 and 6). These findings indicate that a loss of branched actin
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Figure 7. ARP3 Is Required for Efficient Podocyte Adhesion and Maintenance of Foot Process Morphology

(A and B) Immunfluorescence for WT1-positive podocytes in wild type and Arp3 knockout animals.

(C) Quantification of podocyte number per glomerulus a pronounced decrease in conditional Arp3 knockout animals, indicating significant detachment of po-

docytes (at least 106 glomeruli of 3 mice per genotype and age; n.s., non significant, ****p < 0.0001).

(D) Western blot for WT-1 positive cells in urine detected only detached podocytes in respective knockout animals.

(E) Schematic illustrating the crossing strategy for the generation of tetracycline inducible Arp3fl/fl*hNphs2*rtTA*TetOCre knockout animals.

(F) Immunofluorescence for WT1-positive podocytes in Arp3 inducible knockout animals.

(legend continued on next page)
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networks not only results in a compensatory prevalence of

formin-mediated actin polymerization but also might impede

the adaptive capacity of podocytes in situations of continuous

mechano-physical stress. A similar model was recently pro-

posed for disease-causing mutations in the ACTN4 gene, and

we could also establish a reciprocal interplay between podo-

cyte FA proteins and actomyosin activity (Schell et al., 2017;

Feng et al., 2018).

The concept of a tripartite relationship between FA maturation

status, traction force, and ECM linkage/sensing suggests a

model for FP effacement and consecutive podocyte detach-

ment. Altering one component (e.g., impairing branched actin

networks) will result in a compensatory response (increased ten-

sion, altered FA morphology), which might transiently tighten

adherence toward the glomerular basement membrane, but

ultimately impedes required mechanical adaptive plasticity in

conditions of physical stress.
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Antibodies

Rabbit ACTN4 Abcam Cat# ab108198; RRID: AB_10858236

Rabbit ARP3 Abcam ab151729

Rabbit CORTACTIN Cell Signaling Cat# 3503; RRID: AB_2115160

Rabbit ITGB1 Santa Cruz Cat# M-106; RRID: AB_2130101

Guinea pig NEPHRIN Progene Cat# Gp-N2

Rat Nidogen (ELM1) Nordic-MUbio Cat# X1778M

Rabbit NMHC-IIA Covance Cat# PRB-440P; RRID: AB_291638

Rabbit NWASP Cell Signaling Cat# 4848S; RRID: AB_10694415

Mouse PAXILLIN BD Transduction Lab. Cat# 610051

Mouse PDH E2/E3 Abcam Cat# ab110333; RRID: AB_10862029

Rabbit P-MLC Cell Signaling Cat# 3671/3674; RRID: AB_2147464

Rabbit PODOCIN Santa Cruz Cat# P0372; RRID: AB_2267439

Mouse SYNPO Progene Cat# 65194

Mouse Tubulin Sigma N/A

Mouse Vinculin Abcam Cat# SPM227; RRID: AB_883461

Rabbit WAVE2 (WASF2) Atlas Antibodies Cat# HPA045288; RRID: AB_2679287

Mouse WT-1 Millipore Cat# 05-753-clone 6F-H2; RRID: AB_309966

Rabbit YAP Cell Signaling Cat# 14074S; RRID: AB_2218911

Rabbit ZYXIN Atlas Antibodies Cat# HPA004835; RRID: AB_1080771

Cy�3 AffiniPure Donkey AntiGuinea Pig IgG (H+L) Jackson Immuno Cat# 706-165-148

Alexa fluor (488,555,633 – resp. species) Thermo Fisher Scientifc N/A

DAPI Thermo Fisher Scientifc Cat# D21490

LTG Vector Laboratories Cat# FL-1321; RRID: AB_2336559

DBA Vector Laboratories Cat# RL-1032; RRID: AB_2336396

Alexa Fluor Phalloidin (546, 488) Thermo Fisher Scientifc Cat# A22283, A12379; RRID: AB_2315147

Biological Samples

All biological samples were generated in this study and

described in detail in the Results

University Medical Center Freiburg N/A

Chemicals, Peptides, and Recombinant Proteins

Blebbistatin Sigma-Aldrich B0560

Calyculin A Sigma-Aldrich C5552

CK312 Calbiochem 182518

CK548 Sigma-Aldrich C7499

CK636 Sigma-Aldrich C7374

CK666 Sigma-Aldrich SML0006

CK689 Calbiochem 182517

CK869 Calbiochem 182516

Cytochalasin D Sigma-Aldrich C8273

Latrunculin A Sigma-Aldrich L5163

Nocodazole Sigma-Aldrich M1404

NSC23766 Sigma-Aldrich SML0952

SMIFH2 Sigma-Aldrich S4826

Y27632 Calbiochem 688000

Doxycycline hydrochloride Fagron, Germany 803873
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Prolong Gold Antifade Thermo Fisher Scientifc P36930

Ibidi Mounting Medium Ibidi 50001

m-Slide 8 Well, Collagen IV: #1.5 polymer Ibidi 80822

m-Dish 35 mm, high, ibiTreat Ibidi 81156

m-Dish 35 mm, high Glass Bottom Ibidi 81158

Nunc Lab-Tek Chamber Slide system 8-well Sigma-Aldrich C7182

BioFlex Culture Plate Collagen IV Flexcell BF-3001C-IV

Fibronectin Corning 354008

Collagen IV from human placenta Sigma-Aldrich C5533

Matrigel Corning 356231

Bovine Type I Atelo-Collagen Solution AdvancedBioMatrix 5005

40% Acrylamide Bio-Rad 161-0140

2% Bis-acrylamide Bio-Rad 161-0142

DSP Sigma-Aldrich 803200

DPPB Sigma-Aldrich 16646

Sulfo-SANPAH ThermoFisher Scientific 22589

FluoSpheres ThermoFisher Scientific F8794

Collagenase, Type 2 Worthington Biochemical LS004176

Protease from Streptomyces griseus Sigma-Aldrich P6911

DNase I AppliChem A3778

Critical Commercial Assays

MICROFLUORAL Mikroalbumin-Test Progen PR2005

Creatinine PAP LT-SYS LT-Sys LT-CR 0106

Deposited Data

Raw and analyzed mass spectrometry

proteomics data

This paper ProteomeXchange Consortium via PRIDE

partner repository with the dataset identifier

PXD010626 and PXD010601

For reviewer access:

Username: reviewer06821@ebi.ac.uk

Password: K0FQ12Zk

And Username: reviewer05438@ebi.ac.uk

Password: 2NoS9SGe

Experimental Models: Cell Lines

Immortalized human podocytes (AB8/13) M. Saleem, Bristol University N/A

Primary mouse podocytes (isolated from Arp3 and N-

WASP conditional mice)

this study N/A

Experimental Models: Organisms/Strains

mouse: N-WASP flox/flox Cotta-de-Almeida et al. (2007) N/A

mouse: Arp3flox/flox Arnold HH, TU Braunschweig N/A

mouse: Six2-Cre Kobayashi et al. (2008) N/A

mouse: Nphs2*Cre Moeller et al. (2003) N/A

mouse: hNphs2*rtTA*TetOCre Shigehara et al. (2003) N/A

mouse: Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)

Luo/J

Muzumdar et al. (2007) N/A

mouse: PAX8*rtTA*TetOCre Traykova-Brauch et al. (2008) N/A

Oligonucleotides

Genotyping PCR primers (Arp3)

Fw: AGGGACAGTCTGTGTTTCTCCTAATATC

Rev: AGGTGTTGACAACATGCTAAGAGCT

Eurofins N/A
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Genotyping PCR primers (NWASP)

Fw: CACTTCTTTGCCCACATACA

Rev: TAAAATGGCAGTGACAATGATGAC

Eurofins N/A

Genotyping PCR primers (Nphs2Cre, Six2Cre)

Fw: GCATAACCAGTGAAACAGCATTGCTG

Rev: GGACATGTTCAGGGATCGCCAGGCG

Eurofins N/A

Genotyping PCR primers (Pax8rtTA)

Fw: CCATGTCTAGACTGGACAAGA

Rev: CTCCAGGCCACATATGATTAG

Eurofins N/A

Genotyping PCR primers (Nphs2rtTA)

Fw: CGCACTTCAGTTACTTCAGGTCCTC

Rev: GCTTATGCCTGATGTTGATGATGC

Eurofins N/A

Genotyping PCR primers (Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J)

Fw: CTCTGCTGCCTCCTGGCTTCT

Rev(wt): CGAGGCGGATCACAAGCAATA

Rev(mut): TCAATGGGCGGGGGTCGTT

Eurofins N/A

Software and Algorithms

Graph Pad Prism 6 Software GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Fiji Image Analyzer FIJI https://fiji.sc/

Cytoscape 3.2.1 Cytoscape http://www.cytoscape.org/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tobias B.

Huber (t.huber@uke.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Micewere housed in a SPF facility with free access to chow (fromKliba-NAFAG, standard chow - 3807.PM.L15) andwater, according

to the NIH guide for the care and use of Laboratory animals as well as the German law for the welfare of animals (kept at 12 hour day/

night cycle). Genotyping and breeding of the animals was performed according to standard procedures. To generate deletion of

N-WASP in the metanephric mesenchyme N-WASP flox/flox mice (Cotta-de-Almeida et al., 2007) were crossed to Six2-Cre animals

(Park et al., 2012; Kobayashi et al., 2008). The Arp3flox/flox conditional knock-out mouse strain was generated by Ines Lahmann

and H.H. Arnold (TU Braunschweig, Germany). It will be described in detail elsewhere. Arp3flox/flox mice were crossed to Nphs2*Cre

animals (generously provided by L. Holzmann, University of Pennsylvania, School of Medicine, Philadelphia, USA) for generation of a

podocyte specific knockout model (Moeller et al., 2002). Further, Arp3flox/flox mice were bred to hNphs2*rtTA*TetOCre (generously

provided by S. Quaggin, Samuel Lunenfeld Research Institute, Mount Sinai Hospital, University of Toronto, Canada) to generate

an inducible podocyte specific knockout system (Shigehara et al., 2003). At 4 weeks of age inducible animals and respective control

animals (either lacking TetOCre or hNphs2rtTA) received doxycycline hydrochloride (Fagron, Barsbuettel, Germany) via drinking

water (2mg/ml with 5% sucrose) for 14 days. For isolation of primary podocytes, a reporter strain was established using

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (purchased from JAX mice; (Muzumdar et al., 2007)), resulting in either N-WASPfl/l*

Nphs2Cre;tomato<EGFPfl/+ or Arp3fl/fl *Nphs2Cre;tomato<EGFPfl/+mice. For deletion of N-WASP in the tubular compartment

N-WASP flox/flox were bred to the PAX8*rtTA*TetOCre system (purchased from JAX Mice; (Traykova-Brauch et al., 2008)), induction

was performed as for podocyte specific deletion approaches. Age/developmental stage of animals used for respective experiments

are stated in the figures and/or figure legends (male and female animals showed similar phenotypes and combined analysis is pre-

sented). All animal experiments were approved by local authorities (Regierungspr€asidium Freiburg - G11/51 and G17/127).

Human Kidney Samples
Use of human kidney material (samples were derived from unaffected areas of tumor nephrectomies; no information available con-

cerning age and sex of affected patient) was approved by the Scientific-Ethical Committee of the University Medical Center of

Freiburg.
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METHOD DETAILS

Genotyping
Animals were genotyped using DNA extracted from ear biopsies. DNA was analyzed and amplified by PCR using ReddyMix geno-

typing mix (ThermoFisher) and visualized via gel electrophoresis.

Histology and Immunofluorescence Staining on Cryosections
Dissection and fixation of kidney specimens was essentially performed as described previously (Schell et al., 2013; Bechtel et al.,

2013). In brief, kidneys were dissected under a binocular light microscope and the kidney capsule was removed. Fixation was per-

formed using 4% PFA in PBS at 4� degrees overnight. Kidneys from older animals (older 7 days postpartum) were perfusion fixated:

using small silicone catheters a total volume of about 4-5 ml per kidney 4%PFA in PBS was applied via A. renales. After perfusion,

capsules were removed and kidneys were immersion fixated in 4% PFA at 4� overnight. Dehydration and embedding in paraffin was

performed using an automated system (Histokinette, Leica, Germany). Paraffin embedded kidneys were cut using a Leicamicrotome

(Leica, Germany) and 2 mm sections were transferred on glass slides. Hematoxylin-Eosin and Periodic-acid-Schiff staining proced-

ures were performed in the Department of Pathology, University Hospital of Freiburg. Images of respective WT and KO kidneys were

acquired using an Axioplan 2 microscope (Zeiss, Germany) equipped with 10x, 20x and 63x objectives and an AxioCam camera

(Zeiss, Germany). Immunofluorescence studies were essentially performed as previously described (Hartleben et al., 2013). In brief,

cryosections (3-4 mm) of snap frozen tissue samples were generated using a cryotome (Leica, Wetzlar, Germany). Fixation of cryo-

sections was performed at room temperature using 4% PFA in PBS solution for 3 minutes. Blocking of cryosections was performed

with bovine serum albumin (Sigma, Schnelldorf, Germany) diluted in PBS to a final concentration of 5% for 45min. Primary antibodies

were applied to the sections at room temperature for 1-2 hour and were diluted in 5% BSA/PBS. Secondary antibodies were diluted

in PBS (all from Invitrogen - Alexa-fluor labeled) were incubated for 45 minutes and after final wash, slides were mounted using Pro-

long Gold Antifade (Invitrogen, Darmstadt, Germany). Image acquisition of cryo-sections was done either using a conventional wide

field epifluorescence imaging or a confocal laser scanning imaging setup (WF: Zeiss Axioscope 40FL microscope, equipped with an

Axiocam MRc5 digital video camera and conventional HBO lamp – Carl Zeiss, Oberkochen, Germany; CLSM: the laser scanning

setup was built up of Zeiss LSM 510 upright microscope equipped with a Plan-Apochromat 63x/1.4 Oil M27 objective – Carl Zeiss,

Oberkochen, Germany). Image recording was performed via Axiovision 4.3 or the ZEN black software, analysis was done using Fiji

Lifeline 2014 software bundle.

Electronmicroscopy & Scanning Electron Microscopy (SEM)
Specimens for conventional transmission electron microscopy were fixated using 4%PFA in PB. Kidneys were perfused either via A.

renales using small silicone catheters or via the heart. After initial fixation small pieces of the renal cortex were dissected using razor

blades. Cubes of about 2x2x2mmwere transferred into glass vials and immersion fixated in 4%PFA at 4� Celsius overnight. Embed-

ding, semi-thin sections and electron microscopy of fixated kidney samples were performed at the Institute of Pathology, Vienna

(Schell et al., 2013). For preparation of samples for scanning electron microscopy fixation was performed using 4% Glutaraldehyde

(Sema) diluted in PBS. Small 5x5x5mm samples were prepared and immersion fixated in 4%GA at 4� for 3 days. Further dehydration
was done in Ethanol (50-100% - each step for 1h at RT), following transfer to HMDS (Sigma, Schnelldorf, Germany). Kidney samples

were dissected using syringe needles under a binocular microscope. Sputtering with gold was performed using a Polaron Cool

Sputter Coater E 5100. Samples were visualized using a scanning electron microscope (Leo 1450 VP scanning). Freshly isolated kid-

neys of adult mice were dissected into thin slices and cultured in RPMI medium at 37�C, 5% CO2 and controlled humidity. Slice cul-

tures were treated with DMSO as control or with 100mMCK869 for 3 hours. After treatment, kidney slices were fixated and processed

for SEM.

Super Resolution Microscopy (SIM)
For evaluation of the slit diaphragm density as a direct marker for podocyte effacement, we used the recently established super res-

olution microscopy-based podocyte effacement measurement procedure (PEMP) (Siegerist et al., 2017). Briefly, 2 mm paraffin sec-

tions were performed and cooked in 10 mM citrate buffer (pH 6) in a pressure cooker. After blocking in 1% normal goat serum, 1%

bovine serum albumin, 1% fetal calf serum and 0.05% fish gelatin for 1 h at room temperature, guinea pig anti-nephrin serum (gpN2,

Progene, Heidelberg, Germany, diluted 1:300 in blocking solution) was incubated at 4�C overnight. After washing steps (PBS) fol-

lowed by a second blocking step, primary antibodies were detected by Cy3-conjugated donkey antiguinea pig antibodies (Jackson

Immuno, diluted 1:600). Sections were mounted in Mowiol (Carl Roth, Karlsruhe, Germany) for microscopy and imaged by a Zeiss

Elyra PS.1 (Carl Zeiss, Jena, Germany) super resolution structured illumination microscopy system. For measurement of the DSD

custom-built Fiji plugin was used. DSD values of 28-30 glomeruli of at least two mice per group were quantified.

Measurement of Urinary Albumin and Creatinine
Levels of proteinuria (expressed as albumin to creatinine ratio) were quantified bymeasuring albumin and creatinine in spot urine from

wild type and knockout mice at defined time points. Measurement of urinary albumin was performed using a mouse specific albumin

fluorescent based kit (Progene, Germany). Assessment of creatinine was done in a similar way using an enzymatic creatinine kit

(Creatinine PAP LT-SYS, Labor&Technik, Eberhard Lehmann GmbH, Germany).
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Glomerular and Podocyte Preparation for Western Blot and MS Applications
In principle isolation was performed as previously described (Boerries et al., 2013). In brief, kidneys were dissected together with the

abdominal aorta and transferred into dishes filled with 37 �C prewarmed Hank’s buffered salt solution (HBSS). Each kidney was

perfused slowly through the renal artery with 4 ml 37 �C warm bead solution and 1 ml bead solution plus enzymatic digestion buffer

(containing: collagenase 300 U/ml (Worthington, Collagenase Type II, Lakewood, NJ), 1 mg/ml pronase E (SigmaP6911, Schnelldorf,

Germany), DNase I 50 U/ml (AppliChem A3778, Darmstadt, Germany). Kidneys were minced, further digested and then after several

mechanical dissociation steps inserted into a magnetic particle concentrator and the separated glomeruli were washed twice. Isola-

tion of podocytes followed several steps of mechanical dissociation and final FACS sorting for GFP+ cells only. Isolated protein frac-

tions were furthermore analyzed using unlabeled mass spectrometry as previously described (Boerries et al., 2013). Samples were

taken up in SDS–PAGE loading buffer. Disulfide bonds were reduced with 1 mM DTT and alkylated using 5.5 mM iodoacetamide

(Sigma–Aldrich) for 30 min at 25�C. Proteins were separated by 4–12% Bis–Tris gradient SDS–PAGE gels (Invitrogen). Gel lanes

were cut into 10 fractions and proteins therein were digested with trypsin (Promega) (Shevchenko et al., 2006), and resulting peptides

were desalted on STAGE Tips (Rappsilber et al., 2007).

Mass Spectrometry and MaxQuant-Based Identification
Peptides were analysed with a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific). An Agilent 1200 nanoflow–HPLC

with a fused silica column, 75 mm inner diameter, packed with Reprosil–Pur 120 ODS–3 (Dr. Maisch) was used for peptide sep-

aration prior MS analysis. Samples were loaded with 500 nl/min, and the gradient was conducted at 250 nl/min. A gradient of

Buffer A (0.5% acetic acid in deionized water) and Buffer B (0.5% acetic acid, 80% ACN in deionized water) with increasing

ACN proportion was used for peptide separation. Samples were loaded onto the column with 2% Buffer B; a 100 min separation

gradient was run up to 35% buffer B. The ion–transfer tube temperature was set to 200�C and the spray voltage was 2.3 kV with

no sheath and auxiliary gas flow. Data was acquired in the data–dependent mode and switched automatically between MS (max.

of 1x106 ions) and MS/MS (max. of 5000 ions). In the linear ion trap the top five abundant peptides were isolated and fragmented

with 35% collision energy. Parent ions with a charge of z=1 and unassigned charge states were excluded from fragmentation. The

resolution was set to 60 000 with a mass range of m/z=350–2000. MaxQuant software (Cox and Mann, 2008) was used for data

search for identification and quantification of peptides and proteins. A full length UNIPROT mouse database was used. Carbami-

domethylation of cysteines was defined as fixed modification, whereas methionine oxidations and protein amino–terminal acety-

lations were defined as variable modifications. At least one peptide had to be unique per protein group and a minimum ratio count

of two was needed for quantification. For the enzymatic cleavage with trypsin/P a maximum of three missed cleavages was

allowed. The MS/MS tolerance was set to 0.5 Da. Mass precision of identified peptides had to be less than 20 ppm. A FDR of

0.01 was set for peptide and protein identification. Minimum peptide length had to be seven amino acids and identified proteins

were re-quantified. Furthermore the match-between-run option was used with a matching time window of 2 min and an alignment

time window of 20 minutes.

Focal Adhesion (Adhesome) Complex Isolation
Isolation of focal adhesion complexes was performed as previously described (Horton et al., 2015; Kuo et al., 2011). In brief, human

immortalized podocytes were seeded to a 15 cm cell culture dish and grown on 33�C. Then podocytes were differentiated by incu-

bation on 37�C for 10 days. Cells were incubated with the protein cross-linker DSP (3,3’-Dithiobis(sulfosuccinimidylpropionate);

100mM; Sigma-Aldrich) and DPPB (1,4-Bis[3-(2-pyridyldithio)propionamido]butane; 10mM; Sigma-Aldrich) for 10 minutes. Cross-

linker treated cells were washed with PBS and cross-linkers were quenched using 1 M Tris-HCl (pH 8, 10 min). Cell bodies were

removed by hydrodynamic force by washing the cell culture dish using a waterpik (2x 10s; PBS). Proteins and focal adhesion com-

plexes left bound to the ECM were recovered by scraping in 100 ml scraping buffer (125 mM Tris-HCl (pH 6.8), 1% (w/v) SDS, 15%

(v/v) b-mercaptoethanol) and denatured at 70 �C for 10 min. Western blotting and MS analysis was performed subsequently (as

described above).

Isolation of Primary Podocytes and Culture Conditions
To study podocyte phenotypes in vitro we made use of a previously established isolation and culture method (Schell et al., 2013). In

brief, glomeruli were isolated from p7-p10 old mice of the respective genotypes. Kidneys were removed and a digest protocol was

applied (Worthington Collagenase I 1mg/ml, Pronase 1mg/ml, DNAse I 100 U/ml all diluted in HBSS – all from Sigma, Schnelldorf,

Germany) for about 8 minutes. The digest solution was then filtered using cell strainers with 3 different pore sizes, starting with

100 microns, followed by 70 and finally 40 microns (BD Falcon). Glomeruli were harvested from the last filter and transferred after

centrifugation to culture flasks. After an outgrowth phase of about 4-6 days, cells were sorted using an Aria Cell Sorter (Aria BD

Biosciences). GFP-positive cells were collected in individual sorting approaches, depending on the individual isolation procedure

and reseeded again on collagen IV (Sigma-Aldrich, Schnelldorf, Germany) coated culture flasks (50 mg/ml). Cells after sorting

were termed as passage 1 and cells for further experiments were only used up to passage 6-7 after the sorting procedure. Primary

podocytes were cultured in RPMI 1640 (Invitrogen, Schnelldorf, Germany), supplemented with 10% FCS (Invitrogen), Penicillin/

Streptomycin (0.5 mg/ml) and a combination supplement of ITS (Insulin, Selenite and Transferrin – Roche).

All drugs were stored, dissolved for stock solutions and used according to the manufacturer’s recommendations. Solvents for

stock solutions or inactive inhibitors were used as negative control in respective treatments experiments. All experiments were
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performed at least 3 times. Due to availability of higher cell numbers human immortalized podocytes were used for treatment studies

in Figures 5K, 5Q, 5R, 6P, 6Q, and S6E. Human immortalized podocytes were cultivated in collagen IV coated Ibidi 8-well cambers

(ibidi, Martinsried, Germany) and serum-starved for 12h before and while application of indicated drugs (in Figure 5K: NSC23766

100mM for 2h; Nocodazole 15mM for 4h; Calyculin A 2nM for 20min; CK869 100mM for 3h; Blebbistatin 10mM for 1h); (in Figures

5G and 5R: 1mMCytochalasin D pretreatment for 1h followed by 4x wash with culture medium; subsequent inhibitor treatment times

and concentrations are indicated in Figure 5); (in Figure S6E: CK312/CK689/CK869/CK666/CK636/CK548 100mM for 4h; SMIFH2

15mM for 3h; Y27632 10mM for 3h; Blebbistatin 30mM for 1h; Cytochalasin D 0.1 and 1mM for 30 minutes; Latrunculin A 0.1 and

1mM for 30 minutes). Primary podocytes for NSC23766 treatment (Figures S5G–S5I) were cultured on collagen 4 coated glass cover

slips for 24h, serum starved for 2h and treated with NSC23766 100mM for 2h in serum free cell culture medium. All other treatment

experiments were performed by use of primary podocytes from indicatedWT or KOmice models. Primary podocytes were pre-culti-

vated on collagen IV coated glass cover slips (2D cell culture) in 10% FBS supplemented culture medium. Indicated drugs were

applied in 10% FBS supplemented culture medium. (Figures 5D–5J and S6 a: Blebbistatin 5 and 20mM for 2hours; Figures 5M–

5P: SMIFH2 15mM for 1h; Figures S6B–S6D: CK666 100mM for 6h; Figures S6F–S6J: Blebbistatin 20mM for 2 h and Calyculin A

10nM for 10 minutes). Treatment of 3D cultured podocytes was performed by application of indicated drugs in 10% FBS supple-

mented cell culture medium (Blebbistatin 20mM – 2h, CK666 and CK548 100 and 50mM respectively – 4h, SMIFH2 15mM – 1h and

Latrunculin A 1mM); (Figure S5Q: SMIFH2 5 and 15mM for 50 minutes, 2h after seeding of primary podocytes on thin collagen gels

(PureCol, Advanced BioMatrix, San Diego, CA).

3D Protrusion Formation of Primary Podocytes and Cortical Actin Fluorescence Measurement
3D culture assays were adapted for primary podocyte culture (Fraley et al., 2010). For generating 3D growth matrices matrigel

(Corning) was used and prepared according to manufacturer’s instructions. A final concentration of 3mg/ml of matrigel was

used in the experiments. In brief, cells were trypsinized and 20.000 cells were diluted in a final amount of 120ml of the appropriate

matrigel solution (everything ice-cold to prevent polymerization of matrigel). Cells were seeded in pre-coated 8 well Labtek growth

chamber slides (pre-coated with 30ml of undiluted 9mg/ml matrigel solution) and cultivated at 37� Celsius for 24 hours. Quantifi-

cation of cells with formed protrusions was made on fixated samples. After fixation in 4% PFA and 0.1 % GA in PBS for 30 minutes,

cells were stained for phalloidin and mounted with Prolong Gold antifade. Samples were imaged using a confocal LSM set up and

z-stacks of 0.39 mm were generated. Reconstruction was performed using the 3D image viewer plugin of ImageJ and measure-

ments of protrusions and branches were done using the Simple Neurite Tracer plugin from the Fiji image analysis software

package.

Immunofluorescence on Primary Podocytes
Staining of primary podocytes was performed after seeding cells on coated glass coverslips. Cells were seeded one day prior to the

staining procedure in sub-confluent conditions (otherwise indicated). Pre-warmed 4% PFA diluted in PBS was used for fixation and

after 10 minutes treatment with PFA quenching with 50mMNH4CL was applied, followed by brief permeabilization with Triton-X-100

0.1% in PBS for 3minutes. Blocking and incubation with primary as well as secondary antibodies was performed in 5%bovine serum

albumin/PBS, each step for 1 hour. The staining procedure was followed by final mounting in Prolong Gold antifade (Invitrogen,

Schnelldorf).

Isometric Cycling Stress (Flexcell)
Primary and immortalized human podocytes were seeded on collagen IV coated flexible biomembranes (Flexcell International Cor-

poration; Burlington, USA) and after a 12 hour cultivation period transferred to the Flexcell manipulator. According to previous studies

(Schordan et al., 2011) stretch of 7% and 0.5 Hz cycling were applied for a total duration of 24 hours. After stress application cells

were fixed and further analyzed. For detachment quantification, at least 15 low power fields were randomly chosen and automatically

analyzed for attached nuclei; experiments were repeated 3 times independently.

Traction Force Microscopy
Traction force microscopy is an established method for quantification of cellular forces exerted on the underlying substratum

(Schwarz and Gardel, 2012). Previously established protocols for preparation of substratum matrices were adapted for primary po-

docytes (Plotnikov et al., 2012). For all experiments gels with a Young’s modulus of 16kPA PAA (poly-acrylamide) were prepared.

After pouring preparation of the gels, crosslinking for fibronectin was performed with the SulfO-SANPAH crosslinker (under UV light

for 5 minutes) and indicated concentrations of respective ECM components were applied. 20.000 cells per cover slip were seeded

and cultivated for 12-16 hours before measurement of forces. Coverslips were placed in flow chamber and images of respective cells

were recorder before and after removal of the cell. Manipulation of the cells was performed with a micromanipulator (Eppendorf).

Image analysis was done as previously described (Sabass et al., 2008).

Random Single Cell Migration Assays
Migration behavior of respective primary podocytes was assessed using a Nikon Biosstation imaging setup (20 x magnification - Ni-

kon biosstation, Nikon, Duesseldorf, Germany). Cells were seeded one day prior to the experiment on ibidi m-treat culture chambers

(ibidi, Martinsried, Germany). Using the implemented software 15-20 fields per experimental condition were selected and focus as
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well as exposure times for the camera was set individually. Recording was performed over 12 hours while capturing images every

10 minutes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
If not stated otherwise, data are expressed as mean ± SEM. Paired Student’s t-test, ONE-WAY ANOVA (multiple comparison test -

Tukey), non-parametric two-tailed Mann Whitney test or Newman-Keuls multiple comparisons test were used based on data distri-

bution. Statistical significance was defined as * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001, n.s. - not significant. Number of

independent experiments and total amount of analyzed cells or animals were stated in the figure legends.

Glomerluar Sclerosis Index
To quantify glomerular sclerosis a previously established scoring method was adapted and modified (el Nahas et al., 1991). The de-

gree of sclerosis and alteration of glomeruli was categorized according to following criteria: grade I – normal appearing glomeruli,

grade II – mild to moderate alterations, at least one feature like mesangial hypercellularity or partial sclerosis (<50% of total glomer-

ulus), grade III – totally sclerosed glomerulus. 50-60 glomeruli per animal were assessed and counted in a blinded manner. A total

number of 3-4 animals per time point and genotype were analyzed.

Immunofluorescence Quantification
ppMLC intensity/area per glomerulus was quantified by segmentation of the podocyte compartment using Nephrin immunofluores-

cence as a specific marker. >20 glomeruli per animal were analyzed and the mean podocyte ppMLC intensity/area per animal was

calculated. The percentage of YAP positive podocyte nuclei was analyzed by immunofluorescence staining for YAP and the podo-

cyte specific nucleusmarkerWT1. >20 glomeruli per animal were analyzed and themean percentage of YAP positive podocyte nuclei

per animal was calculated.

Quantification of Foot Process Morphology and Branching Index
Image analysis was performed using Image J 4.17 and Adobe Photoshop CS6. Measurement of foot process width was essentially

performed as described before (Ma et al., 2010). Briefly, numbers of podocyte processes were divided by the length of the GBM re-

gion in every image. Branching levels of podocyte major processes were calculated from semi-planar SEM areas. Therefore

branches per major trunk were counted and the ratio of branches per mm length was calculated (10-23 major processes per animal

were analyzed and the mean branching ratio per animal was calculated).

Quantification of Focal Adhesion Morphology and Analysis of IF Intensities
Evaluation of focal adhesion size and distribution was basically performed as described previously, with some modifications

(Berginski et al., 2011). Primary podocytes were trypsinized and seeded on either fibronectin or collagen IV coated coverslips

(50mikrog/mikrol). According to the experimental setup cells were allowed to attach and spread for the respective time, and finally

fixated using pre-warmed 4% PFA in PBS for 10 minutes. Image acquisition was performed using a Zeiss Axioscope 40FL micro-

scope, equippedwith a 63x objective and individual cells of each experimental conditionwere recorded using standardized exposure

times. The analysis algorithm was composed of following steps: 1.) high pass filtering with averaging filter (radius of 11 pixels), 2.)

adjusting the threshold of the image and binarization, 3.) measurement of area, major andminor axis using the particle analyzer func-

tion of ImageJ NIH (lower cutoff 0.2 Pixels). Output data were collected for individual cells and analyzed using Microsoft Excel and

GraphPad Prism. Quantification of IF signal intensity was basically performed as described previously (Bechtel et al., 2013) : Images

were background subtracted and the area of individual cells was outlined manually. Fluorescence intensity in the outlined area was

recorded and background intensity was subtracted. Cellular immunofluorescence intensities were normalized for cell area and

plotted using GraphPad Prism. Line scans were performed using the plot profile tool of ImageJ/Fiji NIH software (PlotProfile).

Cell Migration
Tracking of individual cells was performed using ImageJ 1.47 NIH software package and the manual tracking plugin (http://rsbweb.

nih.gov/ij/plugins/track/track.html). Resulting xy coordinates were further analyzed with the ibidi ChemoTaxis Plugin (ibidi, Mar-

tinsried, Germany) and resulting data were plotted using Graphpad Prism (accumulated distance and velocity). Each experimental

condition was at least repeated 3 times.

Protein Enrichment and Functional Annotation Analysis
Detected proteins (podocyte fingerprint podocyte proteome) were identified as enriched/upregulated with a ‘‘>2 fold enrichment po-

docytes to non-podocytes. Gene ontology term (GO-Term) annotation was implemented using the MGI database (UniProt Con-

sortium, 2015; Eppig, 2017). Analysis and categorization of detected proteins was performed according to enrichment scores and

GO-Term annotation and is in detail shown in Table S1. Proteins with >2 fold enrichment in podocytes were filtered into GO-Term

based groups (focal adhesion, actin binding and actin driven cell projection) (see Table S1 for details). To generate a visualized pro-

tein network out of this sub-analysis (see Figures 1 and S1), the dataset was imported into Cytoscape (version 3.2.1) (Shannon et al.,
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2003). This network was merged with a human protein-protein interaction network from the BioGRID (release 3.2.105) database

(Chatr-Aryamontri et al., 2017). Interaction and protein duplications were removed. Detailed analysis of the podocyte focal adhesion

proteome (FAP) is shown in Figure S1 and Table S1. The podocyte FAPwas analyzed byGO-Term annotation using the UniProt data-

base (UniProt Consortium, 2015) and by use of a recently published, proteomic based, consensus focal adhesome (Horton et al.,

2015). Protein network visualization was achieved as described above.

DATA AND SOFTWARE AVAILABILITY

The accession number for proteomic datasets reported in this paper is PDX010626 and PDX010601.
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