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Podocytes form the outer part of the glomerular filter, where they
have to withstand enormous transcapillary filtration forces driving
glomerular filtration. Detachment of podocytes from the glomerular
basement membrane precedes most glomerular diseases. However,
little is known about the regulation of podocyte adhesion in vivo.
Thus, we systematically screened for podocyte-specific focal adhe-
some (FA) components, using genetic reporter models in combina-
tion with iTRAQ-based mass spectrometry. This approach led to
the identification of FERM domain protein EPB41L5 as a highly
enriched podocyte-specific FA component in vivo. Genetic deletion
of Epb41l5 resulted in severe proteinuria, detachment of podo-
cytes, and development of focal segmental glomerulosclerosis.
Remarkably, by binding and recruiting the RhoGEF ARGHEF18
to the leading edge, EPB41L5 directly controls actomyosin contrac-
tility and subsequent maturation of focal adhesions, cell spread-
ing, and migration. Furthermore, EPB41L5 controls matrix-
dependent outside-in signaling by regulating the focal adhesome
composition. Thus, by linking extracellular matrix sensing and
signaling, focal adhesion maturation, and actomyosin activation
EPB41L5 ensures the mechanical stability required for podocytes
at the kidney filtration barrier. Finally, a diminution of EPB41L5-
dependent signaling programs appears to be a common theme of
podocyte disease, and therefore offers unexpected interven-
tional therapeutic strategies to prevent podocyte loss and kidney
disease progression.
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Glomerular epithelial cells or podocytes represent a pericyte-
like cell type establishing the kidney filtration barrier in

combination with endothelial cells and the basement membrane
(1, 2). These cells exhibit a strictly polarized morphology char-
acterized by a large cell body and extending primary and sec-
ondary foot processes, which enclose glomerular capillaries (3).
The slit diaphragm, a specialized and unique cell–cell contact,
connects interdigitating foot processes and confines the basolateral
membrane compartment of podocytes (2, 4).
Because of the constant exposure of podocytes to filtration

forces, tight adherence to the basement membrane is required to
prevent detachment into Bowman’s capsule. As a consequence,
loss of podocytes from the glomerular basement membrane (GBM)
is a major contributing factor to the progression of glomerular and
chronic kidney disease (5–7).

On a molecular level, a multitude of adhesion receptors in-
cluding heterodimeric integrins mediate interaction of cells with
the surrounding extracellular matrix (ECM) or the basement
membrane (8, 9). Integrin receptors are linked to an intracellular
multiprotein complex, collectively named the integrin adhesome,
constituting various adaptor proteins, GTPases, kinases, and
phosphatases (9). One common form of integrin-mediated adhe-
sion is focal adhesions (FAs), which have been extensively studied
in cultured cells (9). Functionally, FAs support the physical inter-
action of cells to the ECM, establish connection to the actomyosin
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cytoskeleton, and provide a signaling hub to fine-tune regulatory
cascades and cellular functions. The clinical relevance of the
adhesome for podocyte function was recently demonstrated by the
identification of mutations in the Integrin alpha3 gene, causing
glomerular and skin disease in affected patients (10). In addition,
other focal adhesome components such as INTEGRIN-beta1 and
INTEGRIN-LINKED KINASE (ILK), as well as other core focal
adhesome components, were identified to be critical for podo-
cyte maintenance (11–15).
Despite those previous advances, there is still no unifying

pathophysiological concept of the role of FAs in podocyte bi-
ology, allowing for the design of targeted diagnostic, as well as
therapeutic, approaches. In addition, a comprehensive descrip-
tion of podocyte-specific focal adhesome components is still
lacking. To identify cell-specific adhesome modulators, we de-
veloped a method for large-scale isolation of highly purified
podocyte cell populations from murine glomeruli (16). Using
iTRAQ-based quantitative MS technology, we developed an
unprecedented in vivo description of almost 3,500 podocyte
proteins. We used these data and applied bioinformatic filtering
approaches to identify components of the podocyte FA complex.
This approach enabled the identification of the FERM-domain
protein EPB41L5. Characterization of this podocyte-specific
molecule offered unexpected insights into the biology, function,
and disease mechanism of the kidney filtration barrier.

Results
Analysis of the Podocyte-Enriched Adhesome Identifies FERM-Domain
Protein EBP41L5 as a Podocyte-Specific FA Component. One key
feature of podocytes is the tightly regulated adhesion to the glo-
merular basement membrane (Fig. 1A) to maintain the filtration
barrier (6). Detachment of podocytes from the glomerular base-
ment membrane is a common hallmark of late-stage glomerular
disease (Fig. 1B), suggesting an involvement of adhesome com-
ponents (SI Appendix, Fig. S1). FAs are multiprotein complexes
that sense the ECM environment, integrate incoming signals, and
mediate required contractile forces for adhesion adjustment (Fig.
1D) (9). To identify podocyte adhesome-associated proteins, we
made use of a genetically encoded reporter mouse system (Fig. 1C).
After FACS sorting, GFP+ podocyte cell populations were sub-
jected to iTRAQ-based quantitative mass spectrometry (Fig. 1C).
We identified nearly 3,500 proteins using this approach, and
ranked those according to their detection rates (relative to non-
podocyte cells; Dataset S1). Pathway and process analysis revealed
a high enrichment of integrin-mediated-signaling-associated pro-
teins in podocytes compared with the nonpodocyte fraction (Fig.
1E, SI Appendix, Fig. S2, and Dataset S1). After selection for
enriched proteins, a filtering step for FA gene ontology terms was
implemented, resulting in a list of 56 enriched, presumptive FA
proteins. In addition to previously described integrins (ITGA3,
ITGB5, and ITGAV) and well-established actin-cross-linkers such

Fig. 1. Analysis of the podocyte-enriched adhesome
identifies EBP41L5. (A) Podocytes reside on the outer
surface of glomerular capillaries and attach via their
foot processes to the glomerular basement mem-
brane. (B) Schematic depicting different stages of
podocyte damage and restructuring of FA complexes
(C) Scheme for the generation of hNPHS2Cre*Tom.
GFP-reporter mice. Cre expression under the specific
hNPHS2 promotor resulted in selective expression of
GFP in the podocyte population. Isolated GFP+ cell
populations were further processed for iTRAQ-based
MS analysis. (D) FAs are composed of different
classes of scaffold and signaling proteins such as
GTPases, specific kinases, or structural linker mole-
cules (A, integrin receptors; B, adaptor proteins and
enzymes; C, actomyosin cytoskeleton). (E) Mapping
of the podocyte-enriched FA complex after filtering
of primary data sets against the gene ontology term
FA. Previously identified proteins involved in human
disease or analyzed in rodent models are highlighted
by dotted circles. Via clustering resulting from en-
richment scores, a subset of proteins were selected as
highly enriched (yellow circles; for enrichment scores
and selected proteins, see Dataset S1). ECM, extracel-
lular matrix; FA, focal adhesion; FACS, fluorescence-
activated cell sorting; GBM, glomerular basement
membrane; GN,glomerulonephritis; iTRAQ, isobaric
tag for relative and absolute quantitation.
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as ACTININ-4, we identified recently discovered GTPase modu-
lators such as ARHGAP24 (Fig. 1E) (17). We further refined our
initial list by integrating recently published experimental data (18)
and ended up with a list of 182 potential podocyte-enriched FA
proteins (Dataset S1). EPB41L5 appeared as the top enriched
protein in our candidate approach after applying different filtering
steps for FA-associated protein domains (Dataset S1).

EPB41L5 Localizes to FAs in Vivo. To validate results of our pro-
teome approach, we used mRNA in situ hybridization to develop
a specific expression profile for the top candidate Epb41l5 during
murine development. Prenatally, Epb41l5 expression was restricted
to the brain, lung, and kidney (Fig. 2A and SI Appendix, Fig. S3). In
the kidney, expression was particularly strong in the glomeruli at
embryonic stage E14.5 (embryonic day 14.5) (Fig. 2A and SI Ap-
pendix, Fig. S3). Immunofluorescence of EPB41L5 further con-
firmed this expression in rodent as well as human podocytes (SI
Appendix, Fig. S3). Glomerular epithelial cells undergo a dramatic
change in cellular morphology during development (19, 20). To
specifically localize EPB41L5 during this polarization process, we
used a set of well-established polarity markers in combination with
EPB41L5. Here, EPB41L5 showed a predominant colocalization
with the basolateral marker SCRIBBLE, but not with the apical
marker PODOCALYXIN or the tight junction marker PAR3 (SI
Appendix, Fig. S4) (21). Using immunogold electron microscopy
confirmed that bona fide FA components such as PAXILLIN and

ZYXIN predominantly localized at a basal position of podocyte foot
processes (Fig. 2 B–D). EPB41L5 showed an overlapping localiza-
tion pattern in close proximity to the glomerular basement mem-
brane (Fig. 2 E and F). Recently, the super resolution microscopy
technique stochastic optical reconstruction microscopy was suc-
cessfully applied to visualize the nanoscale composition of the
glomerular basement membrane (22). Using this technique en-
abled the detection of EPB41L5 colocalizing with the bona fide FA
component INTEGRIN-beta1, whereas no overlap was detectable
with the apical marker protein PODOCALYXIN (Fig. 2 G–L).
Altogether, these different imaging modalities highlight the
basolateral, typical FA localization pattern for EPB41L5 in vivo.
Remarkably, an altered localization and coarse intensity pattern
was detected in biopsy samples from human patients with focal
segmental glomerulosclerosis or diabetic nephropathy for EPB41L5
(SI Appendix, Fig. S5). These observations were furthermore cor-
roborated by mRNA expression analysis for respective disease entities
from open source databases, as well as experimental mouse models
(SI Appendix, Figs. S5 and S6). Altogether, these data indicate that
EPB41L5 is a highly sensitive FA component of podocytes
and appears also to be drastically affected in human glomerular
disease entities.

Loss of Epb41l5 Causes Nephrotic Syndrome, Renal Failure, and
Lethality. To test for the functional relevance of the loss of
Epb41l5 expression, we generated a conditional knockout model

Fig. 2. EPB41L5 localizes at FAs in vivo. (A) In situ hybridization revealed that Epb41l5 is exclusively expressed in developing glomeruli of the kidney at
embryonic stages E14.5. (B–F) Immunogold electron microscopy for core FA components revealed predominant basal localization toward the GBM in wild-
type mice. EPB41L5 concordantly localized basally of foot processes. Ur, urinary pole; FP, foot processes; GBM, glomerular basement membrane; Cap, capillary;
arrows, gold particles; dotted lines, FP morphology. (G–L) Stochastic optical reconstruction microscopy of glomeruli, using PODOCALYXIN (apical marker) and
INTEGRIN-beta1 (basal marker) in combination with EPB41L5, demonstrated close proximity and colocalization of EPB41L5 with the FA compartment (as
indicated by ITGB1; boxed regions indicate areas of zoomed details).
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using standardized loxP technique (Fig. 3 A–D and SI Appendix,
Fig. S7). Glomerular epithelial cells contribute to the mainte-
nance of the kidney filtration barrier, and levels of proteinuria
represent a sensitive readout system in terms of podocyte func-
tion (2). Analysis of Epb41l5fl/fl*NPHS2Cre animals revealed
severe proteinuria indicated by albumin/creatinine ratios greater
than 100 compared with wild-type animals. Proteinuria in those
mice was already present at birth and remained at high levels for
the whole observational period (Fig. 3E). As a result of high-
grade proteinuria and progressing renal failure (as demonstrated
by pronounced glomerulosclerosis; Fig. 3 J and K and SI Ap-
pendix, Fig. S8), respective knockout animals showed decreased
weight gain compared with control animals (Fig. 3F). The severe
phenotype in terms of proteinuria resulted in premature death of
Ebp41l5 knockout animals, reflected by dramatically reduced
survival by 50% 2 wk after birth (Fig. 3G). Morphological
analysis of kidney sections revealed dilated tubules with an ac-
cumulation of proteinaceous casts, reflecting severe proteinuria
in knockout animals (Fig. 3 H–K and SI Appendix, Fig. S8).
Given the basolateral localization of EPB41L5 in glomerular
epithelial cells, we sought to directly determine the potential
influence of EPB41L5 on podocyte cell morphology. Although in
wild-type animals, interdigitating FPs were regularly separated
by slit diaphragms, Epb41l5 knockout podocytes displayed a
global fusion of FPs at P0 (SI Appendix, Fig. S9). Furthermore,
slit diaphragms were either not detectable or dislocated to a more
apical position (SI Appendix, Fig. S9), but there were no obvious
changes in apico-basal compartmentalization (SI Appendix, Fig.
S10). Strikingly, massive podocyte detachment was detectable in
EPB41L5 knockout animals, as demonstrated by decreased numbers

of podocytes per glomerulus, as well as increased levels of detached
podocytes in the urine (Fig. 3 L–O and SI Appendix, Fig. S10). To
test the effect of EPB41L5 in already completely maturated podo-
cytes, the conditional EPB41L5 floxed allele was intercrossed to a
podocyte-specific, doxycycline-dependent inducible Cre-system (SI
Appendix, Fig. S11 and S12). Induction of Cre-activity was per-
formed in 4-wk-old animals for a period of 2 wk (SI Appendix, Fig.
S11). Remarkably, 1 wk after induction, increased levels of pro-
teinuria already were detectable in knockout animals (SI Appendix,
Fig. S11). In agreement with the NPH2Cre line, inducible knockout
animals developed signs of progressive focal segmental sclerosis and
foot process effacement (SI Appendix, Fig. S11 and S12). These
alterations were accompanied by altered localization and decreased
signal intensity for NEPHRIN, PODOCIN, and SNYAPTOPODIN,
whereas the polarity molecule PAR3 exhibited no significant changes
(SI Appendix, Fig. S12). Together, these findings underline the
uttermost importance of EPB41L5 for developing, as well as fully
maturated, podocytes in vivo.
To gain mechanistic insights into EPB41L5 function in podocytes,

we used a recently established method for isolation of primary
podocytes from control and EPB41L5-deficient animals (Fig. 1C)
(23). As expected, EPB41L5 displayed on a subcellular level a
typical FA localization pattern close to the cell border (Fig. 3P).
Interestingly, a pronounced decrease in migratory function was
detected in primary knockout podocytes when seeded on colla-
gen IV coated surfaces (SI Appendix, Fig. S13).

EPB41L5 Controls FA Maturation and Cellular Spreading. Because
primary podocytes are only of limited availability, we used CRISPR/
Cas9 genome editing technology to generate EPB41L5-deficient

Fig. 3. Podocyte-specific knockout of Epb41l5 cau-
ses nephrotic syndrome and lethality. (A) Schematic
illustrating the generation of a podocyte-specific
knockout mouse (B and C) Immunofluorescence
staining confirmed that EPB41L5 protein is not de-
tectable in the podocyte compartment in respective
knockout mice. (D) Western blot on glomerular ly-
sates from either control or respective knockout
animals revealed that EPB41L5 protein is completely
abolished. (E and F ) Proteinuria measurements
demonstrate a drastic increase of proteinuria in
Epb41l5 knockout animals beginning at P0 (at least
n = 7; Dataset S3), accompanied by decreased body
weight gain (at least n = 10 animals per group; SI
Appendix, Dataset S3). (G) Kaplan-Meier analysis
indicated premature death of Epb41l5 knockout
animals (at least n = 15; Dataset S3). (H–K) Histology
of wild-type and Epb41l5fl/fl*NPHS2Cre kidney sec-
tions revealed proteinaceous casts (black arrows),
dilated tubules (black arrowheads), mesangial pro-
liferation (yellow asterisk), and mesangiolysis (yellow
arrows). (L–O) PAS and immunofluorescence staining
for WT-1 demonstrated detachment of podocytes in
Epb41l5 knockout animals. Quantification of WT-1-
positive cells in KO animals at 3 wk of age (n = 3 animals
for each genotype; Dataset S3). (P) EPB41L5 localized
in a typical FA pattern in primary wild-type podocytes
(white box indicates zoom-in; red arrows indicate
FAs). ACR, albumin to creatinine ratio.
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immortalized human podocyte cell lines. After validation of
specific gRNAs for the human EPB41L5 locus (targeting exon
2), we transfected immortalized human podocytes and isolated
isogenetic clones. These clones were subsequently sequenced for
deleterious mutations, and knockout efficiency was finally con-
firmed with Western blot (Fig. 4 A and B and SI Appendix, Fig.
S13). As FAs are critically involved in dynamic cell–ECM in-
teractions, we further tested for migration behavior and cellular
adhesion in wild-type and respective knockout clones. Here, two
independent EPB41L5 knockout clones showed a pronounced
defect in migration, as well as adhesion, when plated on collagen
IV-coated ECM substratum (Fig. 4 C–E and SI Appendix, Fig.
S13). The observation of impaired migration and adhesion im-
plicated potential dysfunction in FA dynamics as a result of loss
of EPB41L5. Therefore, we assessed cellular spreading and de-
tected significant impairment of EPB41L5 knockout clones, es-
pecially in early phases (Fig. 4 F and G), although there were no
obvious differences under steady-state conditions (Fig. 4G and
SI Appendix, Fig. S13 and S14). To validate the specificity of the
observed phenotypes, we performed rescue experiments
expressing full-length EPB41L5 in knockout clones. Here, we
observed that reexpression of EPB41L5 leads to an amelioration
of the spreading defect in EPB41L5 knockout cells (Fig. 4H and
SI Appendix, Fig. S13). Analysis of FA morphology under dy-
namic conditions revealed a major proportion of immature FAs
in EPB41L5 knockout clones compared with wild-type controls
(Fig. 4 I–K). Similar observations were also made in conditions
of acute FA disassembly and reassembly via application of the
myosin II inhibitor blebbistatin (24). Here, wild-type cells recovered
faster and more efficiently, reflected by an increased amount of
maturated FAs after washout of blebbistatin (SI Appendix, Fig.
S14). These findings highlight the critical role of EPB41L5 for FA
assembly and maturation. Because EPB41L5 appeared in a typical
FA localization pattern in vivo and in vitro (Figs. 2 and 3P), we
aimed to identify potential FA interaction partners of EPB41L5
via GST pull-down experiments. Here, we observed that the
C-terminal part of EPB41L5 (encompassing amino acids 385–
733; Fig. 4 L and M) interacted with PAXILLIN, whereas other
bona fide FA components such as INTEGRIN-beta1 showed an
interaction with neither the C-term nor the FERM-domain of
EPB41L5 (Fig. 4M and SI Appendix, Fig. S14). In agreement with
these data, localization studies demonstrated a clear colocaliza-
tion of the C-terminal part of EPB41L5 with PAXILLIN at
steady state and in spreading cells (Fig. 4 N–Q). Interestingly, a
pronounced accumulation at the leading edge of spreading cells
was observed for the C-terminal part of EPB41L5, together with
PAXILLIN accumulating in nascent FAs (Fig. 4Q and SI Appendix,
Fig. S14). In contrast, the FERM domain containing truncation
showed a distinct localization pattern at the lamellum of spreading
cells (Fig. 4P). These observations imply that the C-terminal part
of EPB41L5 is not only interacting with PAXILLIN but also
might be responsible for the localization toward the leading edge
during cellular spreading.

EPB41L5-Mediated Cell Spreading Depends on Actomyosin Contractility.
The process of cell spreading is being powered by contractile
processes involving the actomyosin cytoskeleton (25). We observed
that EPB41L5 predominantly accumulated at FA initiation sites,
and also to the leading edge of cells in very early spreading phases
(Fig. 5A). In addition, spreading EPB41L5 KO cells exhibited a
misconfigured cellular morphology characterized by the appearance
of multiple pseudopods (Fig. 5 B–D and SI Appendix, Fig. S15),
suggesting an impaired actomyosin regulation. We therefore hy-
pothesized an active role for EPB41L5 in regulating the actomyosin
machinery. In agreement with this hypothesis, preincubation of
wild-type cells with inhibitors of actomyosin contractility phenocopied
spreading and morphological defects of EPB41L5 KO cells (Fig. 5
E–I and SI Appendix, Fig. S15). The specificity of the pseudopod

phenotype could be confirmed by rescue experiments, where re-
expression of full-length EPB41L5 resulted in a significant re-
duction of pseudopod formation in respective knockout cells
during spreading (Fig. 5J). Life imaging microscopy revealed that
pseudopods are actively generated structures, characterized by
a rather unorganized actin cytoskeleton and only small FAs (Fig. 5
K–N and SI Appendix, Fig. S15 and Movies S1–S5). In line with
these observations, loss of EPB41L5 resulted in decreased levels
of p-MLC specifically at the leading edge of spreading cells (Fig. 5
O–Q), accompanied by altered localization of MYOSIN-II (SI
Appendix, Fig. S16). These findings were furthermore corroborated
byWestern blot experiments of either spreading or steady-state cells
(Fig. 5 R andW). Again, reexpression of full-length EPB41L5 could
reverse the reduced levels of p-MLC at the leading edge in
EPB41L5 knockout cells (Fig. 5S and SI Appendix, Fig. S16). Be-
cause the activation mode of the actomyosin cytoskeleton is mainly
regulated by of GTPases such as RhoA or Rac1 (26), we quantified
for active levels of those. RhoA and Rac1 are either inactive (GDP-
bound state) or active (GTP-bound state). Interestingly, we ob-
served that EPB41L5 knockout cells exhibited lower levels of active
RhoA during spreading, whereas at the same time, increased levels
of active Rac1 were detected (Fig. 5 T and U and SI Appendix, Fig.
S16). These findings indicate that loss of EPB41L5 results in a
reciprocal activation of the GTPases RhoA and Rac1, finally
leading to decreased actomyosin contractility. Remarkably, we
also observed a pronounced accumulation of Rac1 in pseudopods
of EPB41L5 knockout cells, potentially implying that Rac1 activation
might account for this phenotype (Fig. 5V). Furthermore, EPB41L5
knockout cells exhibited a much higher sensitivity toward myosin
inhibition, characterized by altered cellular morphology (SI Ap-
pendix, Fig. S16). Together, these data indicated a clear correlation
among the loss of EPB41L5, impaired actomyosin function, and
defective cell spreading.

EPB41L5 Regulates Actomyosin Contractility via ARHGEF18. To un-
derstand the potential mechanisms of EPB41L5 in regulating the
actomyosin machinery, we reanalyzed our initial in vivo iTRAQ
proteomics approach and screened for podocyte-enriched GEFs
as potential direct regulators of actomyosin contractility. Using
this targeted approach, we identified the RhoGEF ARHGEF18,
similar to EPB41L5, as a highly and specifically enriched podo-
cyte candidate protein (Fig. 6 A and F). Previously, ARHGEF18
has been implicated in cell shape modulation by regulating my-
osin activity (27). To further characterize a potential interaction
of both proteins, we performed coimmunoprecipitation assays
and could demonstrate that ARHGEF18 precipitated EPB41L5
(Fig. 6B). Moreover, endogenous pull-down experiments using a
specific antibody for ARHGEF18 revealed efficient precipita-
tion of EPB41L5 in immortalized human podocytes (Fig. 6C). To
better characterize this association, a set of complementary
truncations for EPB41L5 was generated. Here, only the FERM
domain containing truncations showed an efficient association
with ARHGEF18 (Fig. 6D and SI Appendix, Fig. S17). These
findings were corroborated by the use of GST-tagged recombi-
nant protein versions for the FERM-/FERM-FA, full-length as
well as C-terminal part of EPB41L5 in endogenous pull-down
assays (Fig. 6E and SI Appendix, Fig. S17). In line with our
iTRAQ proteomics data set, ARHGEF18 was strongly detected
in podocytes in vivo, with a rather prominent perinuclear, as well
as distinct basal, localization pattern (Fig. 6F and SI Appendix,
Fig. S18). Similar to EPB41L5, ARHGEF18 was highly enriched
at the leading edge of spreading podocytes (Fig. 6G). In agree-
ment with the decreased p-MLC level (Fig. 5 O–Q), ARHGEF18
localization was reduced at the leading edge (Fig. 6 H and I)
of EPB41L5KO cells. These data collectively indicated that EPB41L5
might be required to recruit ARHGEF18 to the leading edge as a
prerequisite for actomyosin activation. To further corroborate the
function of ARHGEF18 in podocytes, we used siRNA to generate
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knockdown of ARHGEF18. Remarkably, loss of ARHGEF18
phenocopied the spreading defects of EPB41L5 knockout cells
and was accompanied by decreased levels of p-MLC (Fig. 6 J–O
and SI Appendix, Fig. S18).

ECM Influences EPB41L5 Mediated Phenotypes. From hereditary
collagenopathies, it is evidenced that podocytes rely on collagen
type IV interactions to maintain their mechanical stress re-
sistance and filter function (28, 29). Therefore, we speculated
that the EPB41L5-mediated regulatory networks stabilizing cell
function, cell adhesion, and contractility might be specifically
influenced by the ECM composition. In fact, observed pheno-
types resulting from loss of EPB41L5 were influenced by pro-
vided ECM ligands and respective concentrations. Wild-type
cells showed a dose-dependent increase in cell size during
spreading on either collagen IV or fibronectin. Although the
spreading defects of EPB41L5 KO cells persisted on all collagen
IV concentrations, high concentrations of fibronectin could
ameliorate the spreading defect of EPB41L5 KO cells and pre-
vented the hypersensitivity toward myosin II inhibitors (Fig. 7 A–C
and E–J and SI Appendix, Fig. S19), suggesting that EPB41L5, in
addition to its general effect on FA maturation, is particularly
required for the execution of collagen IV-mediated outside-in
signaling. In agreement, quantification of active RhoA for cells
spreading on fibronectin revealed almost equalized levels of
EPB41L5 KO cells compared with wild-type cells, in contrast to
persistently diminished RhoA activation on collagen IV (Figs.
7D and 5T). To elucidate this phenomenon, we performed
quantitative SILAC (stable isotope labeling with amino acids in

cell culture)-based focal adhesome proteomics (30), in which
enriched and chemically cross-linked FA complexes are analyzed
using mass spectrometry (30). Strikingly, we detected that loss of
EPB41L5 modulated the composition of the focal adhesome, most
prominently on the level integrin receptors such as INTEGRIN-
beta1 (Fig. 7 K and L and Dataset S2). Although not primarily
detected in the MS data set (most probably because of sensitivity
issues), we could reveal that the collagen-binding INTEGRIN-
alpha2 also concordantly exhibited lower levels in the focal
adhesome fraction of EPB41L5-depleted cells (Fig. 7L). Thus,
EPB41L5 appears to be required for efficient collagen IV-
mediated outside-in signaling in podocytes.

Discussion
Modulation and regulation of adhesion represents a fundamen-
tal mechanism in epithelial cell biology (9). Interaction of epi-
thelial cells with the surrounding ECM or the underlying
basement membrane is mediated by different adhesion receptors
such as integrin adhesion complexes (9, 31). In this study, we
focused on the adhesome of podocytes. The medical relevance of
podocyte adhesion is underlined by the fact that podocyte de-
tachment is a key factor for chronic kidney disease progression
(32–34). Previous studies mainly focused on key components of
the integrin adhesome, such as different integrin subunits or
central signaling proteins such as ILK and TALIN (11, 12, 15).
Despite those previous advances, there is still only limited
knowledge about cell type-specific modulation of cell adhesion
and contractility. To identify potential podocyte-inherent adhe-
some modulators, we performed an in vivo screening approach

Fig. 4. EPB41L5 controls FA maturation and cellular
spreading. (A) Schematic depicting the generation
strategy of EPB41L5 knockout using Crispr/CAS9 ge-
nome editing. (B) Exemplary Sanger sequencing re-
sults illustrating two different mutations in one
podocyte clone. Western blot confirmed the absence
of EPB41L5. (C) Single-cell migration analysis dem-
onstrated a decreased migratory speed in EPB41L5
knockout clones (n = 86 cells over three independent
experiments; Dataset S3). (D and E) Decreased ad-
hesion of EPB41L5 knockout cells (n = 3; Dataset S3).
(F and G) Impaired cell spreading of knockout cells
compared with wild-type controls (n = 3; Dataset S3).
(H) Reexpression of full-length EPB41L5 ameliorated
the spreading defect in EPB41L5 knockout cells (at
least 70 cells were analyzed over three independent
experiments; Dataset S3). (I–K) Quantification of FA
subtypes in EPB41L5 knockout cells demonstrated
more immature FAs (>400 cells analyzed; Dataset
S3). (L) Schematic depicting the domain structure of
EPB41L5. (M) GST-pull-down experiments revealed
that only the C-terminal part of EPB41L5 is re-
quired for association with the FA molecule PAXILLIN.
(N–Q) Expression of GFP-tagged versions of C-terminal
or FERM-domain truncations highlighted the FA lo-
calization pattern for the C-terminal part (Q3-4; white
arrows indicate colocalization with PAXILLIN). FACS,
fluorescence-activated cell sorting.
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and identified the FERM domain protein EPB41L5 as a highly
selectively expressed FA component of podocytes (Figs. 1 and 2).
The importance of EPB41L5 for podocyte function was fur-
thermore supported by the profound phenotype of conditional
knockout mice and striking down-regulation in a series of human
glomerular disease conditions, as well as experimental mouse
and cell models (Fig. 3 and SI Appendix, Figs. S5, S6, and S20).
More recently, it was demonstrated that loss of TALIN (genetic
deletion and experimental stress models), a well-established core
focal adhesome component, results in a dramatic podocyte phe-
notype characterized by massive proteinuria, as well as consecutive
development of glomerular sclerosis (15). Interestingly, TALIN-
deficient podocytes exhibited a mild adhesion and spreading de-
fect, but a predominant misconfiguration of the actin cytoskeleton.
In contrast, EPB41L5 mainly influenced dynamic cellular functions
such as spreading and adhesion via titration of the actomyosin
machinery (Figs. 4 and 5).
The EPB4.1 protein family is involved in cellular morpho-

genesis, and EPB41L5 was particularly investigated in terms of
apicobasal polarity establishment via interaction with CRUMBS
in early development (35, 36). Previous work demonstrated that
EPB41L5 was required during early embryo gastrulation, which
seemed to be partially a result of EPB41L5-dependent FA
modulation and cell–cell contact establishment via cadherins
(37). On the basis of our observations, we here propose that
EPB41L5 mainly influences the maturational phase of FAs,
implicating that decreased tension or traction might attribute for
the detachment of podocytes, as evidenced in the EPB41L5
knockout model (Figs. 3 and 4). The actomyosin cytoskeleton is
involved in multiple cellular functions ranging from migration, to
cellular morphogenesis, to adhesion (38). Although ARHGEF18
was previously implicated in controlling cell migration, our data
now indicate that the RhoGEF ARHGEF18 acts downstream of
EPB41L5-regulated cellular spreading in the cell-specific context

of podocytes (Fig. 6) (39). In agreement with the known role of
ARHGEF18 as a RHOGEF activator for RhoA, we observed
decreased levels of active RhoA and concomitantly increased
activation of Rac1 in EPB41L5 knockout cells during spreading
(Fig. 5). Although hyperactivation of Rac1 is an accepted path-
ogenetic model in podocyte disease verified by several inde-
pendent studies (40, 41), there is an ambiguous perception
regarding the role of RhoA. Nevertheless, an emerging body of
evidence supports the concept of a required balance of these
GTPases to maintain cellular function (42). Therefore, our
findings exemplify the interdependent and reciprocal interplay of
small GTPases and demonstrate their essential role for podocyte
spreading and adhesion maturation (Fig. 6).
The disturbed activity of the actomyosin cytoskeleton also

contributes to the prominent feature of active pseudopod for-
mation in EPB41L5 knockout cells during spreading (Fig. 5 and
Movies S1–S5). Pseudopods represent a specialized cellular
protrusion type mainly observed in chemotactic cell types, and
Rac1 activation has been shown to be involved in the initiation
and propagation of pseudopod formation (43). In light of this,
the pseudopod phenotype of EPB41L5 knockout cells might
reflect the disturbed balance of GTPase activation and insuffi-
cient FA maturation, ultimately culminating in the generation
of numerous unstable cellular projections. A very recent study
could demonstrate that stabilization of the actin cytoskeleton
via application of a small molecule affecting the DYNAMIN
structure resulted in prevention of progressive proteinuria in a
series of genetic and toxic podocyte stress models. These ob-
servations underlined the importance of the actin cytoskeleton as
a common final pathway of podocyte injury (44, 45). Our data
now extend these observations and identify with EPB41L5, a
podocyte-specific upstream link from the adhesion machinery to
the regulation of the cytoskeleton. As FAs are known to transmit
outside-in-signals, this also raised the possibility of potential sensing

Fig. 5. EPB41L5-mediated cell spreading depends
on actomyosin contractility. (A) During initial phases
of spreading, EPB41L5 colocalized with PAXILLIN
at nascent adhesion initiation sites. (B–D) Loss of
EPB41L5 resulted in the formation of pseudopodial
protrusions (>100 cells over three experiments,
30 min spreading; Dataset S3). (E–I) Treatment of
wild-type cells with blebbistatin or Y27632 pro-
moted the formation of pseudopods (at least n =
50 cells over three experiments, 45 min spreading;
Dataset S3). (J) Reexpression of full-length EPB41L5
ameliorated the pseudopod phenotype in EPB41L5
knockout (>100 cells over three experiments; 30 min
spreading; Dataset S3). (K and L) Life imaging of
EPB41L5 knockout cells revealed pseudopod forma-
tion as an active process (Dataset S3). (M and N) FA
morphology is shifted toward smaller adhesion sites
in pseudopod protrusions (12 WT and 23 KO cells
were analyzed; Dataset S3). (O–Q) Analysis for P-MLC
showed decreased levels at the leading edge of
spreading EPB41L5 KO cells (n = 10 over two exper-
iments; Dataset S3). (R) Western blot on spreading
wild-type and EPB41L5 KO cells showed decreased
levels of P-MLC as well as P-MYPT. (S) Reexpression
of full-length EPB41L5 restores p-MLC levels at the
leading. (T and U) Quantification of active GTPase
levels during cell spreading showed decreased ac-
tive RhoA and increased active Rac1 levels in
knockout cells (n = 3; Dataset S3). (V) RAC1 and
RHOA immunofluorescence in knockout pseudo-
pods. (W ) Western blot on steady state EPB41L5 KO
cells showed decreased levels of P-MLC, as well
as P-MYPT.
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properties of the EPB41L5 FA-associated complex. Interestingly,
we detected an EPB41L5-dependent alteration of the focal adhe-
some composition (Fig. 7 and Dataset S2). Altogether, these
changes might serve as a possible explanation for differential
ECM response properties because of the loss of EPB41L5 (Fig.
7). In fact, our findings suggest the physiological GBM com-
position influences the EPB41L5 associated signaling response
(Fig. 7), suggesting collagenopathies such as Alport syndrome
specifically contribute to changes in podocyte adhesion signal-
ing, finally leading to podocyte loss and progressive kidney
disease (29).
Collectively, we describe here comprehensive adhesome

mapping of podocytes in vivo as a unique model to study the
requirements of FAs under enormous physical forces. On the basis
of the identification of EPB41L5, we describe a cell-inherent concept
of FA maturational control via integration of the actomyosin
cytoskeleton and context-dependent ECM sensing, which is re-

quired to maintain the integrity of the kidney filtration barrier
(Fig. 7).

Materials and Methods
Please refer to SI Appendix for complete details of materials and methods, as
well as all supplemental figures.

Animals. EPB41L5 knockout mice were generated as described in SI Appendix,
Materials and Methods. All animal experiments were approved by local author-
ities (Regierungspräsidium Freiburg, Freiburg 79106 – approval number G10/39).

MS Analysis. Detailed description of isolation and analysis is described in SI
Appendix, Materials and Methods. All analyzed data are provided as Datasets
S1 and S2.

Super Resolution Microscopy. Super resolution microscopy was performed in
principle, as previously described (22). Further details are provided in the SI
Appendix, Materials and Methods.

Fig. 6. EPB41L5 regulates actomyosin contractility via ARHGEF18. (A) Subanalysis of the in vivo iTRAQ proteomics dataset for DH domain containing small GTPases.
ARHGEF18 showed a high enrichment score, as well as involvement in cell shape regulation. (B) Coimmunoprecipitation between epitope-tagged EPB41L5 and
ARHGEF18. (C) Endogenous EPB41L5 was precipitated via pull-down with an antibody directed against ARHGEF18, IgG was included as a control. (D) A series of
different EPB41L5 truncations (all epitope tagged) were used tomap the association with ARHEF18; here only the FERM domain containing truncations precipitated
ARHGEF18. (E) GST-tagged recombinant protein versions of either FERM domain or C-terminal truncations of EPB41L5 were used in endogenous pull-down ex-
periments. Only the FERM domain containing truncation precipitated ARHGEF18. (F) Immunofluorescence staining for ARHGEF18 on murine adult glomeruli
revealed colocalization with the podocyte marker NEPHRIN (boxed regions indicate zoomed-in detail). (G–I) Immunofluorescence staining for ARHGEF18 on cells,
while spreading revealed localization toward the leading edge. Quantification of immunofluorescence intensities across the cell border indicated decreased levels
ARHGEF18 in KO cells (at least 20 cells per genotype were analyzed over two independent experiments). (J–L) siRNA-mediated knockdown of ARHGEF18 in im-
mortalized human podocytes, as confirmed via immunofluorescence andWestern blot. (M–O) Knockdown of ARHGEF18 resulted in significant impairment of early
spreading on collagen IV surfaces (at least 100 cells per condition were analyzed and averaged over three independent experiments; Dataset S3).
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CAS9-Mediated Knockout in Immortalized Human Podocytes. Detailed de-
scription of gRNA design, transfection, and isolation of respective clones is
provided in the SI Appendix, Materials and Methods.

Statistics and Reproducibility. Data are expressed as mean ± SEM, if not stated
otherwise. Based on data distribution (normal vs. nonnormal distribution),
paired Student´s t test, one-way ANOVA (multiple comparison test, Tukey),
or nonparametric two-tailed Mann-Whitney tests were performed. Experi-
ments were not randomized or blinded. Statistical significance was defined
as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; NS, not signif-

icant. Number of independent experiments and total amount of analyzed
cells are stated either in the figure legends or listed in Dataset S3.
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