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Abstract
Observations of hereditary glomerular disease support the contention that podocyte intercellular
junction proteins are essential for junction formation and maintenance. Genetic deletion of most of
these podocyte intercellular junction proteins results in foot process effacement and proteinuria.
This review focuses on the current understanding of molecular mechanisms by which podocyte
intercellular junction proteins such as the Nephrin-Neph1-Podocin receptor complex coordinate
cytoskeletal dynamics and thus intercellular junction formation, maintenance and injury-
dependent remodeling.
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Introduction
The glomerular filter prevents the passage of macromolecules from the blood into the
urinary space. Its tripartite structure consists of fenestrated endothelium, the basement
membrane and glomerular visceral epithelial cells, also termed podocytes. Differentiated
podocytes extend numerous actin-rich foot processes that interdigitate and cover the
capillary walls of the glomerulus. At the site of interdigitation, a specialized intercellular
junction is formed that is commonly called the “slit diaphragm”. Primary and secondary
glomerular disease accounts for a considerable fraction of chronic kidney disease and
therefore has a major impact on quality of life and life expectancy. The podocyte plays a
central role in glomerular disease (1–3). Nearly invariably, the podocyte manifests
dysfunction by undergoing changes in morphology resulting in a change in glomerular filter
permselectivity and the clinical signs of proteinuria and the observation of “foot process
effacement” in two dimensions by transmission electron microscopy. Therefore, it is of great
interest to learn about the morphogenesis of podocytes, adaptation mechanisms of podocytes
to physiological changes during their life time as well as reactions of this unique cell in
pathology. The complex morphology of the podocyte is created and maintained by its
cytoskeleton. While microtubules and intermediate filaments fashion podocyte major
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processes, the cytoskeleton of foot processes is built by a complex mesh of actin filament
bundles (4–8). Therefore, well regulated actin dynamics are of great importance during
podocyte foot process maturation, junction formation and maintenance of podocyte foot
process structure during its life time. In podocyte disease the physiological course of
cytoskeletal adaptation is dysregulated.

1. Podocyte development
The podocyte undergoes dramatic changes in cell morphology during development. At an
early developmental stage, podocyte precursor cells show a cuboidal cell shape typical of
other epithelial cells that are organized in a mono-layer on a basement membrane (Figure
1A) (1, 9). During this early stage, intercellular junctions are located apico-laterally. While
the exact course of events and mechanisms governing the profound changes in podocyte
morphology that take place thereafter remain to be elucidated, the following working model
attempts to describe these remarkable developmental changes. The apical membrane domain
of podocyte precursor cells appears to increase dramatically and the intercellular junctions
shift from an apico-lateral to a basolateral position. During these events, podocyte precursor
cells presumably begin to generate membrane protrusions which emerge at the basolateral
aspect of the cell, move along the glomerular basement membrane and push into
neighboring cells (9–10). These nascent processes presumably branch into secondary and
tertiary processes which then form the typical interdigitation pattern observed in adult
glomerular podocytes (Figure 1B) (1, 9). It is remarkable that at present the literature does
not contain a complete set of images that documents podocyte morphogenesis from
beginning to end. Thus, podocytes appear to undergo immense changes in their cellular
polarity during development.

1a. Podocyte polarity—Polarity is a fundamental characteristic of epithelial cells. It is
characterized by asymmetric distribution of constituents in a single cell such as intercellular
junction components, cytoskeletal organization and distribution of membrane or cytoplasmic
proteins. Most polarized cells display polarity in apical-basal and planar dimensions. For a
mono-layer of epithelial cells the axis of apical-basal polarity would be defined as
perpendicular to the basement membrane, thus establishing an asymmetric distribution of
cell constituents between membrane and a lumen. In contrast, cellular asymmetry relative to
a pole in the plane defined by the basement membrane is termed planar cell polarity. In
general, polarity is essential for forming physiological barriers and organizing cell
orientation in tissue to achieve functionality (11). As described above, podocyte precursor
cells appear to undergo changes in apical-basal polarity during development. This results in
the orientation of the cell body to the urinary space while a network of cellular processes is
extended along the basement membrane. Foot processes (tertiary processes) appear to take
up a non-random orientation—or polarity—relative to secondary processes which we
speculate forms a “pole” (Figure 1B). The molecular basis of this orientation in space has
not been defined mechanistically, but it is interesting to speculate that cell membrane bound,
GBM associated, or soluble gradients cues determine these relationships.

Many events that specify cellular polarity are mediated by protein complexes that are
conserved in evolution. Among these well established polarity complexes is the Par3-Par6-
aPKC complex which plays an essential role in epithelial polarity from the fly to mammals
by promoting epithelial junction formation and segregating apical from basolateral
membrane compartments (12). Recently, the Huber and Ohno groups approached podocyte
polarity by investigating the functional roles of protein components of the Par3-Par6-aPKC
complex in podocyte morphogenesis (13–15). Par3 is able to bind to Nephrin as well as
mammalian Neph proteins at the mature podocyte intercellular junction (13). This raises the
hypothesis that the Par polarity complex is necessary for junction formation and correct
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membrane partitioning in the podocyte. Although mice with podocyte-specific deletion of
both aPKCλ/ι or aPKCλ alone showed regular foot process architecture and slit diaphragm
formation at birth, in both models mice developed foot process effacement, proteinuria and
progressive glomerulosclerosis subsequently (14–15). As previously discussed, both the
Nephrin and Podocin promoters used in these studies to express Cre recombinase likely
become active after early aPKC-mediated developmental events have been initiated. Thus,
this technical detail could explain the surprising result that both studies did not show a
developmental phenotype. While the fact that NPHS1-Cre-driven deletion of aPKCλ
resulted in proteinuria at birth could point to a developmental role of this complex in
podocyte foot process and junction development, further studies will be necessary to test
whether these defects in junction formation/maintenance and cytoskeletal architecture are
indeed caused by a polarity defect.

In podocyte precursor cells, Nephrin is first expressed at the podocyte intercellular junction
during capillary loop stage when the junction is already located basolaterally and at the point
when nascent foot processes start to develop (16). Observations by Huber et al. show that
Par3 and aPKCλ/ι are targeted to the podocyte intercellular junction earlier than Nephrin
during the s-shape developmental stage when the podocyte junction is still located apico-
laterally (14). Subsequently, the Par3-Par6-aPKC complex together with other junction
proteins such as ZO-1 is displaced to the basolateral position where it co-localizes with
Nephrin and Podocin. Thus, targeting of the Par3-Par6-aPKC complex to the junction seems
to precede the targeting of the Nephrin-Neph1-Podocin receptor complex. Together with the
data discussed above, the observation that Nephrin and Podocin expression is reduced and
their distribution along the glomerular basement membrane appears impaired in adult
aPKCλ/ι null mice argues that the Par3-Par6-aPKC complex might be instrumental in
targeting the Nephrin-Neph1-Podocin receptor complex to the podocyte junction during
development (14).

Once targeted to the podocyte basolateral intercellular junction the Nephrin receptor
complex is well positioned to initiate foot process formation and extension. Indeed, live cell
imaging in the fly eye suggests that appropriate interaction of the Neph1 homolog Roughest
with mammalian Nephrin homolog Hibris is necessary for interommatidial cells (IOCs) to
form directed extensions to reach and intensify contact with their target cells (also see
schematic of fly eye development in Figure 2) (17–18). This appears to lead to a cellular
phenotype where membranes are “scalloped” presumably to increase areas where Ig
superfamily proteins can then interact (16). The observation that Nephrin and Neph1 family
proteins appear to initiate cell process formation is further suggested by the fact that excess
of cellular Roughest/Neph1 content leads to extreme extension of an IOC over more than its
own niche in the fly eye (reviewed by Ross Cagan in (18)). While the Drosophila Par3-
related protein bazooka and other members of this polarity complex are known to play
important roles in polarization processes in diverse cells and tissues in the fly, it is not
known whether the Par3-Par6-aPKC complex functions in the fly eye to specify cell sorting
and junction formation (19).

It will be a challenging project to determine whether the Par3-Par6-aPKC complex
determines podocyte polarity by recruiting the Nephrin-Neph1-Podocin complex and its
associated intracellular protein complex or whether it also functions independently of this
complex to drive foot process formation and junction maturation. Furthermore, other
polarity protein complexes such as the Crumbs protein complex and environmental cues
such as secreted proteins, the glomerular basement membrane and tension are likely to play
a role in polarizing the podocyte.

George and Holzman Page 3

Semin Nephrol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1b. Junction formation—Junction formation between epithelial cells plays a major role
in establishing polarity and is essential for tissue morphogenesis and homeostasis. This
process requires the association of intercellular junctions with the actin cytoskeleton (20).
Disruption of the actin cytoskeleton machinery impairs the formation of intercellular
contacts and initiates disassembling of contacts that recently formed while more mature
junctions are not affected (20–22). These observations suggest that the actin cytoskeleton
provides the motive force for bringing together membranes from neighboring cells.
Adhesion molecules and other receptors present in these membrane domains can then
interact with their counterparts and junction formation is initiated.

During podocyte junction maturation several unique protein complexes are targeted to the
specialized intercellular junction between foot processes of neighboring podocytes such as
the Nephrin-Neph1-Podocin complex. Work in non-mammalian in vivo model systems
indicates that Nephrin complex proteins govern junction formation and specification
between specific cell types. In C. elegans the Nephrin homologue Syg-2 is transiently
expressed on primary vulval epithelial cells where it acts as a central synaptic guidepost to
guide motor neurons, which express Neph1 homologue Syg-1, to adjacent regions of vulval
muscle. Syg-1 and -2 mutants exhibit fewer synapses with their natural targets and form
aberrant synapses with incorrect target cells (23–25). The notion that Nephrin and Neph
family proteins might indeed be instrumental in junction formation is further supported by
work in Drosophila. The fly eye is a complex structure assembled by approximately 750
individual units, the ommatidia. Ommatidia are separated from each other by IOCs (Figure
2). During development IOCs are sorted from multiple rows into a single layer of cells. At
this stage, local contacts between primary pigment cells and IOCs are essential in
determining where the IOC will be located in the adult eye or whether it is dispensable and
thus eliminated by apoptosis (17). This process is tightly regulated by interactions between
Nephrin homologue Hibris which is expressed on primary pigment cells and Neph1
homologue Roughest on neighboring IOCs. In Hibris and Roughest mutant fly eyes IOCs
fail to move into their proper niche and form aberrant junctions (26–27).

The fly eye model system was recently used to explore functional connections between cell
adhesion molecules such as Neph1/Roughest and Drosophila E-cadherin with the
cytoskeletal adaptor and Drosophila melanogaster member of the CD2ap family of proteins,
Cindr, that determine cytoskeletal organization during fly development (28). Cell sorting
during fly eye development requires precise movements of IOCs and thus extensive
cytoskeletal dynamics. In this model system, loss of CD2ap/Cindr leads to severe disruption
of ommatidial patterning. CD2ap/Cindr is required for targeting of E-cadherin and the
Neph1 homologue Roughest to special membrane domains in specific cell populations in the
Drosophila eye during junction formation and cell movement. CD2ap/Cindr functions
together with regulators of the actin cytoskeleton such as the actin capping proteins alpha
and beta (28). These observations emphasize the importance of the actin cytoskeleton in
regulating Neph family protein-based junction formation. Interestingly, CD2ap deficiency in
mice results in proteinuria within a few weeks after birth while foot processes appear to
develop normally (29). Given the role of CD2ap/Cindr in targeting E-cadherin and Neph1 to
intercellular junctions and its necessity for correct cell sorting in the fly eye it is astonishing
that CD2ap null mice do not show developmental abnormalities of the mammalian kidney
podocyte.

As in the fly eye, interaction of junction molecules and cytoskeletal-associated proteins also
appears to be essential for process and junction formation in mammalian podocytes.

1c. Signaling from the podocyte junctional complex to the cytoskeleton—
Observations of hereditary glomerular disease support the contention that the Nephrin-
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Neph1-Podocin receptor complex is involved in podocyte foot process development and
junction formation. Loss of any of these three proteins in gene-targeted mice leads at birth to
proteinuria and what is described as “foot process effacement” by transmission electron
microscopy (30–32). Indeed, tertiary foot processes of Nephrin null mouse podocytes
evaluated by scanning electron microscopy appear to be foreshortened, are oddly oriented,
and fail to form regular contacts with neighboring podocytes (Figure 1B and C). Because in
general cell junction formation and tissue morphogenesis are intimately connected, this
phenotype is consistent with the conclusion that the Nephrin associated protein complex
integrates both processes. Nephrin and Neph1 are structurally similar transmembrane Ig
superfamily proteins. In the kidney podocyte Nephrin and Neph1 form hetero-oligomeric
receptor complexes that associate via cis- and trans-interactions (33–35). The cytoplasmic
domain of Nephrin interacts with Neph1 in cis. Its extracellular domain interacts with
Nephrin itself as well as Neph1 presumably across the junction, while Neph1 does not form
homophilic interactions (33–35). In distinction to the mammalian podocyte, Nephrin and
Neph1 homologs in C. elegans are expressed in neighboring heterologous cell types and
interact in trans across neighboring cells (23–25). This differential expression is essential for
guiding motor neurons to form synapses with their appropriate target cells (21–23). As
discussed above, lessons from C. elegans about the Nephrin/Neph1 homologs Syg-2/
Syg-1are difficult to apply to the mammalian podocyte as interactions between Nephrin and
Neph1 are formed between neighboring cells of the same type. It remains to be determined
in which fashion Nephrin and Neph1 preferentially interact in situ. In other systems,
transmembrane receptors appear to be sorted such that binding in trans is favored and
binding in cis leads to reduced signal transduction and clearance of the signaling proteins
from the membrane by endocytosis (36).

While only one Nephrin family gene exists in the human genome, there are three different
gene loci encoding the Neph family proteins Neph1, Neph2 and Neph3. Like Neph1, Neph2
is located at the podocyte intercellular junction (37). Neph2 forms homodimers and its
extracellular domain binds Nephrin. It seems that the extracellular domain of Neph2 is
cleaved in healthy mice and can be detected in the urine (37). Genetic deletion of Neph1 in
mice leads to foot process effacement, proteinuria and death early after birth comparable to
the phenotype of Nephrin knockout in mice (31). Individual functional properties of
mammalian Neph2 and Neph3 remain to be determined in detail. Recently, work using C.
elegans showed that mammalian Neph proteins are able to partially rescue defects in
synapse formation in worms lacking the Neph1 homologue Syg1 suggesting partial
redundancy of mammalian Neph proteins (38).

The third member of this complex, the stomatin family member Podocin, interacts with both
Nephrin and Neph1 (39–41). It is a membrane-associated protein with both N- and C-
termini predicted to be located in the cytoplasm. Like other stomatin family members it
recruits its complex partners to cholesterol-enriched membrane domains at the podocyte foot
process junction thereby creating a cluster that can act as a unique signaling platform (42–
43). Consistently, mutations in the human podocin gene NPHS2 were characterized which
lead to foot process effacement, proteinuria and prevented the recruitment of Nephrin to
lipid raft membrane domains (32, 42). The C. elegans stomatin family protein Mec-2 sheds
light on possible functional properties of its mammalian homolog podocin. In the worm
Mec-2 associates with two ion channel proteins Mec-4 and Mec-10 which are involved in
transmitting touch sensation (44). Mec-2 appears to be required for regulating this cation
channel and anchors it to a specialized underlying microtubular cytoskeleton (44). At the
podocyte intercellular junction podocin is well positioned to perform similar functions.
Other components necessary for assembling a mechano-sensing unit are indeed present at
the slit diaphragm such as the calcium channel TrpC6. Indeed, podocin is involved in
regulating TrpC6 channel activity (for review of calcium-dependent signaling at the slit
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diaphragm see respective chapter in this issue) (43, 45). It is not known whether Mec-2 is
functionally involved in synapse formation in C. elegans.

Functionally, the Nephrin-Neph1-Podocin complex is now recognized as an outside-in
signal transducing receptor complex. By being segregated in lipid raft micro-domains at the
intercellular junction between neighboring podocyte foot processes, this complex assembles
a specialized signaling cluster to relate outside-in information. While diverse post-
translational modifications are likely to govern Nephrin-Neph1-Podocin receptor activation,
activation by phosphorylation of residues within the cytoplasmic domain of Nephrin and
Neph1 are the mechanisms best studied to date. Several protein kinases such as the Src
family kinases Fyn and Yes, phosphatidyl-inositol-3 kinase, and Tec family kinases were
identified to be associated with this receptor complex (16, 40, 46–51). Fyn binds directly to
Nephrin via its SH3 domain (46). It phosphorylates Nephrin on multiple tyrosine residues
within its cytoplasmic domain (16, 46). Deletion of Fyn in mice results in decreased Nephrin
phosphorylation and foot process effacement while deletion of Yes does not change
podocyte foot process morphology but dramatically increases Nephrin phosphorylation (46).
Interestingly, mice deficient in Fyn and Yes show more severe alterations in foot process
morphology than mice deficient in Fyn alone (46). While this illustrates the biological
relevance of Fyn in mediating Nephrin phosphorylation, it remains elusive how Yes
regulates Nephrin phosphorylation. It should be recognized that Src family kinases likely
play a role in other aspects relevant to podocyte cytoskeletal dynamics besides Nephrin
signaling. Very little is known so far about how the phosphorylation/activation of Nephrin is
counterbalanced. Phosphorylation and dephosphorylation reactions are the most rapid and
versatile regulations of signal propagation. Additional mechanisms nature employs include
inhibition by other membrane-bound receptors or direct binding of negative-regulatory
proteins to their targets (52–53). Recently, the c-maf inducing protein c-mip was identified
to be increased in podocytes of patients with acquired idiopathic nephrotic syndrome. It has
been suggested that c-mip competes with Nephrin for binding to Fyn thereby decreasing the
level of Nephrin phosphorylation in a transgenic c-mip mouse model (54). Additional
mechanisms that govern Nephrin complex phosphorylation or activation likely exist to
provide refined regulation of Nephrin complex dependent function.

Multiple direct or indirect interactions between the Nephrin-Neph1-Podocin receptor
complex and proteins involved in actin cytoskeleton-associated processes were described
such as α-actinin-4, CD2ap, ZO-1, synaptopodin, CASK, IQGAP1, β-arrestin, Nck, Crk,
Grb2, MAGI-2 and others (16, 55–60). This as well as observations in other model systems
discussed above suggested that the Nephrin-Neph1-Podocin receptor complex transduces a
signal that governs actin cytoskeletal dynamics within the tertiary foot processes of
podocytes. Three of the tyrosine residues phosphorylated by Fyn in the cytoplasmic domain
of mouse Nephrin (Y1191, 1208, and 1232) lie within an SH2-domain binding motif where
the SH2/SH3 domain-containing cytoskeletal adaptor proteins Nck1/2 was identified to bind
in a tyrosine phosphorylation-dependent fashion via its SH2 domain (16). Nck family
proteins play essential roles in assembling actin associated proteins such as N-WASP and
components of the Arp2/3 complex which are necessary for initiation and regulation of actin
polymerization (61). In cell culture, Nephrin phosphorylation leads to local actin
polymerization in an Nck-dependent fashion (16, 62). Tyrosine residues within Nephrin
necessary for Nck-binding appear to be phosphorylated during podocyte development while
phosphorylation of these residues is attenuated in mature healthy mice (16). This transient
phosphorylation profile argues that Nephrin-Nck signaling in the podocyte is especially
active during periods where extensive changes in cytoskeletal dynamics result in altered
morphology. This hypothesis is supported by the finding that mice with podocyte-specific
deletion of Nck1 and Nck2 fail to develop “differentiated” foot processes with specialized
intercellular junctions (62). (Whether foot processes fail to form entirely in this model or
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whether Nck1/2 null podocytes form dysmorphic foot processes similar to those observed in
the Nephrin null mouse described above (Figure 1C) cannot be determined from published
transmission electron micrographs (62)). Furthermore, deletion of Neph1 in mice results in a
phenotype similar to Nephrin deletion in mice (31). This suggests that Nephrin and Neph1
functionally co-operate in vivo to transduce signals from the podocyte junction that lead to
actin filament polymerization. In cell culture, activation of Neph1 in addition to Nephrin
increases local actin polymerization efficiency (63). Upon Fyn-dependent phosphorylation
of Neph1 the cytoskeletal adaptor protein Grb2 directly interacts with the cytoplasmic
domain of Neph1 (63). Similar mechanisms are employed by viral or bacterial pathogens
such as enteropathogenic E. coli (EPEC) or vaccinia virus (64–67). EPEC injects the
transmembrane protein tir into the host cell membrane which subsequently acts as a receptor
to a bacterial membrane protein. This is a crucial step in mediating EPEC virulence and
initiates recruitment of host cell Nck to phosphorylated tir which results in local actin
filament polymerization (64). Similarly, vaccinia virus membrane protein A36R is
phosphorylated by host cell Fyn. Subsequently, the cytoskeletal adaptor proteins Nck as well
as Grb2 associate with A36R and co-operate to initiate local actin tail formation at the
plasma membrane (65–66).

Observations described above provide a mechanism for initiation of Nephrin-induced actin
polymerization. Recently, the actin-binding protein Cofilin-1 which is involved in actin
filament elongation and remodeling was shown to be associated with and regulated by
Nephrin (50, 68). Cofilin activity is required to sever existing actin filaments generating
barbed and pointed ends. Subsequently, rapid actin polymerization can take place at barbed
ends while Cofilin-1 is able to remove actin monomers from pointed ends (69–71). Thus,
Cofilin is crucial for sustaining actin remodeling after its initiation.

While mechanistic details describing how the Nephrin-Neph1-Podocin receptor junctional
complex signals to the actin cytoskeleton recently emerged, little is known about additional
cellular functions that this receptor might influence. For instance, loss of functional Nephrin
in cultured podocytes was shown to lead to activation of NF-κB, a transcription factor that
regulates inflammation, immune response, cell growth and survival in other model systems
(72). Nephrin also associates with pI3 kinase which results in phosphorylation of AKT
presumably activating AKT-dependent signaling processes in the podocyte (49, 51). AKT is
a central regulator of cell survival. Moreover, it is likely that signaling from the Nephrin
receptor complex is integrated with signals from other pathways.

Together, the evidence discussed above point to the importance of the interplay of podocyte
junctional proteins with components of the actin cytoskeleton in regulating cytoskeletal
dynamics thus establishing complex podocyte morphology and junction composition that is
essential for a fully functional kidney filter.

2. Maintenance of podocyte junction composition and process morphology
The mature podocyte is located in a unique environmental niche. It must withstand
fluctuations in hydrostatic pressure and the potentially injurious composition of primary
filtrate. Thus, podocyte structure is unlikely to be static and it can be hypothesized that
cytoskeletal and junction remodeling play a major role in adapting to environmental
demands. Indeed, studies in cell culture and in vivo indicate that a key feature of an
intercellular junction is its dynamic nature. While the regulation of adherens junction
maintenance varies across experimental model systems, a close relationship between E-
Cadherin-based junctional protein complexes, the actin cytoskeleton and Rho family
GTPases such as Rho, Rac and Cdc42 exist (73). Signaling seems to occur in both
directions. While junctional protein complexes control polarity, cell shape and cell
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movement via contact with the actin cytoskeleton and GTPases, Rho family GTPases
regulate junction dynamics, position and turnover of proteins (73).

Observations of hereditary human glomerular disease with late onset and mouse models
illustrate that polarity complex, intercellular junction as well as cytoskeletal adaptor proteins
play a central role in maintaining podocyte function. In addition to mediating essential
processes during development the Nephrin-Neph1-Podocin receptor complex likely has a
major impact on maintaining podocyte morphology. While most mutations in the human
NPHS1 gene encoding Nephrin lead to malformation of foot processes and intercellular
junctions during development and thus do not provide information about the role of Nephrin
in mature podocytes, recently several mutations were identified that show a delayed onset
phenotype thus providing evidence that Nephrin indeed performs essential functions in the
adult podocyte (74). Mutations in the human NPHS2 gene encoding Podocin typically result
in FSGS with onset during early childhood or later in life (30, 32). Furthermore, podocin
inactivation in adult mouse podocytes resulted in FSGS and proteinuria (75). Reminiscent of
Congenital Nephrotic Syndrome of the Finnish-type in humans, Neph1 deficient mice
develop proteinuria and foot process effacement shortly after birth (31). Although mutations
of NPHS1 and NPHS2 produce a phenotype that hint at the importance of the Nephrin-
Neph1-Podocin complex in junction maintenance, additional studies in this are required.

Inherited human mutations in several genes encoding actin-associated proteins were
described that present with delayed appearance of proteinuria and foot process spreading:
these include ACTN4, CD2ap, and INF2 encoding alpha-actinin 4, CD2ap, and inverted
formin 2 (76–78). This reinforces the concept that cytoskeletal dynamics play an important
role in maintenance of podocyte morphology and junction stability through life. This
hypothesis is supported by observations from studies of knockout mice. Several of these
cytoskeletal-associated proteins characterized in mouse models are involved in transducing
signals from the Nephrin-Neph1-Podocin receptor complex to the cytoskeleton. Induction of
dual Nck1 and Nck2 deficiency in podocytes of adult mice results in rapid development of
proteinuria and foot process effacement (79). Furthermore, podocyte-specific knockout of
the actin-binding protein Cofilin-1 which mediates actin filament elongation and remodeling
leads to delayed appearance of foot process effacement and proteinuria (50). These
observations underline the importance of signaling from the slit diaphragm to the actin
cytoskeleton for maintaining podocyte integrity.

Rho family small GTPases are known regulators of cytoskeletal dynamics and play an
important role in adherens junction maintenance (73). They cycle between two
conformational forms, the GTP-bound active and the GDP-bound inactive form. Their
activity status is carefully governed by GDP/GTP exchange proteins (GEP), GTPase
activating proteins (GAP), and GDP dissociation inhibitors (GDI) (80–81). Recently, the
GTPase activating protein Arhgap24 was found to be associated with familial focal
segmental glomerulosclerosis (Akilesh et al, JCI, in press). Arhgap24 inactivates Rac1and
thus seems to disrupt the equilibrium between RhoA and Rac1 signaling (Akilesh et al, JCI,
in press). Several studies indicate that decreased RhoA and increased Rac1 activity is
harmful to the podocyte and is associated with proteinuria and foot process effacement (82–
83). Mice lacking the GDP dissociation inhibitor Rho GDIα show normal podocyte
development but present with a delayed FSGS phenotype (82). This was attributed to
increased Rac1 and mineralocorticoid receptor signaling in the kidney without changes in
systemic aldosterone status (83). Treatment of Rho GDIα mice with either a
mineralocorticoid receptor inhibitor or a Rac1 inhibitor reduces proteinuria and histological
changes in this model (83). These observations indicate that proper balance between RhoA
and Rac1 signaling is important for maintaining podocyte junction stability. Interestingly,
glomerular Arhgap24 is enriched in podocytes where it co-localizes with the slit diaphragm
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marker synaptopodin (Akilesh et al, JCI, in press). This suggests that Arhgap24 might be
involved in signal transduction from the podocyte intercellular junction to the actin
cytoskeleton. It will be interesting to discover upstream cues that regulate Arhgap24 activity
at the slit diaphragm.

During the life of a podocyte its polarity needs to be maintained. Therefore, it is not
surprising that the polarity complex protein aPKC was shown to be essential for conserving
podocyte functionality. Gene delivery of a dominant-negative aPKC construct into adult
mice lead to rapid-onset proteinuria within one day (13). Similarly, when glomeruli were
treated with an aPKC inhibitor podocytes promptly developed foot process effacement (13).
As detailed in the previous section of this review, podocyte-specific knockout of aPKC
isoforms results in delayed loss of junction integrity and foot process architecture in adult
mice (14–15). Taken together, these observations build a strong case to support the
contention that the Par3-Par6-aPKC polarity complex is essential for maintaining podocyte
structure.

Furthermore, extensive work in Drosophila as well as mammalian cell culture shows that
polarity proteins of the Par complex and small GTPases of the Rho family act together to
regulate junction protein turnover by endocytosis (73, 84–86). In the fly, loss of Cdc42
activity in the ventral ectoderm disrupts adherens junctions and increases the endocytic
uptake of apical polarity complex proteins such as Par proteins, Crumbs and Patj (85).
Interestingly, loss-of-function mutations in the Baz/Par3, Par6 or aPKC genes strongly
enhance the Cdc42 phenotype (85). In mammalian epithelial cell culture, both small
GTPases Rac1 and Cdc42 are required to regulate actin cytoskeletal dynamics to mediate E-
cadherin endocytosis thus showing a redundancy of mechanisms governing junction
turnover that is conserved in evolution (87–88). Indeed, in podocyte culture Nephrin and
Podocin appear to be internalized into endosomes following Nephrin phosphorylation (89).
This appears to require CIN85/RukL, a cytoskeletal adaptor protein of the same family as
CD2ap, which seems to compete with CD2ap for binding to both Nephrin and Podocin and
enhance their ubiquitination and endocytosis of this receptor complex (90). This mechanism
sheds interesting light on the phenotype of CD2ap-deficient mice. Given the function of
CD2ap as a cytoskeletal adaptor that connect Nephrin to the actin cytoskeleton it is
surprising that CD2ap deficiency of the podocyte does not result in disruption of foot
process and junction formation as observed in Nephrin-deficient mice. While CD2ap does
not appear to be necessary for podocyte development, mice develop proteinuria and foot
process effacement after birth, arguing that CD2ap is essential for maintenance of podocyte
structure (77). Interestingly, this breakdown of the filtration barrier in CD2ap null mice is
accompanied by increased cellular CIN85/RukL and ubiquitination implying that
dysregulated endocytosis of junction components contributes to filter failure (90). Other
regulators of Nephrin endocytosis during podocyte maintenance and injury were identified
such as β-arrestin-2 and PKCα (60, 91). As CD2ap is associated with both actin filaments as
well as endosomes it is tempting to speculate that local actin cytoskeletal dynamics mediate
slit diaphragm protein recycling thus regulating signaling events that take place at the
podocyte junction.

Remodeling of junction composition and podocyte morphology/
cytoskeleton after injury

While mutations in human genes encoding actin-associated proteins such as ACTN4 or
CD2ap lead to podocyte disease that develops chronically, it is known from observations of
human podocyte disease and experimental models that stimuli exist that result in acute and
dramatic changes of podocyte morphology. A good example of an acute human disease of
the podocyte is steroid-sensitive minimal change disease (92). It may present with
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proteinuria and foot process effacement that is reversible within days of initiating
glucocorticoid therapy. Podocyte effacement as a major feature of acute podocyte injury
directly correlates with the clinical sign of proteinuria. By electron microscopy, podocyte
foot process effacement is characterized by spreading and retraction of foot processes.

While animal models might be considered artificial relative to human disease, they provide a
valuable and convenient means to explore disease mechanisms. For instance, protamine
sulfate (PS) perfusion of rodent kidneys induces dramatic foot process spreading within a
few minutes which can be reversed by subsequent perfusion of heparin sulfate (93). Similar
to initial effacement, this recovery takes place within minutes. While it was proposed that
repulsive negative charges resident on apical surfaces of podocytes would be disintegrated
by protamine sulfate and thus lead to breakdown of foot process spacing (93), the rapid
changes in podocyte process morphology following PS perfusion argue that extensive
cytoskeletal remodeling is initiated.

Little is known so far about signaling events that trigger actin dynamics during foot process
remodeling in human podocyte disease such as minimal change disease or acute
experimental models. There is evidence that the Nephrin-Neph1-Podocin receptor complex
is phosphorylated following PS-induced injury (16). Thus, it is intriguing to speculate that
Nephrin signaling is evoked following PS-induced acute podocyte injury. Interestingly, the
actin-severing protein Cofilin-1 which is regulated by signaling via the Nephrin-Neph1-
Podocin receptor complex is necessary for reconstituting regular foot process architecture in
this model (50). Cofilin-1 activity severs existing actin filaments to generate filament
fragments necessary for rapid actin polymerization (69). Thus, observations using the PS
model indicate that Cofilin-1 is necessary for actin remodeling that presumably accompanies
regeneration following acute foot process spreading.

Furthermore, the actin-associated protein Synaptopodin that is enriched in kidney podocytes
appears to be involved in actin dynamics during PS injury (59). While Synaptopodin
deficient mice have normal podocytes, Synaptopodin is necessary for heparin-induced
recovery following foot process effacement in the PS model (59, 94). Synaptopodin interacts
with the actin-associated protein α-actinin and elongates α-actinin-induced actin filaments
(59). In vitro, Synaptopodin is essential for cell migration and de-regulates the balance of
small GTPases of the Rho family such as RhoA and Cdc42 (95). Thus, podocyte
intercellular junction protein complexes such as the Nephrin-Neph1-Podocin receptor
complex or the Synaptopodin complex and their interaction with actin-associated proteins
appear to be essential for regenerative actin remodeling that presumably takes place
following acute podocyte injury.

Conclusion
Hereditary mutations and genetic deletion of genes encoding podocyte intercellular junction
proteins such as the Nephrin-Neph1-Podocin receptor complex lead to malformation or
breakdown of the kidney filtration barrier. It is now recognized that the Nephrin-Neph1-
Podocin receptor complex as well as other intercellular junction proteins interact with
cytoskeletal-associated proteins thereby signaling to regulate foot process cytoskeletal
dynamics and morphology. Lessons from non-mammalian model systems imply that this
complex is essential for specifying podocyte polarity, process and junction formation during
development. Furthermore, observations of human disease and rodent models suggest that
the connections of junctional proteins with the cytoskeleton are essential for podocyte
intercellular junction maintenance and remodeling during podocyte injury. Understanding
these molecular details will facilitate tailoring podocyte disease-specific therapeutics.
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Figure 1.
Figure 1A. Podocyte precursor development from early (left) to late developmental stages
(right). Note that the early podocyte precursor cell has a cuboidal cell shape with an apico-
laterally located intercellular junction. In the course of development, the intercellular
junction shifts to a baso-lateral position (see arrows). At this time, nascent podocyte
processes presumably start to branch off.
Figure 1B. Scanning electron micrograph of wild type adult mouse podocytes. Podocytes
show typical morphology with primary and secondary processes. Tertiary foot processes
interdigitate regularly with neighboring podocytes, forming a thin sheet of cell processes and
intercellular junctions around the glomerular capillaries
Figure 1C. Scanning electron micrograph of podocytes of Nephrin deficient mice. While
primary and secondary podocyte processes develop, tertiary processes appear short without
the typical interdigitating pattern. Instead, tertiary processes are oddly oriented and do not
form regular junctions with their neighboring target cells.
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Figure 2.
Schematic of developing ommatidia in the fly eye. (A) During early development
ommatidial clusters (cells marked in light grey, O) are surrounded by multiple layers of
inter-ommatidial precursor cells (IOC; marked in white). (B) With differentiation,
ommatidial clusters give rise to primary pigment cells (1°) and cone cells (C) (two shades of
light grey). Preferential junction formation between Neph1 homolog Roughest expressing
IOC and Nephrin homolog Hibris expressing 1° cells leads to sorting of IOC into a single
column that spaces one ommatidium from the next. During this stage, IOC compete for
interactions with 1° cells thus becoming secondary or tertiary (2°, 3°) pigment cells (marked
in white) or undergoing apoptosis. Abbreviations: bristle group (B) (26).
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Table 1

lists podocyte proteins that are part of the slit diaphragm junctional protein complex and/or regulate foot
process/junction development, maintenance or response to injury. Protein localization in the glomerular
podocyte was classified by evaluating published data from immune-gold electron microscopy, tissue
immunofluorescence analysis or interaction studies with known slit diaphragm proteins. Abbreviations: FP
(foot process), SD (slit diaphragm).

Protein Localization Null Phenotype References

Nephrin slit diaphragm Proteinuria, FP effacement (30, 74, 96)

Podocin slit diaphragm Proteinuria, FP effacement (32, 37, 97)

Neph1 slit diaphragm Proteinuria, FP effacement (31, 37)

Neph2 slit diaphragm Not known (37)

Neph3 slit diaphragm Not known (98)

FAT1 slit diaphragm Proteinuria, FP effacement (99–100)

JAM4 podocyte and slit diaphragm Not known (101)

Neurexin-1 slit diaphragm Not known (102)

P-Cadherin slit diaphragm Not known (103)

TRPC6 slit diaphragm Proteinuria, FP effacement (104)

kAE1 podocyte and near slit diaphragm Proteinuria, FP effacement (105)

Fyn podocyte and associated with SD complex FP effacement, variable proteinuria (46)

Yes podocyte and associated with SD complex No proteinuria (46)

pI3k C2α podocyte and associated with SD complex Proteinuria, FP effacement (49–50, 106)

PLCE1 podocyte Proteinuria, FP effacement (107)

Synaptopodin associated with actin Impaired recovery from injury (59)

ZO-1 podocyte and associated with SD complex Not known (108)

CD2AP podocyte and associated with SD complex Proteinuria, FP effacement (77, 109)

CIN85/RukL podocyte and associated with SD complex Not known (90)

α-actinin-4 podocyte and associated with SD complex Proteinuria, FP effacement (78)

Nck1/2 podocyte and associated with SD complex Proteinuria, FP effacement (16, 62, 79)

Cofilin-1 podocyte and associated with SD complex Delayed onset proteinuria (50, 68)

Grb2 podocyte and associated with SD complex Not known (63, 110)

β-Arrestin podocyte and associated with SD complex Not known

Inverted Formin podocyte and associated with SD complex Proteinuria, FP effacement (76)

IQGAP1 podocyte and associated with SD complex Not known (58)

Rho GDIα podocyte FP effacement, proteinuria (79–80)

Arhgap24 podocyte and near slit diaphragm FP effacement, proteinuria Akilesh et al.

CASK podocyte and associated with SD complex Not known (56)

MAGI-2 podocyte and associated with SD complex Not known (58, 101)

aPKCι/λ podocyte and slit diaphragm Proteinuria, FP effacement (14–15)

Par3 podocyte and slit diaphragm Not known (13)

MyH9 podocyte Variable proteinuria (111)

MYO1E podocyte Proteinuria, FP effacement (112)
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Protein Localization Null Phenotype References

Myo1c podocyte and associated with SD complex Not known (113)

CRIM1 near slit diaphragm Proteinuria, FP effacement (114–116)

Galectin-1 podocyte and near slit diaphragm Not known (117)

Densin near slit diaphragm Not known (118)

EphrinB1 slit diaphragm Not known (119)

JAM-A slit diaphragm Not known (120)

Occludin slit diaphragm Not known (120)

Cingulin slit diaphragm Not known (120)

Dendrin Near slit diaphragm Not known (121)

WTIP podocyte and associated with SD complex Not known (122–124)

β-Catenin podocyte Protects against podocyte injury (125)

Semaphorin3a Podocyte, collecting tubule FP effacement, proteinuria (126)
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