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Abstract

Podocytes covering the glomerular basement mem-
brane over the glomerular capillary consist of three
morphologically and functionally different segments,
the cell body, major processes and extending finger-
like foot processes (FPs). The FPs of neighboring podo-
cytes are connected by a continuous adherent junction
structure named the slit diaphragm (SD). The extracel-
lular SD is linked to the intracellular, a highly dynamic,
cytoskeleton through adaptor proteins. These adaptor
proteins, such as CD2-associated protein, zonula oc-
cludens 1, p-catenin, Nck and p130Cas, located at the
intracellular SD insertion area near lipid rafts, have
important structural and functional roles. Adaptor pro-
teins in podocytes play important roles as a structural
component of the podocyte structure, linking the SD to
the cytoskeletal structure and as a signaling platform
sending signals from the SD to the actin cytoskeleton.
This review discusses the roles of adaptor proteins in
the podocyte cytoskeletal structure and signaling from
the SD to the actin cytoskeleton.
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INTRODUCTION

Podocytes covering the glomerular basement membrane
(GBM) over the glomerular capillary consist of three
morphologically and functionally different segments, the
cell body, major processes and extending interdigitating
foot processes (FPs). The FPs of podocytes are connect-
ed by a continuous adherent junction structure named
the slit diaphragm (SD), forming filtration pores. The
extracellular SD is linked to the intracellular actin-based
cytoskeleton through adaptor proteins, such as CD2-
associated protein (CD2AP), zonula occludens (ZO)-1,
B-catenin, Nck and p130Cas, located at the intracellular
SD insertion area near lipid rafts!" . Here, I discuss the
structural and functional roles of adaptor proteins in
podocyte cytoskeletal structure and signaling;

PODOCYTE STRUCTURE

As the glomerular capillary wall functions as an efficient
and selective barrier that allows a high flow rate of filtra-
tion for plasma water and small solutes, the glomerular
capillary wall should have a strong but selectively perme-
able filtration membrane and cell-to-cell junctionmj. The
glomerular tuft, a network of tangled capillaries, is com-
posed of three cell types: endothelial cells at the inside of
the capillary, podocytes on the outside of the capillary,
and mesangial cells supporting the capillary loops. To-
gether with the GBM, the endothelium and podocytes
form the filtration barrier! .

Podocytes are highly differentiated epithelial cells that
cover the outer layer of the GBM, playing a crucial role
in the regulation of glomerular function. Podocytes con-
sist of three morphologically and functionally different
segments, including the cell body, major processes and
extending FPs. The FPs of neighboring podocytes alter-
natively interdigitate, leaving between them the filtration
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Figure 1 Schematic view of podocyte structure. A: Cytoskeleton; B: Apical membrane domain; C: Slit diaphragm protein complex domain; D: Basal membrane
domain. Adaptor proteins link mainly slit diaphragm proteins to cytoskeleton. FAKs: Focal adhesion kinases; ZO: Zonula occludens; CD2AP: CD2-associated protein.

slits that are bridged by an extracellular zipper-like struc-
ture, known as the SD'". The SD is a modified adhetrens
junction with a filtration slit that is 25-60 nm wide and
contains nephrin, P-cadherin, NEPH1, FAT e so far.
SD serves as a size-selective barrier and is linked to the
actin-based cytoskeleton by adaptor proteins, including
CD2AP, ZO-1, B-catenin, podocin, ez. 1,

The podocyte consists of a cell body, major processes
and interdigitating FPs. The cytoskeleton of both the cell
body and major processes of podocytes are formed by
microtubules and intermediate filaments, such as vimentin,
talin and vinculin. Intermediate filaments are tension-bear-
ing elements that help to maintain cell shape and rigidity.
FPs contain longitudinal and arciform actin microfilaments
and a thin cortex of actin filaments that run cortically and
contiguously to link adjacent processes. Neighboring FPs
are connected by a contractile apparatus consisting of
F-actin, myosin II, B-actinin-4 and synaptopodin[é’ﬂ.

The FPs are anchored to the GBM viz 1 integrin and
dystroglycans and link the apical proteins, such as podoca-
lyxin™*. These anchoring molecules connect to the actin
cytoskeleton zia the intracellular macromolecular complex
of the focal adhesion kinase (FAK) and molecules, includ-
ing paxillin, vinculin, p130Cas and actinin ™. Therefore,
podocyte FPs represent a major center of podocyte func-
tion and are defined by the actin cytoskeleton and three
membrane domains of podocytes: the apical membrane
domain, the SD protein complex and the basal membrane
domain®”, The submembranous regions of all three
membrane domains are connected to the FP actin cyto-
skeleton. Hence, the actin cytoskeleton determines the
structural maintenance of the glomerular filtration units
with three membrane domains'®” (Figure 1).

The proteinuric condition demonstrates stereotypical
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ultrastructural changes in the podocytes with retraction
and effacement of the highly specialized interdigitating FP,
regardless of the underlying diagnosis[&m]. On the basis of
recent progress in the molecular structural pathology of
podocytes, four major causes can lead to FP effacement
and proteinuria regarding the three membrane domains
and cytoskeleton: (1) interference with the SD complex
and its lipid rafts; (2) interference with the GBM or the
podocyte-GBM interaction; (3) interference with the
actin cytoskeleton and its associated proteins, including
B-actinin-4 and synaptopodin; and (4) interference with
the negative apical membrane domain of podocytes®”.
Interference with any of the three FP membrane domains
leads to changes of the actin cytoskeleton from parallel
contractile bundles into a dense network with FP efface-
ment and obliteration of the filtration slits; therefore, FP
effacement requires the active reorganization of actin fila-
ments. As a reverse pathological pathway, any alterations in
the cytoskeleton could also lead to changes in the structure
and function of podocytes, resulting in proteinuria'®”.

LIPID RAFTS

Lipid rafts are specialized microdomains of the plasma
membrane enriched in cholesterol, glycosphingolipids
and glycosylphosphatidylinositol-anchored proteins[“’m.
The structure of lipid rafts is dynamic, resulting in an ev-
er-changing content of both lipids and proteins. By com-
partmentalizing cell membranes, they recruit and cluster
membrane proteins in a selective and dynamic fashion.
Hereby, they provide molecular frameworks for numer-
ous cell biological processes, such as exocytosis and en-
docytosis, cell adhesion and signal transduction events'”
The heterogeneous and dynamic makeup of these lipid
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Figure 2 Nephrin-adaptors complex. Adaptor proteins including CD2-associated protein (CD2AP) and Nck, anchor nephrin and podocin to the cytoskeleton, main-
tain podocyte cytoskeletal structure and modulate the signaling pathway between the slit diaphragm and cytoskeleton. PI3-K: Phosphoinositide 3-kinase; N-WASP:

Neuronal Wiskott-Aldrich syndrome protein.

raft domains contributes to the large number of signals
capable of being transduced from the outer membrane
of the cell to cellular organelles of the cytoplasm or the
nucleus of the cell, through the lipid rafts. In many cases,
the function of proteins depends greatly on their associa-
tion with lipid rafts"""

In a podocyte, lipid raft microdomains are critical for
the dynamic functional organization of the SD'" (Figure 1).
Nephrin associates with lipid rafts and co-immunoprecip-
itates with a podocyte-specific 9-O-acetylated ganglioside
and the i# vivo injection of an antibody against this gan-
glioside causes morphological changes of the filtration
slits, resembling FP effacement . In this model, nephrin
translocated to the apical pole of the narrowed filtration
slits and underwent tyrosine phosphorylationll4]. Tyrosine
phosphorylation of nephrin in SD is regulated by the
Src family kinase Fyn, which was supported by the result
that the genetic inactivation of the Src family kinase Fyn
and Lyn caused proteinuria in mice'”. Nephrin tyrosine
phosphorylation also controls podocyte cell morphology
through the Nck adaptor proteins in lipid rafts, associated
with activated nephrin and nephrin-directed actin polym-
erization"*"” (Figure 2). Podocin, associated with nephrin
in lipid rafts, also binds and regulates the transient recep-
tor potential channel TRPC6, mediating pressure sensa-
tion in podocytesm. Therefore, the nephrin-podocin pro-
tein complex in lipid rafts is an important structure, not
only as a structural component of the SD structure, but
also as an active signaling nexus modulating the structural

. Do 1o
and functional characteristics in podocytesl I,

ADAPTOR PROTEINS IN PODOCYTES

Adaptor proteins are noncatalytic polypeptides that
contain one or more protein interaction modules that
mediate protein interactions”™”. Most adaptor proteins
are localized at or near lipid rafts in podocytes and their
interactions are regulated through phosphorylation and
dephosphorylation of crucial protein and lipid sub-
strates' . The adaptor proteins in podocytes are de-
scribed as follows.

CD2AP
CD2AP was originally regarded as an adaptor protein in-
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teracting with the cytoplasmic domain of CD2 receptor
in T cells and natural killer cells. CD2AP facilitates T cell
adhesion to antigen-presenting cells by enhancing CD2
clustering and organizing the cytoskeleton around the
interaction site needed for the polarization of T-cells™,
In kidneys, CD2AP expresses predominantly in podo-
cytes. CD2AP is expressed primarily in podocytes at the
cytoplasmic face of the SD and lipid rafts and serves as
an adaptor anchoring nephrin and podocin to actin fila-
ments of podocyte cytoskeletonlz}zﬂ. CD2AP and neph-
rin are tightly associated with podocin, forming nephrin-
podocin-CD2AP complexes, and embedded in lipid rafts,
where podocin interacts through its C-terminal end with
CD2AP and nephrinm’ZSJ. CD2AP also serves as a plat-
form transducing signals inward and/or outward™ ",
CD2AP is closely localized with other podocyte proteins,
such as p13OCaleGJ, actinin-4"" and synaptopodjnlzn, and
might interact with them functionally and structurally.

Early studies of mice lacking CD2AP, which develop
progressive glomerulosclerosis and die of massive pro-
teinuria at the age of 6-7 wk, have suggested the pivotal
role of CD2AP in maintaining the structural integrity of
the glomerular filtration barriet”,

Z0-1

Z0-1 is a peripheral membrane protein associated with
the cytoplasmic surface of the tight junction in all epi-
thelial and endothelial cell types studied™. It is also
expressed on the cytoplasmic surface of podocyte FPs
at the insertion of the SDP>* and is linked to the actin
cytoskeleton on the other side® ™. Therefore, ZO-1
protein as a component of the SD plays a pivotal role in
maintaining the glomerular permeability by connecting
the SD structure and actin cytoskeleton.

Z0-1 has been reported in several studies as one of
the SD proteins that may be associated with the develop-
ment of proteinuria. In experimental nephrosis, ZO-1
became discontinuous and concentrated along both the
newly formed occluding-type junctions and the remain-
ing SD in puromycin aminonucleoside (PAN) or prot-
amine sulfate-treated rats””. MAb 5-1-6 against nephrin
decreased the immunoreactivity of ZO-1 in glomeruli
with heavy proteinuria, but did not induce changes in the
structural integrity of the SD; therefore, suggesting that
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mAb 5-1-6 alters the molecular composition of the SD
and thereby affects the glomerular permeability barrier™”
Liu et ™" also found that disruption of the NEPH1-
nephrin interaction 7z vivo by injecting combinations of
individual subnephritogenic doses of anti-NEPH1 and
anti-nephrin resulted in complement- and leukocyte-inde-
pendent proteinuria with preserved FPs. This disruption
of the NEPH1-nephrin interaction reduces NEPH1 and
nephrin protein expression modestly and also reduces
Z0-1 protein expression dramatically vzz the interac-
tion of ZO-1 PDZ domains with the cytoplasmic tail of
NEPHI. In MWF rats, an animal model of spontanecous
proteinuria, proteinuria developed without significant
changes in the permeability of the GBM to water and al-
bumin, or in the ultrastructure of the podocyte FPs, but
was associated with an important alteration in the distri-
bution of ZO-1 at the glomerular level™. In summary, in
the results of iz vivo experimental nephrosis, ZO-1 redis-
tribution was associated with changes in the foot process
ultrastructure and apical displacement of the glomerular
SD.

In diabetic conditions, hyperglycemia in diabetic ani-
mals and high glucose on cultured glomerular epithelial
cells induced a decrease in the intensity of ZO-1 stain-
ing and redistribution of ZO-1 from the membrane to
the cytoplasm[‘%l. We presented that ZO-1 is uniformly
distributed along the outer area of the cytoplasm of
cultured podocytes in normal condition, whereas this
pattern is markedly altered to be discontinuous in a high
glucose and advanced glycosylation end products-treated
condition with inner redistribution of the ZO-1"".
Therefore, a disruption of the cell-to-cell size-selective
SD barrier, including ZO-1, is a notable finding in podo-
cyte hyperpermeable conditions.

B-catenin

[B-catenin is known as a “dual-function” protein in epi-
thelial cells and its function is largely determined by its
subcellular localization™. B-catenin in the plasma mem-
brane is a central component of the cadherin/catenin
adhesive complex that stabilizes cell adherens junctions
to maintain epithelial integrity. B-catenin in the nucleus,
however, acts as a key regulator of gene expression via
binding to transcription factors such as T-cell factor
and lymphoid enhancer-binding factor”™. The canonical
pathway regulating [3-catenin involves glycogen synthase
kinase-3B (GSK-3[)/Wnt signaling, B-catenin of podo-
cytes also has dual functions depending on subcellular
localization. In lipid rafts, B-catenin is a component of
the P-cadherin/B-catenin complex that stabilizes cell ad-
herens junctions to maintain podocyte SD integrity and
links to cytoskeleton“’zj. In the nucleus, however, 3-catenin
acts as a key regulator of gene expression »iz binding to
transcription factors.

Studies on the changes of B-catenin of podocytes in
diseases are limited to its activity and Wnt/B-catenin sig-
naling. Wnt/ [B-catenin signaling is a critical player in the
pathogenesis of podocyte dysfunction and albuminuria.
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Wnt/B-catenin is activated in the podocytes of mouse and
human kidneys with primary glomerular disorders, such
as adriamycin-induced nephropathy, diabetic nephropa-
thy and focal segmental glomerulosclerosis™**"!. Ectopic
expression of W1 gene in mice exacerbates podocyte in-
jury and albuminuria, whereas blockade of Wnt signaling
with its antagonist DKIK1 ameliorates podocyte lesions'*.
Transforming growth factor-1 (TGF-1) is sufficient to
induce podocyte injury, including epithelial-to-mesenchy-
mal transition, and proteinuria, which is accompanied by
Wntl induction, (-catenin activation and induction of
numerous Wnt target genes in the glomerulil43’44J. Inhibi-
tion of Wnt signaling by its antagonist ameliorates TGF-
B1-triggered podocyte injury 7z vive, suggesting a crucial
role for the canonical Wnt/f-catenin signaling in mediat-
ing podocyte injurym. Therefore, gain or loss of func-
tion experiments in whole animal at Wnt/B-catenin levels
suggests that the hyperactive Wnt/B-catenin signaling is a
crucial mediator in inducing podocyte injury.

Nck

The Nck proteins (Nck1 and Nck2) are composed of an
SH2 domain, which can interact with phosphotyrosines,
and of SH3 domains, which can recruit several other
proteins involved in the regulation of actin assembly.
Nephrin associates with an adaptor protein, Nck, via
its tyrosine-phosphorylated binding sites. This interac-
tion is mediated by the SH2 domain of Nck and several
tyrosine-phosphorylated binding sites in nephrin, and
the phosphorylation of specific binding sites in nephrin
is dependent on Fyn-kinase'"*". The mice lacking both
the Nek? and Nek2 genes from the podocytes developed
nephrotic range proteinuria. In addition, histological and
electron microscopic examination revealed fusion of the
cellular projections and lesions similar to those in human
end-stage renal disease™.

p130Cas

p130Cas is a protein of the Crk-associated substrate fam-
ily that might serve as an ubiquitous docking protein in
various tissues and cellular structures, including podo-
cytes, for actin cytoskeleton-dependent signaling net-
works. The interaction of p130Cas with other adjacent
proteins in normal and pathological cells modulates cell
migration, survival and proliferationl%’m. In podocytes,
p130Cas localizes diffusely to the cytoplasm with ac-
cumulation at the ends of F-actin stress fibers in FPs,
where FAKSs connect docking proteins, including integrin
and p130Cas, to the GBM and CD2AP and p130Cas to
the SD insertion site”. Therefore, p130Cas protein also
plays an important role in maintaining the glomerular
permeability by connecting the podocyte actin cytoskel-
eton to GBM and SD.

There are very limited reports on the change of
p130Cas in pathological conditions until now. The im-
munofluorescent staining of p130Cas increased around
the glomerular capillary loop of human membranous
nephropathy; however, not of minimal change disease™.
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They suggested that the increased p130Cas might be a
result of tyrosine phosphorylation of constituent pro-
teins. Although both diseases are podocyte diseases, the
pathophysiological mechanisms leading to membranous
nephropathy and minimal change disease are different.
Membranous nephropathy is caused by an accumulation
of immune deposits on the outer aspect of the GBM.
However, minimal change disease is characterized by
podocyte phenotypical changes caused by plasma perme-
ability factors"™. Tn animal models with immune-mediat-
ed glomerular diseases, increased tyrosine phosphoryla-
tion within focal adhesion proteins, increased Pyk2 and
FAK activation have been reportedﬁo’szl. Therefore, the
expression of podocyte p130Cas could be different, ac-
cording to the pathophysiological mechanisms leading to
podocytopathy.

ROLES OF ADAPTOR PROTEINS

Adaptor proteins in podocytes play important roles, not
only as a structural component of the podocyte struc-

ture, but also as an active signaling platform.

Structural role

The FPs contain actin-based highly ordered bundles that
run parallel to the longitudinal axis of FPs™". The cyto-
skeleton is connected to three plasma membrane domains
(basal, lateral and apical) of FPs viz several linker adaptor
proteins[1'41.

SD containing nephrin, P-cadherin, NEPH1, FAT
efe. serves as a size-selective barrier and is linked to the
actin-based cytoskeleton by adaptor proteins, including
CD2AP, ZO-1, B-catenin, podocin and Nk CD2AP
binds directly to nephrin and actin and serves as a direct
link between the SD and the actin cytoskeleton. This link
is essential for functional renal filtration, as mice lacking
CD2AP develop FP effacement and progressive glomer-
ulosclerosis and die of massive proteinuriam

Nck in podocytes has been shown to interact with
tyrosine phosphorylated nephrinm’m. This interaction
is required for the development of the normal filtration
barrier, as mice lacking both Nck proteins in podocytes
develop FP effacement and massive proteinuriam]. Also,
Nck proteins are needed in the maintenance of the ma-
ture filtration barrier, as inactivation of Nck proteins in
adult mouse podocytes result in proteinuria and FP ef-
facement””. Hence, Nck-nephrin interaction is required
for nephrin-dependent actin reorganization. Taken
together, both CD2AP and Nck proteins are crucial
for linking the nephrin and podocin of SD to the actin
cytoskeleton. These interactions mediate the actin polym-
erization and the cytoskeletal reorganization in FP that is
required for the normal functional filtration barrier.

NEPH1 with five extracellular IgG-like motifs is
located at the SD and structurally related to nephrinm.
Phosphorylation of NEPH1 augmented actin polym-
erization is in response to nephrin phosphorylation, via
Nck proteins and recruitment of Grb2®™". NEPH1-de-
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ficient mice show FP effacement and die perinatally due
to massive proteinuria[ss]. Disruption of NEPH1-nephrin
interaction 7z vivo by injecting combinations of individual
subnephritogenic doses of anti-NEPH1 and anti-nephrin
results in complement- and leukocyte-independent pro-
teinuria with preserved FPs"™. This disruption modestly
reduces NEPH1 and nephrin protein expression in
podocytes and dramatically reduces ZO-1 protein expres-
sion zia the interaction of ZO-1 PDZ domains with the
cytoplasmic tail of NEPH1". Renal ischemia by ATP
depletion induced rapid loss of NEPH1 and ZO-1 bind-
ing and redistribution of NEPH1 and ZO-1 proteins
from the cell membrane to the cytoplasm and recovery
resulted in increased NEPH1 tyrosine phosphorylation
mediated by Fyn and restored NEPH1 and ZO-1 binding
and their localization at the cell membrane, suggesting a
critical role for NEPHI1 tyrosine phosphorylation in reor-
ganizing the NEPH1-Z0-1 complex[s()]. Taken together,
both CD2AP and Nck proteins are crucial in linking the
SD proteins, including nephrin, podocin and NEPH1 to
actin cytoskeleton.

Another important SD complex is the P-cadherin/
B-catenin complex. Unlike nephrin and NEPH1, P-cad-
herin-deficient mice do not appear to have a significant
renal phenotypem, suggesting that P cadherin may not
be involved critically in the development of a normal glo-
merular capillary loop. Another study was unable to show
an zn vivo ot in vitro association of P-cadherin with neph-
rin or NEPH1". Members of the catenin family bind
the cytoplasmic segment of P-cadherin in the glomeru-
lar capillary loopf1'3’58]. Therefore, B-catenin in the lipid
rafts of podocytes is a component of the P-cadherin/
[B-catenin complex that stabilizes cell adherens junctions
to maintain podocyte SD integrity and links to cytoskel-
eton'”. P-cadherin also related to ZO-1 structurally and
functionallym. Both the nephrin-podocin-CD2AP and
P-cadherin/ [B-catenin complex are schematically drawn in
Figure 2.

The podocyte, as all epithelial cells, is attached to the
underlying GBM through transmembrane cell receptors,
such as integrins, tetraspanins and dystroglycans. p130Cas
localizes diffusely to the cytoplasm with accumulation
at the ends of F-actin stress fibers in FPs and connects
cytoskeleton and FAKs to integrin and then GBM™,
p130Cas also colocalizes with CD2AP in the SD inser-
tion site””. Recently, we observed that the fluorescences
of the p130Cas protein were internalized and became
granular and its protein and mRNA expression levels of
p130Cas were suppressed by PAN, which were reversed
by antioxidants”™. Therefore, p130Cas protein also plays
an important role in maintaining the glomerular perme-
ability by connecting the podocyte actin cytoskeleton to
GBM and SD.

Signal transduction

Nephrin-Nck-neuronal Wiskott-Aldrich syndrome pro-
tein complex: Nephrin molecules from adjacent FPs
interact with each other in an antiparallel, homophilic
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manner, serving not only as a structural backbone of the
SD, but also as a component of the SD-lipid rafts pro-
tein complex, which transmits signals into the cells™"*,
Therefore, nephrin acts as a transducer of the extracellu-
lar signals from the SD to the intracellular actin cytoskel-
eton®”. The cytoplasmic tail of nephrin binds to adaptor
proteins, such as CD2AP, Nck2 and densin®®. These
adaptor proteins interact directly with actin or indirectly
through actin-binding proteins, such as B-actinin-4, syn-
aptopodin, cofilin, fimbrin ez L5081
The cytoplasmic domain of nephrin contains six con-
served tyrosine residues, which can be phosphorylated by
members of the Src-kinase family during renal develop-
ment and under pathological conditions*'". Tyrosine
phosphorylation of nephrin is dependent on its interac-
tion with a number of nephrin-binding proteins, which
stabilize nephrin at the SD and coordinate nephrin signal-
ing™. Following nephrin phosphorylation through Fyn'™,
the SH2 domain of Nck binds to phospho-nephrin and
the SH3 domains of Nck bind to neuronal Wiskott-
Aldrich syndrome protein (N-WASP)"**, N-WASP, in
turn, activates the Arp2/3 complex and cortactin, thereby
linking the nephrin -Nck complex to the podocyte actin
cytoskeleton®”
regulatory proteins are recruited to the phosphorylated
nephrin when rapid actin polymerization and cytoskeletal
reorganization is required during development and injury
repalr[ ‘. However, in a steady state, nephrin-Nck inter-
actions might be low and nephrin-CD2AP interactions
predominate”*” (Figure 2).

. Nck and its associated actin cytoskeleton

Nephrin-CD2AP-phosphoinositide 3-kinase/Akt com-
plex: Another signaling pathway from extracellular SD
to intracellular cytoskeleton through nephrin is vz the
nephrin-podocin-CD2AP complex®”. CD2AP and neph-
rin interact with a subunit of phosphoinositide 3-kinase
(PI3-K) and subsequently stimulate PI3-K-dependent
activation of the intracellular Akt kinase pathway, which
is necessary for the regulation of actin dynamics and the
4 PI3-K and its downstream mediators Akt
play a central role in a diverse range of cellular responses,

cell survival'

including cell growth, survival, proteolysis and malignant
transformation®*’.

Although the importance of this signaling in podo-
cytes is not fully understood, one target substrate of
nephrin/CD2AP-induced phosphorylation is Bad, a
proapoptotic protein of the Bcl-2 family; phosphory-
lated Bad is inactivated and apoptosis does not occur™
Activation of the PI3-K/Akt pathway by nephrin is
protected against detachment induced apoptosis of cul-
tured murine podocytes™. The antiapoptotic effect of
Akt on podocyte apoptosis is further supported by the
observation that a failure to phosphorylate Akt causes
apoptosis of podocytes in db/db micem, in oxidized
LDL-induced podocyte injury[GS] and in CD2AP-deficient
mice®. It has been shown that loss of CD2AP leads to
increased expression of TGF-f1 in podocytes and apop-
tosis in CD2AP-/- mice[ﬁg’m, and CD2AP was required

(49
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for the early activation of ant-apoptotic PI3-K/Akt and
extracellular signal-regulated kinase 1/2 by TGF—BW].
Similarly, in TGF-B1 transgenic mice with heterozygous
CD2AP, CD2AP heterozygosity increased both podocyte
apoptosis and proteinuria, suggesting that noncanoni-
cal CD2AP/PI3-K/ Akt signaling modules mediate anti-
apoptosis of podocytes
model, albumin overload and accumulation in podocytes
induced endoplasmic reticulum (ER) stress and apoptosis
and downregulated the expression of CD2AP. In addi-
tion, downregulation of CD2AP expression by CD2AP
siRNA transfection deteriorated the changes induced
by albumin overload. On the other hand, transfection
of CD2AP cukaryotic expression vector into podocytes
increased CD2AP expression and inhibited podocyte
ER stress and apoptosis. Therefore, CD2AP plays a pre-
ventive role in albumin overload-induced ER stress and
apoptosis in podocytes' .

Another important role of the nephtin-CD2AP-PI3-K/
Akt complex is the regulation of the actin cytoskeleton
of podocytesm. Stable transfection of rat nephrin in the
podocytes with podocin led to nephrin tyrosine phos-
phorylation, PI3-K-dependent phosphorylation of Akt,
increased Racl activity and an altered actin cytoskeleton
with decreased stress fibers and increased lamellipodia.
On the other hand, in the rat model of PAN nephrosis,
nephrin tyrosine phosphorylation, nephrin-PI3-K as-
sociation and glomerular Akt phosphorylation were all
decreased™. CD2AP-/- mice develop nephrotic syn-
drome shortly after birth and die at around 6-7 wk of age
from renal failure. Electron microscopy reveals extensive

. In an 7n vitro albumin overload

foot process effacements and this podocyte injury might
lead to these secondary mesangial cell abnormalities. In
CD2AP knock-down podocytes by siRNA, cell adhesion
and spreading ability decreased with disordered distribu-
tions of F-actin and nephrin expression and phosphory-
lation were also reduced””.

The interaction of nephrin with PI3-K results in the
dephosphorylation and activation of cofilin, a member of
the ADF/cofilin famﬂym. Cofilin is an actin-binding pro-
tein that binds to F-actin filaments and causes depolymer-
ization at the minus end of filaments, thereby preventing
their reassembly, and disassembles actin filaments; there-
fore, cofilin is essential for the remodeling and elongation
of actin filaments”". It is thought that regulation of co-
filin activity by nephrin-PI3-K signaling is essential for the
maintenance of the normal podocyte cytoskeleton and in
response to injury™". Therefore, the nephrin-CD2AP-
PI3-K/Akt complex is deeply involved in SD-mediated
actin reorganization in podocytes (Figure 2). Recently, we
reported that diabetic conditions induced the re-localiza-
tion and concentration of CD2AP at internal cytoplas-
mic and perinuclear areas of podocytes and decreased
the CD2AP protein amount and its mRNA expression,
which were prevented by 1.Y294002, a PI3-K inhibitor”.
Therefore, CD2AP/PI3-K/Akt signaling might also be
important for the maintenance of the podocyte SD in-
tegrity in response to diabetic podocyte injury.
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Figure 3 P-Cadherin-B-catenin-Wnt signaling. Wnt/3-catenin signaling plays an important role in cell adhesion, maintaining the cytoskeletal structure and survival/

apoptosis in podocytes. ZO: Zonula occludens; CD2AP: CD2-associated protein.

PI3-K/Akt signaling is also related to the changes of
Z0-1 in mammary epithelial cells™ and podocytesm]. We
found that diabetic conditions induced the activation of
PKB/Akt via PI3-K and then the downstream pathways
change the metabolism and transport of SD ZO-1 pro-
tein and cell integrity, causing hyperpermeability subse-
quentlym.

P-Cadherin-f3-catenin-Wnt signaling: [-catenin of
podocytes has been identified as a cytoplasmic anchorage
protein for P-cadhetin, forming the P-cadherin/f-catenin
complexm. This complex stabilizes functional adherens
junctions of podocyte SD and links to the actin cytoskel-
eton and B-catenin also participates in signaling pathways
as a Wnt/ [-catenin signaling which acts as a key regulator
of gene expression iz binding to transcription factors.

In the absence of the Wnt ligand, B-catenin is tar-
geted for degradation sia phosphorylation of its serine
(Ser-33/34/45) and threonine (Tht-41) sites by GSK-
3[3[791. Upon binding to their receptors/coreceptors, Wnt
proteins induce a series of downstream signaling events,
including inhibition of GSK-3f, resulting in f-catenin
dephosphorylation and stabilization. This allows 3-catenin
to translocate into the nuclei, wherein it binds to T cell
factor/lymphoid enhancer-binding factor to stimulate the
transcription of Wnt target genes' . On the basis of this
canonical pathway of Wnt signaling, it is conceivable that
cither inhibiting Wnt expression or repressing [3-catenin
transcriptional activity could be an effective way to con-
trol the Wnt/B-catenin signaling.

Wnt/B-catenin signaling is an evolutionarily conserved
cellular signaling system that plays an essential role in a
diverse array of biological processes, such as differentia-
tion/organogenesis, cell adhesion, survival/apoptosis,
tissue homeostasis and pathogenesis of many human
diseases””. In podocytes, Wnt/B-catenin signaling plays
an important role in cell adhesion, differentiation and
survival/apoptosis” (Figure 3). The Wnt/B-catenin
pathway appears to interact with integrin and FAK signal-
ing pathways in podocytes, as in intestinal epithelium!™,
Therefore, the overall effect of Wnt/ [-catenin activation
is related to podocyte detachment and the development
of albuminuria. The activation of the Wnt/B-catenin
pathway is observed following apoptosis or injury and
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could conttibute to organ regeneration. The Wnt/ [-catenin
pathway is regarded as a strong pro-survival signal; there-
fore, Wnt pathway activation might represent a survival
signal in pathological podocytes. However, there is no
direct evidence to date to conclusively demonstrate that
activation of the Wnt/B-catenin pathway in the podocyte
protects against apoptosis.

In diabetic nephropathy, increased activation of the
pathway might occur to promote podocyte survival but it
also leads to cell detachment and podocyte loss. Down-
regulation of the Wnt/ B-catenin pathway in podocytes
might be important for terminal differentiation; however,
it enhances apoptosis susceptibility{gz]. Therefore, bal-
anced Wnt/B-catenin signaling is critical for podocyte
biology in normal and injury conditions.

CONCLUSION

The adaptor proteins, such as CD2AP, ZO-1, B-catenin,
Nck, p130Cas, located at intracellular SD insertion area
of podocytes have, not only an important structural role,
but also a signaling role from SD to the actin cytoskel-
eton.
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