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The renal glomerulus, the site of plas-
ma ultrafiltration and the production
of primary urine (1), is the locus of a
number of progressive disorders that
lead to chronic renal insufficiency.
Before the advent of renal replace-
ment therapies, these diseases invari-
ably led to death by uremia. Still,
while these treatments save, or at least
extend, patient’s lives, they do so at an
enormous price, both in human and
financial terms.

The podocyte and focal
glomerulosclerosis
The prevention of chronic renal insuf-
ficiency would require therapies that
specifically interfere with the patho-
genesis of the various underlying
glomerular diseases. Disappointingly
however, the molecular mechanisms
involved lie in uncharted territory.
These conditions can result from varied
causes: systemic metabolic disorders,
such as diabetes; autoimmune complex
formation, as occurs in membranous
and lupus nephropathy; or primary
podocyte diseases, such as steroid-sen-
sitive minimal change nephrosis, or the
steroid-insensitive condition focal seg-
mental glomerulosclerosis (FSGS).

Other than diabetes, FSGS now rep-
resents the leading cause of renal
insufficiency, both in the general
patient population and among those
whose disease recurs following trans-
plantation. The basis for the increased
prevalence of FSGS in recent years is as
mysterious as its pathogenesis, and
even the best therapies for this disor-
der are strictly empirical. However, the
recent emergence of the visceral
glomerular epithelial cell, or podocyte,
as the culprit in this and several other
glomerular diseases raises new hope
for developing rational treatments.

Podocytes owe their name to their
elegant, complex shape that is con-

served in vertebrates from zebrafish to
humans. Like an octopus, the
podocyte’s cell body emits thick exten-
sions. These structures branch to form
the foot processes that cover the sur-
face of the glomerular capillary loops
like the interdigitating fingers of two
hands (Figure 1). The foot processes
adhere to the ECM proteins of the
glomerular basement membrane
(GBM) — mainly laminin, the proteo-
glycans agrin and perlecan, type IV col-
lagen — via the basal cell membrane
(the “sole” of the podocyte, see Figure
2, red area). Foot processes are joined
laterally by slit diaphragms (SD),
which presumably reinforce the struc-
ture against tensile force resulting
from filtration pressures of about 40
mm Hg. SD may also provide an iso-
porous filter and thus contribute to
the size limit of the glomerular filter.
Alternatively, SD may impede filtrate
flow, thus increasing the hydraulic
pressure within the inflated GBM and
preventing its collapse. The lateral
membrane domains of foot processes
into which the slit diaphragms insert
are designated in the following as slit
diaphragm domain (see Figure 2, blue
area). Finally, there is the major pro-
portion of the foot processes cell
membrane that extends into the uri-
nary space, also called the apical
domain (see Figure 2, green area).

Glomerular diseases result in a
pathological increase of glomerular
porosity and proteinuria
Podocytes react in an apparently stereo-
typic pattern, retracting their foot
processes into their cell bodies to form
a flattened, simple epithelium —  thus
recapitulating in reverse their embryon-
ic development. Whether this is a gen-
eral cause or a consequence of glomeru-
lar filter damage is uncertain, but at
least for FSGS and minimal change

nephrosis (2), podocyte damage appears
to be the primary cause of disease. How-
ever, the molecular basis of podocyte
stability and, conversely, podocyte flat-
tening, were long unknown.

Molecular architecture of the
podocyte foot processes
Several approaches, some systematic
and others serendipitous, have recent-
ly yielded an unprecedented wealth 
of information on functionally sig-
nificant podocyte membrane and
cytoskeletal proteins. In addition, the
availability of cultured immortalized
murine podocytes that retain several
critical phenotypic properties of
podocytes in situ were a definite stim-
ulus and a valuable experimental tool
(3). Together with older data, the
recent findings provide the basis of a
provisional and almost certainly
incomplete blueprint of the foot
processes (Figure 3).

The slit diaphragm domain: 
a crowded place
The discovery of several novel pro-
teins and the characterization of their
physical and functional interactions
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Figure 1
Survey view of a rat glomerular capillary loop.
Cell bodies of podocytes (P) extend into the uri-
nary space, while their foot processes attach in
a regular, interdigitating pattern. US, urinary
space; CL, capillary lumen. ×12,000.



helped define the region of the inser-
tional membrane of the SD as a major
locus of podocyte function. A break-
through that has renewed interest in
glomerular biology and pathology
was the discovery of a membrane pro-
tein called nephrin as a major com-
ponent of the SD complex (reviewed
in ref. 4). Mutations of the nephrin
gene NPHS1 were identified by posi-
tional cloning as the pathogenic
cause of familial Finnish nephropa-
thy, in which a severe nephrotic syn-
drome is evident even in utero and is
accompanied by the complete flat-
tening of foot processes. Similarly,
homozygous knock-out mice gener-
ated by targeted inactivation of the
Nephrin gene fail to develop foot
processes and are nephrotic (5). Intra-
venous injection of a monoclonal
anti-nephrin antibody likewise leads
to proteinuria (6). Taken together,
these results indicate that nephrin is
crucial for the development of the slit
diaphragm and for the maintenance
of the correct permeability of the
glomerular capillary filter.

Nephrin is a 1241 amino acid pro-
tein with a large extracellular domain
containing eight C2-type IgG like
domains, a single membrane spanning
domain, and a cytoplasmic portion
that contains potential phosphoryla-
tion sites. The putative geometry of
nephrin initially suggested that two
molecules aligned in an antiparallel
fashion could constitute the entire slit
diaphragm. However, experiments in
several laboratories failed to show
dimerization of purified recombinant

nephrin, suggesting that additional
components are required to assemble
the slit diaphragm. Recent evidence
indicates that nephrin is a component
of lipid rafts, which also contain a
podocyte specific 9-O-acetylated GD3
ganglioside. Intravenous injection of a
monoclonal antibody to this ganglio-
side results in incomplete flattening of
foot processes, dislocation, and tyro-
sine phosphorylation of nephrin (7).

Recently, gene trapping by retrovirus-
mediated mutagenesis has identified a
podocyte protein related to nephrin
that has been termed NEPH-1 (8). The
similarities between these two proteins
include numbers of IgG-like domains
and phenotypes in homozygous knock
out mice. It is not yet clear how this
protein interacts and cooperates with
nephrin. Another success of positional
cloning was the discovery of the stom-
atin-like protein podocin (9). Muta-
tions of this protein have been found
in a family with hereditary FSGS. As
with stomatin in erythrocyte mem-
branes, podocin forms a hairpin struc-
ture with both termini in the cyto-
plasm. It also forms aggregates and
organizes lipid rafts, as Schwarz et al.
(10) report in this issue of the JCI.

In addition to these characteristic
podocyte proteins, the SD contains sev-
eral other, more widely distributed
components. The CD2-associated pro-
tein CD2AP, for example, was original-
ly defined as a protein that binds the
cytoplasmic portion of the T-lympho-
cyte and natural killer cell surface mark-
er CD2. CD2AP possesses three SH3
domains and a coiled coil domain,

which serve as attachment sites for
other proteins. The significance of
CD2AP for podocyte biology was dis-
covered by chance in CD2AP-knock out
mice that unexpectedly developed a
severe nephrotic syndrome and died
around week 7 post partum (11).
Podocytes of these animals were flat-
tened and resembled kidney cells in
FSGS patients. P-cadherin, another one
of the SD domain transmembrane pro-
teins, co-localizes with the zonula
occludens associated protein ZO-1, a
member of the membrane associated
guanylate kinase (MAGUK) family that
also binds to F-actin (12). Intracellular-
ly, P-cadherin is associated with the sig-
nalling proteins α-, β-, and γ-catenin.
The relation of P-cadherin to nephrin
and NEPH-1 is not clear. Likewise, the
large cadherin homologue FAT has
been found in the slit diaphragm
domain, but its relation to the other
proteins located there remains to be
determined (13).

A complex of nephrin, podocin and
CD2AP is emerging as the functional
unit upon which the SD assembles.
These proteins are tightly associated
and are embedded into lipid rafts, as
shown in the article by Schwarz et al
(10). Podocin may be critical for the sta-
bility of this complex by forming aggre-
gates and lipid rafts. Intriguingly, its
binding dramatically activates the sig-
nalling capabilities of nephrin (14). The
scaffolding proteins ZO1 and CD2AP
form links with F-actin and may trap
other yet unidentified proteins by virtue
of their SH3 and coiled coil domains. It
also remains to be elucidated which
cooperative roles NEPH-1, P-cadherin,
FAT, and nephrin play in the formation
and stability of slit diaphragms.

The sticky sole of the foot
The basal membrane domain of foot
processes expectedly contains several
adhesion proteins that link podocytes
to the extracellular matrix. Recently it
has become clear that the proteins
encountered at this domain also form
specialized, interconnected complexes.
The integrin α3β1, localized more than
ten years ago to the soles of foot
processes (15), is essential for matura-
tion of podocytes, as shown by the loss
of foot processes development in 
α3-deficient mice (16). Nevertheless,
α3β1 is normally localized in FSGS and
other glomerular diseases in which
podocytes are extensively flattened,
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Figure 2
High power view of the basal half of a podocyte attached to the lamina rara externs (LRE) of the
glomerular basement membrane. The slit diaphragms (SD) insert laterally into the podocyte cell
membrane. Three membrane domains are marked: green indicates the apical cell membrane above
the slit diaphragm; blue marks the membrane of the slit diaphragm domain; red indicates the cell
membrane at the base, or “sole” of the foot process. LD: lamina densa. ×140,000.



suggesting that α3β1 integrin consti-
tutes stable, static bonds between
podocytes and the GBM. Podocyte
α3β1 associates on its cytoplasmic side
with paxillin, talin, and vinculin (17),
which mediate its connection to the
actin cytoskeleton. An integrin linked
kinase monitors and influences the
state of activity of the α3β1 integrin
and serves signalling (18).

Also found at the sole of the
podocyte’s foot is the dystoglycan (DG)
complex, originally defined as an adhe-
sion system of skeletal muscle cells. 
α- and β-DG occur at very high density
at the soles of foot processes, as seen 
by immunoelecton microscopy in
humans and rats (19, 20). DG binding
to the Helix pomatia lectin apparently
accounts for the ability of that agent to
stain the podocyte foot, as was first
reported three decades ago (21). Sever-
al other non-muscular and epithelial
cells have recently been shown to
express DG-complexes, and while each
has a characteristic composition, the
core structure invariably contains the
two non-covalently bound subunits 
α- and β-DG. α-DG contains a cluster
of sialic acid-rich carbohydrate side
chains that bind electrostatically to
cationic regions of ECM proteins such
as laminin and agrin. β-DG spans the
cell membrane and binds to cell type-
specific actin linker proteins (reviewed
in ref. 22). In podocytes, utrophin takes
the place of the muscle protein dys-
trophin, and there may be more, yet

undiscovered isoforms and homo-
logues. Podocytes also contain syn-
trophin-1, which attaches to β-DG and
may bind ion channels or other mem-
brane proteins.

The function of the DG-complex at
the soles of foot process is uncertain.
However, based on findings in
myocytes, the glomerular DG-complex
could provide an actin-directed posi-
tioning system by which podocytes
actively control the exact spacing of
matrix proteins — and thus the poros-
ity and permeability of the GBM. The
proteinuria and the flattened mor-
phology of foot process that occur
when DG expression is diminished in
experimental and human diseases
could support this view. Alternatively,
the DG-complex may serve as a region-
al organizer for membrane protein
clusters in the sole of foot processes,
perhaps interacting with the α–δ
sarcoglycans, which surround β-DG.
δ-Sarcoglycan links DG to β1-inte-
grins in other cell types (23), and we
have demonstrated a sarcoglycan-inte-
grin linkage in podocytes as well (our
unpublished data). PDZ-protein bind-
ing motifs on β-DG could link the
DG-complex to membrane protein
clusters via as yet unidentified scaf-
folding proteins.

Recently, the PDZ-protein MAGI-1
was found to associate with megalin
(24), a polyspecific receptor of the
LDL-receptor family. Megalin was pre-
viously identified as pathogenic anti-

gen of Heymann nephritis and local-
ized to clathrin coated pits all over the
surface of podocytes, and particularly
also to the soles of foot processes (25).
In podocytes, megalin serves as endo-
cytic receptor for lipoproteins (26).
The intracellular association of mega-
lin with MAGI-1 could provide an
additional link for protein complexes
at the soles of foot processes.

The apical cell membrane domain
The apical membrane of foot processes
forms yet another functional unit, one
in which the actin cytoskeleton is indi-
rectly associated with the CD34 related
membrane glycoprotein podocalyxin
(27, 28). The membrane above the SD
is endowed with a negatively charged
surface coat that is primarily made up
of podocalyxin, and the absence or
chemical modification of this protein
causes collapse of this entire domain.

Expression of recombinant podoca-
lyxin was recently shown to confer anti-
adhesive properties to MDCK cells,
presumably also reflecting the pro-
tein’s crucial structural role. This prop-
erty depends on its highly negative
charge that is provided by about 20
sialic acid residues per molecule, as well
as several sulfate groups. Recently,
however, it was discovered that podoca-
lyxin also contributes directly to the
stability of foot processes, because a
genetic knock out resulted in imma-
ture glomeruli with flattened embry-
onic podocytes (29). This may be due in
part to the lack of negative charge on
the cell surface, but it may also be
caused by the connection of podoca-
lyxin to the actin cytoskeleton. The
PDZ protein NHERV-2, which was
originally discovered as a regulator of
ion channels, mediates this interaction.
NHERV-2 associates with ezrin, which
in turn attaches to the actin cytoskele-
ton (30). Phosphorylation events pre-
sumably regulate these interactions,
and it is therefore possible that the
membrane phosphatase GLEPP 1,
located in the same membrane
domain, is involved in this machinery.
Whatever the precise function of
GLEPP 1, it can be apparently compen-
sated by other proteins, as a genetic
knock out shows only subtle effects on
the anatomy of podocytes (31).

Actin, the central organizer
As seen in Figure 3, F-actin localizes to
the submembranous regions of all three
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Figure 3
Schematic drawing of a latero-basal portion of a podocyte, similar to the area marked in Figure 2.
In this greatly simplified graph, molecules are not drawn to a correct scale or shape. The three
membrane domains defined in the preceding figure are marked here with the same color code.



membrane domains of podocytes (17).
Apparently, the membrane at the foot
processes’ soles is attached to this actin
meshwork via dystoglycan and utrophin
or via integrin, talin, paxillin, and vin-
culin. In the SD area, attachment of the
nephrin/podocin complex is mediated
by CD2AP. P-cadherin may use ZO-1 for
this purpose. Finally, in the apical mem-
brane domain NHERV-2 and ezrin indi-
rectly link podocalyxin to actin.

Actin fiber formation is a highly
dynamic process that is governed by
continuous assembly and disruption
of filaments. Active growth of actin
filaments requires special molecular
assembly devices, such as the Arp2/3
complex, which attaches to an actin
filament and nucleates the growth of
a new branching filament (32). The
Arp2/3 complex is activated by many
proteins, including cortactin, which
was recently localized to the edges of
podocyte extensions in vitro (33),
indicating active actin polymeriza-
tion. In vivo, cortactin is localized to
the entire submembranous cytoskele-
ton in normal foot processes, but it
becomes undetectable in flattened
foot processes (our unpublished
data). This suggests that the dynam-
ics of the submembranous actin
meshwork is profoundly changed in
flattened foot processes.

These findings assign a central role to
the submembranous actin cytoskele-
ton for maintaining the infrastructure
of the membrane domains and for the
stability of the podocytes shape. This
critical role is highlighted by the find-
ing that a genetic knock out of the
actin bundling protein α-actinin 4
causes podocyte damage resembling
that of the silenced genes for nephrin,
NEPH-1, CD2AP, integrin α3-chain, or
podocalyxin. Hence, an intact sub-
membranous actin cytoskeleton is
apparently indispensable for main-
taining the podocyte architecture.

Toward a molecular pathogenesis
of flat feet
The hereditary human glomerular dis-
eases mentioned above have already
contributed substantially to our under-
standing of the basic processes of foot
process damage, but from a clinical
point of view, “idiopathic” cases are far
more common. Because damage af-
fects more than a single protein, the
basis of disease in these cases is more
complex and difficult to define. Even

in “simple” experimental model dis-
eases the number of molecules affected
may be extremely large. An instructive
example is the SFGF-like disease seen
in homozygous Mpv17-knock out
mice (34), which leads to heavy pro-
teinuria and complete podocyte flat-
tening. It appears that overproduction
and extracellular release of oxygen rad-
ical species (ROS) cause the podocyte
damage, as this phenotype can be com-
pletely rescued by oxygen radical scav-
engers (35). ROS degrade matrix pro-
teins (36), and may dramatically affect
the binding activity of adhesion pro-
teins (Kojima and Kerjaschki, unpub-
lished observations), but nothing is
known about the cooperation of ROS
with proteases in glomeruli, or their
effect on the membrane proteins of
podocytes. Is it possible that ROS
afflicted damage to some of the critical
podocyte proteins, such as nephrin or
podocalyxin, compromise their func-
tion and thus induce foot process flat-
tening? Could indiscriminate damage
of podocyte membrane proteins funnel
into a common pathway of podocyte
reaction, e.g. by destabilizing the sub-
membranous actin cytoskeleton?

Synopsis and perspective
The podocyte surface membrane is
divided into three membrane domains
with different locations, protein com-
positions, and functions. Each of the
domains contains a core of clustered
proteins, some of which are critical for
maintaining not only the integrity of
their home domain, but also for the sta-
bility of the global podocyte architec-
ture. One important example, related to
the clustering of the slit diaphragm
associated proteins nephrin, CD2AP,
and podocin, is provided by Schwarz et
al. in this issue (10).

A common infrastructural link of all
domains of foot process and podocyte
membranes is provided by the sub-
membranous actin cytoskeleton. How-
ever, we do not know how podocytes
receive signals from their environment
and instruct their functional units 
to react, because our knowledge of
podocyte surface receptors is still rudi-
mentary. It would not be surprising, if
for example chemokine receptors, such
as CCR13 and CCR14 (37), and/or
receptors for growth factors, such as for
the basic fibroblast growth factor (38),
play a major role in maintaining or
destroying the podocytes’ stability.

At the molecular level, FSGS and pre-
sumably also minimal change nephro-
sis are not definite disease entities, but
rather syndromes, as isolated or com-
bined damage to any of the listed
podocyte proteins could result in iden-
tical clinical and histopathological fea-
tures. It is not clear yet at which molec-
ular target therapeutic interventions
would best be directed, but the unrav-
eling of the composition, functional
hierarchy, and cooperation of podocyte
domains is definitely a good start.
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