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The discovery of the genes for nephrin and podocin,
which are mutated in two types of congenital nephrotic
syndrome, was pivotal in establishing the podocyte as
the central component of the glomerular filtration bar-
rier. In vivo the proteins have been localized to the
podocyte slit diaphragm, and there is recent evidence
for interaction between the two via the adapter mole-
cule CD2AP. We describe in a human podocyte cell line,
the subcellular distribution of nephrin, podocins, and
CD2AP and their functional interaction with the cy-
toskeleton. In addition to membrane expression, neph-
rin and podocin were detected intracellularly in a fila-
mentous pattern. Double immunolabeling and
depolymerization studies showed that nephrin and
podocin partially co-localize with actin, most strikingly
seen protruding from the tips of actin filaments, and
are dependent on intact actin polymers for their intra-
cellular distribution. Treatment of differentiated podo-
cytes with puromycin aminonucleoside, an agent that
causes foot process effacement in vivo, disrupted actin
and nephrin simultaneously, with loss of cell surface
localization. We demonstrate an intimate relationship
between nephrin podocin and filamentous actin, and
reason that disruption of nephrin/podocin could be a
final common pathway leading to foot process efface-
ment in proteinuric diseases. (Am J Pathol 2002,
161:1459–1466)

Selective permeability to serum proteins is a hallmark of
renal glomerular function, the precise mechanism of
which has remained poorly understood for decades. The
glomerular filtration barrier comprises three layers: a sin-
gle cell layer of highly fenestrated capillary endothelial
cells, the glomerular basement membrane, and a layer of

glomerular epithelial cells, known as podocytes. Podocytes
are highly specialized, terminally differentiated cells, with
cell bodies, major processes, and foot processes inter-
linked by slit diaphragms.1 The breakdown of this filtration
barrier results in proteinuria in diseases as diverse as dia-
betes, human immunodeficiency virus-associated nephrop-
athy, and the nephrotic syndromes. Idiopathic nephrotic
syndrome, in both childhood and adulthood, has remained
an unexplained disease process, despite many decades of
research. Undoubtedly these are a heterogeneous group of
conditions, but there is a common pathological observation
of foot process effacement. The discovery of the molecular
basis of effacement could therefore be a major step in
establishing targeted therapy.

A breakthrough at the molecular level came in 1998
with the discovery of nephrin, the gene mutated in Finnish
type congenital nephrotic syndrome.2 This was pivotal in
establishing the podocyte as the central component of
the glomerular filtration barrier. In vivo nephrin protein has
been localized to the podocyte slit diaphragm,3 which is
the still unresolved structure connecting adjacent foot
processes, thus establishing the first podocyte-specific
protein at this unique structure, as well as emphasizing its
role in maintaining glomerular permselectivity. Shortly af-
ter this came the discovery of the gene mutated in early
onset steroid-resistant nephrotic syndrome, termed
NPHS2, encoding the novel protein, podocin, expressed
solely in the podocyte.4 Central to understanding the
filtration process will be to define the functional properties
of nephrin and podocin.

In podocyte foot process effacement there is pre-
sumed loss of the specialized slit diaphragm architec-
ture.5 If, functionally, the mature foot process and slit
diaphragm were to be formed and exist in synchrony, the
mechanism underlying this would intuitively form the ba-
sis for a final common disease pathway.

The only known interactor of nephrin to date is CD2-
associated protein (CD2AP),6 a molecule hitherto known
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as a T-cell adaptor molecule linking the actin cytoskele-
ton to T-cell contacts.7 Podocin is structurally related to
the stomatin family of proteins,4 which are transmem-
brane proteins, involved in cytoskeletal scaffolding.8

More recently, it has been proposed that nephrin and
podocin interact via an attachment to CD2AP, in lipid
rafts,9 and that nephrin and podocin co-operatively sig-
nal to the intracellular compartment.10 It is becoming
increasingly clear that the podocyte cytoskeleton is a
common pathway in foot process disruption, so the hy-
pothesis is that disruption of the nephrin/podocin link to
the actin cytoskeleton will influence not just the slit dia-
phragm, but foot process integrity as a whole.

We provide functional evidence for such a mechanism.
Using a novel conditionally immortalized human podo-
cyte cell line,11 we show that both nephrin and podocin
are expressed both at the cell surface and intracellularly
in a cytoskeletal pattern. Double immunolabeling re-
vealed only partial co-localization of both with actin stress
fibers (AFs), with strongest co-localization at the cell
membrane. We also demonstrated co-localization of
nephrin and podocin. Disruption of AFs using cytochala-
sin resulted in co-disruption of actin, nephrin, podocin,
and CD2AP to the cytoplasm, and loss of cell surface
nephrin and podocin. This demonstrated a dependence
of intracellular and membrane nephrin and podocin lo-
calization on an intact actin cytoskeleton. To examine this
further, we showed that puromycin, a podocyte-specific
toxin used in vivo to induce foot process effacement and
proteinuria,12 caused a granular redistribution of nephrin,
podocin, and AFs in a manner exactly similar to cytocha-
lasin disruption. Thus we submit evidence for an intimate
relationship between the actin cytoskeleton, CD2AP,
podocin and nephrin, with functional evidence that dis-
ruption of this pathway is the mechanism for at least one
type of experimental proteinuria.

Materials and Methods

Primary Culture of Podocytes

A human conditionally immortalized podocyte cell line
was generated as described.11 Briefly, a human ne-
phrectomy specimen without glomerular pathology was
obtained and glomeruli isolated as previously de-
scribed,13 and cultured in 25-cm2 flasks (BD Falcon, NJ,
USA) in RPMI 1640 medium with added penicillin, strep-
tomycin, insulin, transferrin, selenite (Sigma-Aldrich, Dor-
set, UK), and 10% fetal calf serum. Epithelial cell out-
growths appeared and grew to confluence at 10 to 14
days, and the cells were passaged at this point, and
transfected with the immortalizing temperature-sensitive
antigen.

Additional cell lines were generated using the same
method, from nephrectomy specimens from a child with a
heterozygous R�Q exchange in position 138 of podocin
and a child with a compound heterozygous nephrin muta-
tion, one in exon 14, and the other in the promoter region.

Retroviral Construct and Virus Infection

The retroviral construct consisted of a SV40 large T-
antigen gene containing both the tsA58 and the U19
mutations. Cultures of primary human podocytes were
infected with retrovirus-containing supernatants from the
packaging cell line (PA317). Infection, selection, and
continuous culture were performed at 33°C. Cells derived
from a single cell clone were used for all of the experi-
ments described.

Induction of Differentiation

Subsequently cells were grown on type I collagen-coated
flasks layered with glass coverslips for purposes of im-
munostaining. Cells were then plated onto the flasks and
grown either at the permissive temperature of 33°C (in
5% CO2), to promote cell propagation as a cobblestoned
phenotype, or at the nonpermissive temperature of 37°C
(in 5% CO2) to inactivate the SV40 T antigen, and allow
the cells to differentiate.

Antibodies

A panel of monoclonal mouse anti-nephrin IgG1 antibod-
ies and polyclonal rabbit anti-nephrin antibodies were
used. For this study, we used monoclonal antibodies
raised against whole recombinant protein (whole extra-
cellular domain) produced in human embryonic kidney
293 cells. The intracellular portion was produced in Esch-
erichia coli. The extracellular epitopes were mapped us-
ing a set of recombinant proteins from the same cell line,
and the antibodies in this study mapped to epitopes on
immunoglobulin motifs 2 (designated 41F2 and 43C7),
motif 8 (49H12), the fibronectin type III domain (48E11),
the intracellular domain (7C1), and also polyclonal anti-
body K2737 (raised against the intracellular domain), all
of which gave a similar staining pattern. These antibodies
have previously been reported in in vivo studies on neph-
rin expression in human kidney,14 and also in this human
cell line.11 Rabbit polyclonal anti-CD2AP antibody was a
kind gift of Dr A. Shaw, St. Louis, MO. Rabbit polyclonal
anti-podocin antibody was raised as described.9 Texas
Red-conjugated phalloidin (Molecular Probes, Eugene,
Oregon) was used for actin filament (AF) labeling.

The secondary antibodies that were used were: fluo-
rescein isothiocyanate-conjugated anti-mouse IgG, anti-
rabbit IgG (Jackson ImmunoResearch, Philadelphia, PA),
and rhodamine-conjugated anti-mouse IgG (Jackson Im-
munoResearch). Controls used were rabbit or mouse
serum (as appropriate) for polyclonal primary antibodies
or mouse IgG1 for monoclonal anti-nephrin antibody. Flu-
orescein isothiocyanate, and rhodamine-conjugated sec-
ondary antibody alone, were used in all experiments as
additional controls.

Immunostaining

The immunolabeling was done as previously de-
scribed.13 Briefly, coverslips were fixed with 2% parafor-
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maldehyde, 4% sucrose in phosphate-buffered saline
(PBS) for 10 minutes, then permeabilized with 0.3% Triton
X-100 (Sigma) in PBS for 10 minutes. Nonspecific binding
sites were blocked with 4% fetal calf serum and 0.1%
Tween 20 (Sigma) in PBS for 30 minutes. Primary and
secondary antibodies were applied at the appropriate
dilutions according to standard techniques, and the cov-
erslips were mounted on glass slides with 15% Mowiol
(Calbiochem, La Jolla, CA) and 50% glycerol in PBS. Dou-
ble staining was achieved by incubating with primary anti-
body and fluorescein isothiocyanate-conjugated secondary
antibody as above, then incubating further with Texas
Red-preconjugated phalloidin for 20 minutes at room tem-
perature. Further washes and mounting were as above.
Standard images were obtained using a Leica photomicro-
scope, attached to a Spot 2 slider digital camera (Diagnos-
tic Instruments Inc.) and processed with Adobe Photoshop
5.0 software. Images of nephrin fluorescein isothiocyanate
and actin tetramethyl-rhodamine isothiocyanate were ob-
tained by confocal laser-scanning microscopy using a
Leica TCS NT confocal system attached to a Leica DM RBE
microscope and equipped with an ArKr laser (488 nm and
568 nm excitation) (Leica Microsystems, Heidelberg, Ger-
many). An oil-immersion objective lenses �63, numerical
aperture 1.32 was used and imaging parameters selected
to optimize confocal resolution.

Protein Extraction and Western Blotting

Cell proteins were extracted by addition of modified RIPA
buffer (Sigma Chemical) containing 50 mmol/L Tris-HCL,
150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L ethyl-
enediaminetetraacetic acid, 1 mmol/L phenylmethyl sul-
fonyl fluoride, 1 �g/ml aprotinin, 1 �g/ml leupeptin, 1
�g/ml pepstatin, 1 mmol/L Na vanadate, at 4°C. The
suspension was centrifuged at 14,000 � g, and the su-
pernatant containing cellular protein was collected. For
Western blotting an 8% sodium dodecyl sulfate-polyac-
rylamide gel was run under standard conditions, loading
25 �g of total protein in each lane. The gel was placed in
transfer buffer for 15 minutes and set up for transfer to a
polyvinylidene fluoride membrane at 200 mA for 1 hour.
The membrane was rinsed in Tris-buffered saline fol-
lowed by blocking buffer (5% milk powder) for 5 minutes.
The membrane was then immersed in blocking buffer for
1 hour, followed by incubation with primary antibody at
1:1000 dilution. After rinsing in wash buffer, horseradish
peroxidase-conjugated anti-mouse secondary antibody
(Amersham Biotech, UK) was used for 1 hour at 1:2500
dilution. After final washing the membrane was devel-
oped using ECL chemiluminescence reagent (Amersham
Biotech, UK).

Depolymerization of Actin and Microtubules

Cells were grown for 14 days at 37°C on collagen I-
coated coverslips, until differentiated. Medium was
changed and they were then treated for 12 hours at 37°C
with colcemid or for 1 hour at 37°C with cytochalasin D
(Sigma Chemical), for microtubule or AF depolymeriza-

tion, respectively. For overnight recovery experiments,
treated coverslips were washed twice in PBS and re-
turned to standard medium at 37°C for 24 hours. Cover-
slips were immunostained as before.

Exposure of Cells to Puromycin
Aminonucleoside

Cells were allowed to differentiate for 14 days at 37°C on
collagen-coated coverslips. Puromycin aminonucleoside
(PAN) (Sigma Chemical) was added to the medium at a
concentration of 100 �g/ml for 24 to 48 hours (equates
approximately to a dose of 1 mg/100 g in vivo, which is
sufficient to induce proteinuria in the rat model15), and
cells were fixed and permeabilized for immunostaining as
described.

Results

Generation of Differentiated Human Podocytes

At the permissive temperature of 33°C the cells grew in a
typical (of epithelial cells) cobblestone morphology. Shift-
ing the cells to 37°C resulted in arrest of proliferation, and
throughout a period of 7 to 14 days the cell bodies
enlarged in an irregular shape, with the formation of
processes both short and more rounded, and also long,
spindle-like projections. The podocyte-specific markers
WT-1,16 synaptopodin,17 and nephrin2 were expressed
as described.11 For all experiments, except where
stated, cells were used in this differentiated form.

The Subcellular Localization of Nephrin in
Differentiated Podocytes

Nephrin is a newly described transmembrane protein
located at podocyte slit pores.2 In cobblestoned cells we
observed an indistinct cytoplasmic stain, mainly in a pe-
rinuclear distribution. In differentiated cells, we observed
strong nephrin expression at the cell periphery, as would
be expected, but also, unexpectedly, demonstrated fila-
mentous intracytoplasmic expression (Figure 1A). The
cell membrane expression was evident equally all around
the cell periphery, and not just at the cell-cell junctions,
as seen for the known slit diaphragm proteins in this cell
line,11 and in the described murine cell line.13 This was
the first clue that the function of nephrin may not be re-
stricted to positional cell junction integrity. We also ob-
served consistent nuclear staining, above the level of con-
trol antibody, although the significance of this is at present
unclear. It is notable that antibodies against other compo-
nents of the slit diaphragm, eg, p-cadherin and ZO-1,18 also
give a nuclear stain above the level of controls.

Western blotting was also used to detect nephrin pro-
tein signal, and demonstrated a distinct band, as previ-
ously detected in glomerular extracts19 and cultured
podocytes11 at 180 kd.
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Nephrin Co-Localizes with AFs at the Tips of
Cell Processes

Double labeling of nephrin and actin revealed partial
co-localization of nephrin with AFs, with predominantly
separate expression of the two molecules in the cyto-
plasm, and co-localization particularly at the tips of cell
processes and at cell surfaces in forming processes
(Figure 1B). Detailed examination of cells as they ma-
tured revealed a consistent pattern, whereby growing cell
processes displayed nephrin along the AFs extending
into those processes (Figure 1B), and mature processes
displayed nephrin purely at the very tips of AFs, extend-
ing to just beyond the point at which AFs end, at the cell

surface (Figure 1C). This was demonstrated by the find-
ing that nephrin at the tips of AF remained green,
whereas nephrin localizing intracellularly with AF merged
to yellow.

Podocin Is Expressed in a Filamentous Pattern in
the Cytoplasm, and Co-Localizes with Nephrin

We observed distribution of podocin in a filamentous
pattern extending to the cell surface, analogous to the
pattern of nephrin expression described above (Figure 1,
D and E). This was confirmed by co-localization of the two
molecules, in the cytoplasm and at the cell surface, with

Figure 1. A–C: Subcellular distribution of nephrin and actin—double immunolabeling. A: Nephrin (green) expressed at cell surface and intracytoplasmically. B:
Nephrin (green) double staining with AFs (red), showing nephrin cell membrane localization, and co-localization along AF extending into processes (dashed
arrow), and mature expression at tips of AF (solid arrow). Cytoplasmic nephrin is seen to be distinct from AF. C: Nephrin (green) double staining with AF (red),
showing mature peripheral nephrin expression at tips of AF (arrow). D–F: Nephrin co-localization with podocin. D: Nephrin cytoplasmic and cell surface
distribution. E: Podocin, showing same distribution pattern as nephrin, with a more complete, filamentous appearance. F: Merged image, showing co-localization
of nephrin with podocin appearing as yellow, with the rest of the podocin filaments remaining as red.
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nephrin seen in a punctate linear expression, and podocin
being seen in a more complete linear distribution. The pat-
tern of co-localization was of both cytoplasmic and cell
surface nephrin completely co-localizing with podocin, with
the rest of filamentous podocin in the cytoplasm remaining
distinct (Figure 1F).

Podocin was also detected in cultured podocytes us-
ing the same antibody, by Western blotting (Figure 2).
Podocin was detected in differentiated cells at the pre-
dicted size of 42 kd, and was not detected in undifferen-
tiated cells. For additional specificity we examined cul-
tured conditionally immortalized podocytes from a
congenital nephrotic syndrome patient with a podocin
mutation (with no podocin expression on glomerular im-
munofluorescence), and from a congenital nephrotic syn-
drome patient with a nephrin mutation (reduced levels of
nephrin on IF). On Western blotting there was no podocin
band from the podocin mutant cells, and a 42-kd band
from the nephrin mutant cells.

Depolymerization of Actin Filaments (AFs) and
Microtubules Indicates Nephrin and Podocin
Distribution Is Dependent on Intact AFs

Addition of colcemid, which depolymerizes microtubules
(MT), to differentiated cells, resulted in loss of major
processes, leading to disk-shaped cells. No filamentous
MTs were seen on immunostaining (Figure 3, A and B),
and AF bundles were maintained (Figure 3, D and E).
Filamentous nephrin distribution was also preserved, ex-
cept for a markedly disrupted pattern in the perinuclear
area (Figure 3C). This indicated firstly that MTs support
the shape of major processes (as opposed to foot pro-
cesses), whereas cell body shape is primarily supported
by AFs (see next paragraph), and that nephrin transport
from the Golgi apparatus is likely to be primarily depen-
dent on MTs.

Addition of cytochalasin D, which is known to depoly-
merize AFs, led to a shrunken cell body, although with
pre-existing major processes intact. Immunostaining for
actin showed degeneration of the AF bundles, with glob-
ular relocation within the cytoplasm (Figure 3G). There

was concomitant disruption of nephrin distribution, to the
same localization as depolymerized actin, with loss of cell
membrane nephrin expression (Figure 3H). Washing off
cytochalasin and allowing overnight recovery of the cells
in standard medium led to reconstitution of filamentous

Figure 2. Western blotting for podocin on differentiated podocytes from
three different human cell lines. Protein band seen at the expected size of 42
kd in two of three lanes. Lane 1, normal podocytes; lane 2, nephrin
mutation cell line; lane 3, podocin mutation cell line.

Figure 3. Depolymerization experiments. A–E: Microtubule depolymeriza-
tion. Microtubule expression in untreated cells (A) and cells treated with
colcemid (B). Colcemid-treated cells stained for nephrin (C), actin (D), and
merged images (E), showing maintenance of filamentous nephrin and actin
staining in cytoplasm, and markedly disrupted nephrin patterning in perinu-
clear region (arrow). F–S: Actin depolymerization using cytochalasin. Dif-
ferentiated podocytes, confocal imaging, showing plane sections at the same
level. Immunostaining for nephrin (F), actin (G), and merged image (H)
shows granular redistribution of both, which co-localizes in the cell cyto-
plasm. I–K: Cross-sectional confocal images, showing nephrin (I) and actin
(J) at cell surface in untreated cell, and actin depolymerized cell (K) double-
stained for actin and nephrin, with both colors merged in intracellular
granules. L–N: CD2AP cell distribution, cell surface distribution in normal
cells (L), changing to granular cytoplasmic location after cytochalasin (M). N:
Co-localization of disrupted granular CD2AP (green) with actin (red). O–Q:
Podocin disruption by cytochalasin. Granular cytoplasmic redistribution (O),
corresponding to nephrin redistribution (P), and demonstrating co-localiza-
tion on the merged image (Q). ZO-1 cell junction distribution in normal cells
(R), and disruption to submembranous location after cytochalasin treatment
(S). Original magnifications, � 40 (A–E); �63 (O to Q).
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actin and cell surface nephrin (data not shown). The
apparent cellular internalization of nephrin was also con-
firmed by staining nonpermeabilized cells before and
after depolymerization with an extracellular nephrin anti-
body. Nephrin was seen on the cell surface before treat-
ment, diminished almost completely after treatment, and
reappeared after overnight recovery (data not shown).

CD2AP and Podocin Are Disrupted in the Same
Pattern as Nephrin

CD2AP is a T-cell scaffolding protein found to associate
with nephrin in podocytes.6 We showed CD2AP in a
diffuse distribution in the cell cytoplasm, and prominent
cell surface expression, and demonstrated CD2AP dis-
ruption after treatment with cytochalasin, which co-local-
ized with depolymerized actin, as shown with nephrin
(Figure 3; L to N).

Podocin was also seen to undergo a granular internal-
ization on actin depolymerization, with nephrin co-local-
ization (Figure 3; O to Q), showing that nephrin and
podocin cytoplasmic and cell surface distribution was
dependent on an actin cytoskeleton. For comparison with
other known slit diaphragm proteins, we also examined
the effect of cytochalasin on ZO-1 distribution, and dem-
onstrated a breakdown of cell surface distribution, al-
though with the redistribution being just below the plasma
membrane (Figure 3, R and S).

PAN Causes Nephrin and Actin Redistribution

Treatment of differentiated cells with PAN resulted in a
marked alteration in nephrin patterning, with a granular
appearance consistent with that described by Kawachi
and colleagues20 in vivo in the rat experimental model.
Cell surface expression of nephrin disappeared. Actin
filaments were also lost, with a granular cytoplasmic pat-
tern of actin distribution. Double immunolabeling con-
firmed that actin and nephrin were indeed relocalized to
the same place, after 24 hours of treatment, in a manner
exactly similar to the pattern seen with AF depolymeriza-
tion (Figure 4; A to C). After 48 hours and beyond, how-
ever, the granular disruption of both actin and nephrin
became more pronounced, and co-expression of actin
and nephrin was lost (Figure 4; D to F).

Discussion

In this study we present details of nephrin and podocin
interacting with the cell cytoskeleton, particularly with
AFs, and show that in mature podocytes, PAN disrupts
both actin and nephrin in a co-dependent manner.

In vivo, nephrin has been localized to the podocyte slit
diaphragm, with a suggestion of intracellular expres-
sion.21 The question of nephrin’s relationship with the
intracellular compartment is particularly pertinent in un-
derstanding its potential role in foot process effacement,2

a unifying pathological feature of proteinuric diseases.
We have recently described the in vitro expression and

distribution of nephrin and podocin in this cell line.11 An
important clue from these cells to a novel function for neph-
rin was the lack of dependence in vitro on cell-cell contacts
for its described distribution. The known slit diaphragm
proteins �-catenin, �-catenin, �-catenin, ZO-1, and p-cad-
herin are expressed in these podocytes almost exclusively
at cell-cell contacts, whereas this was not the case for
nephrin, with some of the strongest expression seen at the
tips of cell processes, away from cell junctions. Interpreta-
tion of these data should take into account the possibility
that the distribution of nephrin in cultured podocytes may
not replicate the fully mature in vivo phenotype. It may be
that the slit diaphragm is not accurately replicated in cell
culture, and/or that nephrin is in a greater state of intracel-
lular dynamic flux in cultured cells. Our experience with the
cells is that they express other markers of maturity (eg, cell
cycling, synaptopodin),11 and therefore we feel the mech-
anistic observations of nephrin’s interactions with the actin
cytoskeleton described here are to a great extent applica-
ble to the in vivo situation.

In this study we have demonstrated that cytoskeletal
integrity is pivotal to accurate nephrin and podocin mem-
brane localization, and secondly have addressed the
question of whether nephrin itself is required for the spe-
cialized foot process architecture formed in the mature
podocyte. Because of the discovered link between neph-
rin and CD2AP, an actin-associated molecule,7 we have
examined the localization of actin with nephrin. We dem-
onstrated nephrin only partially co-localized with actin,
with the strongest co-expression at the cell peripheries,
particularly protruding from the tips of AFs, at the presumed
sites of foot processes. Intracytoplasmic co-expression was
incomplete, most notably in the perinuclear region. Obser-
vation of cell processes in differing stages of maturation
was revealing. In incompletely formed processes, nephrin
co-localized at several points along the extending periph-
eral AFs, although not yet having reached the tips of these
filaments. In fully formed processes, nephrin was exclu-
sively at the very tip of each AF, and in these cells there was
much less cytoplasmic nephrin expression. This indicated a
process whereby mature nephrin is expressed at the very
tips of cell processes, and by implication in the podocyte
foot processes, possibly transported to this localization from
the cytoplasm along AFs, and finally supported in place at
the ends of these fibers. Our data supports CD2AP as a
scaffolding molecule, linking nephrin to actin in the foot
processes,9 but not in the cytoplasmic compartment. These
data also illustrate the uniqueness of this cell line in its ability
to constitutively express nephrin. Previous studies in murine
conditionally immortalized podocytes13 have not consis-
tently demonstrated nephrin expression on IF, and the pat-
tern of expression is weak and diffuse.22 This has also been
the case with human embryonic kidney (HEK) cells (without
constitutive nephrin expression) transfected with a full-
length nephrin construct.22

The discovery that another novel podocyte protein,
podocin, is disrupted in another type of congenital ne-
phrotic syndrome4 provides potentially another piece of
the molecular jigsaw linking the slit-diaphragm with the
cytoskeleton. There is now biochemical evidence of in-
teraction of podocin, nephrin, and CD2AP, with localiza-
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tion of podocin at the slit diaphragm shown by immuno-
gold electron microscopy.9 Our data indicate that this is
indeed the case, with podocin being distributed in ex-
actly the same manner as nephrin, co-localizing through-
out the cytoplasm, and at the cell peripheries. This sup-
ports a mechanism whereby nephrin, podocin, and
CD2AP are functionally linked to the cell cytoskeleton at
the cell periphery, which was then explored by selectively
disrupting cytoskeletal components.

We examined the effect of depolymerizing the main
components of the cell cytoskeleton, namely AFs and
microtubules. Microtubules are known to form the main
structural component of the podocyte major processes,
whereas foot processes are supported by AFs.1 After AF

depolymerization, nephrin and podocin followed exactly
the same pattern of disruption as actin. Cell membrane
localization of both molecules was lost, indicating that AF
support is required for nephrin and podocin at the cell
periphery.

Depolymerization of microtubules yielded disk-shaped
cells, with attenuation of major processes. Filamentous
expression of nephrin, however, was preserved in the cell
periphery, as well as its cell surface distribution. In the
immediate perinuclear area we saw a marked disruption
of coherent nephrin patterning, indicating a dependence
on microtubule integrity for the trafficking of nephrin from
the Golgi apparatus. This correlated with the lack of actin
co-localization with nephrin in this area.

Figure 4. PAN treatment of cells. Nephrin in (A) 24-hour-treated cells shows a granular relocation to the cytoplasm (arrows), and loss of cell surface expression.
Double labeling for actin in the treated cells (B) shows a similar redistribution, which co-localized on the merged image (C). Partial maintenance of the filamentous
pattern of both nephrin and AF can be seen at this time point. Prolonged treatment (72 hours) resulted in more profound nephrin (D) and actin (E) disruption,
with considerable loss of the cytoplasmic co-localization (F). Original magnifications, �40.
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Using this cell line, we were in a position to test the
hypothesis that nephrin is altered in experimental protein-
uric states, and to further explore the link with the cy-
toskeleton. PAN is thought to be a podocyte-specific
toxin,23 which induces proteinuria when infused into an
experimental rat model, in a manner said to be akin to
human MCNS.12 An intriguing question, taking into ac-
count our data on nephrin/actin localization, is whether
the podocyte damage because of PAN involves nephrin,
either directly, or indirectly via actin. Using PAN on cul-
tured podocytes, we found that PAN induces a cytoplas-
mic granular rearrangement of nephrin distribution that,
in early stages of disruption, correlated exactly with cy-
toplasmic actin redistribution, mimicking the actin depo-
lymerization effect seen with cytochalasin. Cell mem-
brane localization of nephrin was lost on both PAN and
cytochalasin-treated podocytes. This reinforces the inter-
dependence of actin and nephrin at the cell surface.

Patients with homozygous nephrin mutations display
foot process effacement,24 and the nephrin knockout
mouse has poorly developed podocyte foot processes.25

We believe that our data provide functional support for
these observations, in that nephrin interacts with the actin
cytoskeleton in mature foot processes. Far less is known
about either the distribution or potential role of podocin,
or indeed its behavior in acquired and experimental glo-
merular disease. Our data suggests it has a functional
synergy with nephrin and the actin cytoskeleton, which
needs to be explored further. Interestingly in our podocin
mutant cell line, which does not express podocin on
Western blot (Figure 2) or IF, nephrin and actin distribu-
tion appears intact (unpublished data).

In conclusion, the discovery of nephrin, podocin, and
CD2AP, and the generation of a cell line that expresses
these molecules, has opened up a window into understand-
ing podocyte-related diseases at the molecular level. We
have demonstrated in vitro a functional interrelationship be-
tween nephrin, podocin, CD2AP, and the podocyte cy-
toskeleton, with the implication that these proteins are inti-
mately involved in podocyte foot process formation via AFs.
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