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Actin dynamics determines podocyte morphology during
development and in response to podocyte injury and might
be necessary for maintaining normal podocyte morphology.
Because podocyte intercellular junction receptor Nephrin plays
a role in regulating actin dynamics, and given the described role
of cofilin in actin filament polymerization and severing, we
hypothesized that cofilin-1 activity is regulated by Nephrin and
is necessary in normal podocyte actin dynamics. Nephrin acti-
vation induced cofilin dephosphorylation via intermediaries
that include phosphatidylinositol 3-kinase, SSH1, 14-3-3, and
LIMK in a cell culturemodel. ThisNephrin-induced cofilin acti-
vation required a direct interaction between Nephrin and the
p85 subunit of phosphatidylinositol 3-kinase. In a similar fash-
ion, cofilin-1 dephosphorylation was observed in a rat model of
podocyte injury at a timewhen foot process spreading is initially
observed. To investigate the necessity of cofilin-1 in the glomer-
ulus, podocyte-specific Cfl1 null mice were generated. Cfl1 null
podocytes developed normally. However, these mice developed
persistent proteinuria by 3months of age, although they did not
exhibit foot process spreading until 8 months, when the rate of
urinary protein excretion becamemore exaggerated. In amouse
model of podocyte injury, protamine sulfate perfusion of the
Cfl1 mutant mouse induced a broadened and flattened foot
process morphology that was distinct from that observed fol-
lowing perfusion of control kidneys, and mutant podocytes did
not recover normal structure following additional perfusion
with heparin sulfate.We conclude that cofilin-1 is necessary for
maintenance of normal podocyte architecture and for actin
structural changes that occur during induction and recovery
from podocyte injury.

Glomerular visceral epithelial cells or podocytes play a cen-
tral role in maintaining the selective filtration barrier of the
kidney that prevents the passage of cellular elements and large
macromolecules from the blood into the urinary space. Podo-

cytes are unique cells with interdigitating foot-like actin-rich
processes that arise from their cell bodies and surround glo-
merular capillary walls. An ultrafiltrate of serum passes across
this specialized intercellular junction, also termed the slit dia-
phragm, formed at the interface of these interdigitating foot
processes.
There appears to be a direct relationship between the integ-

rity of the podocyte intercellular junction and the three-dimen-
sional architecture of the podocyte. When injured, podocytes
undergo a dramatic change in their morphology termed foot
process effacement that appears to result from incompletely
understood alterations in cytoskeletal and intercellular junc-
tional architecture. Foot process effacement is a dynamic and
reversible process that correlates with the development of pro-
teinuria both in human disease and in experimental models.
Recent investigations have demonstrated a functional relation-
ship between molecular components of the foot process inter-
cellular junction and actin dynamics. The importance of these
relationships is emphasized by human genetic mutations in
actin associated proteins that result in foot process effacement
and proteinuria (1–6).
Cofilin is a ubiquitous actin-binding protein that is essential

for actin filament elongation and remodeling. Cofilin activity
severs existing actin filaments, resulting in creation of new fil-
ament fragments with both barbed (�) and pointed ends (�).
Subsequently, rapid polymerization can occur at the newly cre-
ated barbed ends (7–9). Cofilin also disassembles actin mono-
mers from the pointed end (�) of the actin filament, which is
then recycled to the barbed end (10, 11). Given these functions,
cofilin is necessary for directed motility, cell division, and the
establishment of polarity in cultured cells (12–15). Phosphory-
lation of cofilin on serine 3 results in reduced actin binding and
depolymerizing activity. Several signal transduction pathways
that cause actin reorganization also induce rapid dephosphor-
ylation of cofilin (16–18). Phosphorylation of cofilin on its Ser3
residue is mediated by LIM kinases (LIMKs)2 (Lin-11/Isl-1/
Mec-3 kinases) LIMK1 or LIMK2 (19, 20) and by testicular
protein kinases (13, 21). Two phosphatases, slingshot (SSH)
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and chronophin, have been implicated in dephosphorylation of
the cofilin Ser3 residue, which activates cofilin (12, 22).

Nephrin is a transmembrane protein of the immunoglobulin
superfamily that is targeted to the podocyte intercellular junc-
tion. The absence or inherited mutation of Nephrin results in
proteinuria and abnormality of foot process development.
Engagement of the Nephrin extracellular domain results in Src
family kinase Fyn-dependent tyrosine phosphorylation of
the Nephrin cytoplasmic domain and subsequent recruit-
ment of Src homology 2 domain adaptor proteins, including
Nck1/2, phospholipase C�, and the p85 subunit of PI3K (23–
26). Nephrin-dependent signal transduction appears to reg-
ulate actin dynamics because Nephrin recruits components
of the actin polymerization complex, including Arp2/3 com-
plex and N-WASP, synaptopodin, ZO-1, IQGAP1, and
CD2ap (27–29), and Nephrin activation can induce actin
filament nucleation and elongation (23, 24).
During podocyte development, cuboidal cells send out pro-

cesses that ultimately interdigitate and form the specialized
podocyte intercellular junction. Presumably, podocyte process
formation requires a highly regulated dynamic of actin poly-
merization and remodeling. Similar events must also occur dur-
ing podocyte effacement and subsequent repair. Based on these
observations, we hypothesized that regulation of cofilin activity
might play an important role in podocyte development and
function.

EXPERIMENTAL PROCEDURES

Antibodies—Purified rabbit polyclonal antibodies against
Nephrin (30) and phospho-Nephrin (23) were described previ-
ously. Antibodies against cofilin, phosphocofilin, LIMK, and
phospho-LIMK1(Thr508) were obtained from Cell Signal.
CD16 (clone 3G8) antibody (Beckman Coulter), rhodamine-
conjugated goat anti-mouse IgG (Pierce), anti-SSH1 antibody
(Bethyl Laboratories), p85 (Cell Signaling), actin-depolymeriz-
ing factor (ADF), GST-horseradish peroxidase, and FLAG anti-
bodies (Sigma) were obtained commercially. 50A9 antibody
was a gift from K. Tryggvason (31). Phospho-SSH1 (phospho-
Ser978) antibody was prepared as reported previously (12, 32).
Cofilin-1 (ECM Bioscience), cofilin-2 (Upstate), anti-Myc, and
HA (Invitrogen) antibodies were also obtained commercially.
Plasmids—Plasmid encoding GFP-cofilin and LIMK was a

gift from Gary Bokoch (Scripps Research Institute, La Jolla,
CA), and plasmid encodingHA-14-3-3�was a gift fromB.Mar-
golis (University of Michigan, Ann Arbor, MI). Slingshot plas-
mids, including catalytic dead, single, and compound muta-
tions, were prepared as reported previously (12). Mammalian
plasmids encoding mouse Nephrin (30), Fyn (33), Fyn KD
(K295M), and human Nephrin (gift from K. Tryggvason) (31)
were described previously. The CD16-HA (containing an HA
tag) construct was a gift from B.Mayer (University of Connect-
icut) (34). Constructs encoding fusion protein consisting of
CD16 extracellular domain, CD7 transmembrane domain, and
Nephrin cytoplasmic domain and theirmutantswere generated
using PCR-based techniques and described previously (23, 35).
Restriction digestion and DNA sequencing were used to con-
firm all construct sequences. Slingshot was cloned into Ds-Red

plasmid (Clontech) using a standardPCRmethod andClontech
in-fusion technology.
Immunoprecipitation and Immunoblotting—Proteins were

extracted from plasma membranes in radioimmune precipita-
tion buffer (PBS containing 0.1% SDS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, and 100 mM potassium iodide). Endoge-
nous immunoprecipitation were performed by extracting
tissue in radioimmune precipitation buffer containing 0.1%
bovine serum albumin.
Cell Culture—Transient transfections were carried out in

human podocyte cells (gift fromMoin Saleem) (36) cultured in
RPMIwithGlutamax (Invitrogen) supplementedwith 10% fetal
bovine serum (Invitrogen) and 200 units/ml penicillin and
streptomycin (Roche Applied Science) along with ITS (insulin,
transferrin, and selenium) (Invitrogen). Transfections were
performed using Lipofectamine 2000 (Invitrogen) and electro-
poration using an Amaxa Nucleofactor II (Amaxa Biosystems)
as per the manufacturer’s directions. The maintenance of
HEK293 cells stably expressing human Nephrin was described
previously (23). The mouse podocyte immortalized cell line
(a gift from Karl Endlich) (37) has been described previously.
For 50A9 antibody studies, HEK293 cells stably expressing
human Nephrin were serum-starved for 30 min prior to treat-
ment with monoclonal antibody 50A9 (10 �g/ml) in complete
media and incubated for 30 min at 4 °C. Cells were washed and
treated with anti-mouse IgG (20 �g/ml) for 5 min at 37 °C and
lysed in radioimmune precipitation buffer. In experiments
using PI3K or phospholipase C inhibitors, cells were incubated
with 100 nM wortmannin, 10 �M LY294002, or 10 �M U73122
(Sigma) for 30min prior to clustering. The C2C12mouse myo-
blast cell line was obtained from ATCC.
Puromycin Aminonucleoside Nephrosis—Female Sprague-

Dawley rats weighing 200–250 g were injected with puromycin
aminonucleoside (Sigma) (10 mg/100 g) or PBS (vehicle) intra-
peritoneally. Rats were sacrificed, and glomeruli were isolated
using graded sieving as described previously (29).
Pull-down—Recombinant GST and His fusion proteins were

prepared and purified from BL21 Escherichia coli. Where
indicated, tyrosine-phosphorylated His-Nephrin cytoplasmic
domain (CD) was expressed in and purified from TKB1 E. coli
cells (Stratagene). Purified His tag proteins bound to Talon�
magnetic beads (Invitrogen) were incubated with purified GST
recombinant proteins where indicated. After washing with PBS
containing 0.1% Tween 20, 1 mM sodium orthovanadate, and 1
mM sodium fluoride, protein complexeswere eluted. Eluatewas
resolved by SDS-PAGE in replicates prior to immunoblotting
with the indicated antibodies.
CD16/CD7/Neph1 Chimera and Cofilin Recruitment Ex-

periments—Human podocyte cells were transfected with
CD16/CD7 chimeric constructs bearing HA, Nephrin CD, and
various mutants at the C-terminal end. Thirty hours following
transfection, RPMI medium was removed and replaced with
fresh medium containing 1 �g/ml CD16 antibody (clone 3G8,
Beckman Coulter). Cells were maintained on ice for 1 h. At this
point, cells were washed twice with PBS, 1 �g/ml rhodamine-
conjugated or unlabeled anti-mouse IgG (Pierce) was added to
the media, and incubation was continued at 37 °C for 30 min.
Cells for immunofluorescence were washed three times with
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PBS and fixed with cytoskeleton buffer. The composition of
cytoskeleton buffer stock was 10 mM MES, 138 mM KCl, 3 mM

MgCl2, 2mMEGTA, and sucrose to a final concentration of 0.32
M. On the day of use, 20% paraformaldehyde was added to
cytoskeleton buffer stock to achieve a final concentration of 4%.
Coverslips were mounted on glass slides using ProLong Gold
antifade reagent (Invitrogen). Samples were analyzed by fluo-
rescence confocal microscopy with anOlympus FV-500micro-
scope using a �100 oil immersion objective lens and Fluoview
software (version TIEMPO 4.3; Olympus). Images were pro-
cessed using Adobe Photoshop software. All images were
acquired at 1024 � 1024-pixel resolution.
Cofilin-1 floxMice—Cofilin-1 floxmice were a kind gift from

Walter Witke (EMBL, Italy) (14, 38). We bred the cofilin flox
Cfl1�E2/�E2 mouse with the podocin promoter-driven Cre
NPHS2-Cre�/�mouse described before (39, 40).Mice homozy-
gous for the flox allele having a Cre allele were used for the
experiments. Their littermates homozygous for the flox allele
but lacking the Cre allele were used as controls. All animal
experiments were approved by the University Committee on
the Use and Care of Animals Institutional Review Board at the
University of Michigan Medical School. The urine albumin/
creatinine ratio was determined from urine obtained in meta-
bolic cages by direct competitive enzyme-linked immunosor-
bent assay for urine albumin (Nephrat II, Exocell, Inc.) and Jaffé
reaction for urine creatinine (Creatinine Companion, Exocell,
Inc.). Mice were sacrificed, and kidneys were isolated. Sections
of the kidneyswere processed for electronmicroscopy, histopa-
thology, and immunofluorescence.
Mouse Kidney Perfusion—Perfusion of mouse kidneys with

protamine sulfate was carried out as described previously (23,
41). Briefly, 3-month-old Cfl1fl/fl (control) and littermate
Cfl1�E2/�E2 (null) mice were anesthetized with pentobarbital;
mouse core temperature was monitored with a rectal probe,
and animals were maintained at 37 °C throughout the proce-
dure using a heating pad apparatus. Kidneyswere perfusedwith
solutions maintained at 37 °C through the left ventricle at a
pressure of�70mmHg and an infusion rate of 10ml/min (42).
Perfusion was carried out with HBSS for 2 min, followed by
perfusion with protamine sulfate (2 mg/ml in HBSS; Sigma) for
15min. For effacement recovery, following perfusionwith prot-
amine sulfate, mice were perfused with heparin sulfate (800
�g/ml in HBSS; Sigma) for 15 min (41). Kidneys were fixed by
perfusion with 3% paraformaldehyde in PBS before further
processing for transmission electron microscopy or indirect
immunofluorescence microscopy. All animal experiments
were approved by the University Committee on the Use and

Care of Animals Institutional Review Board at the University of
Michigan Medical School. All work was conducted in accord
with the principles and procedures outlined in the National
Institutes of Health Guidelines for the Care and Use of Experi-
mental Animals.
Indirect Immunofluorescence Microscopy—Adult or new-

born mouse kidney was fixed in 4% paraformaldehyde and par-
affin-embedded. Sections (4 �m) were cut, deparaffinized in
xylene, and rehydrated through graded alcohols in H2O.
Epitope retrieval was achieved by heating sections at 98 °C for
2 h in Retrieve-All-1 (1�; Signet Laboratories Inc.). Sections
were cooled to room temperature for 10min, rinsed with water
for 1 min, placed in 1� PBS for 5 min, and made permeable by
incubating with 1% SDS in PBS for 10 min. Sections were
blocked for 20 min in 10% goat serum prior to overnight incu-
bation of primary antibodies at 4 °C. After three washes, sec-
ondary antibodies were added at room temperature for 60min.
Slides were washed and mounted with a coverslip using
ProLong Antifade mounting medium (Invitrogen). Immuno-
fluorescence images were obtained with a Leica DMIRB
inverted microscope and an RT slider digital camera (model
2.3.1; Diagnostic Instruments) and collected with SPOT soft-
ware (version 4.5; Diagnostic Instruments) and prepared for
presentation with Adobe Photoshop CS4.
Electron Microscopy—Preparation of samples for transmis-

sion electron microscopy was performed by standard methods
using pieces of diced kidney perfusion fixed in glutaraldehyde/
cacodylate buffer. After plastic embedding, 1-�msections were
cut and stained with toluidine blue. Selected samples contain-
ing glomeruli were thin-sectioned and examined by transmis-
sion and scanning electron microscopy (42). Twenty glomeruli
from each kidney were examined before representative images
were chosen.
SSH1 and CFL1 Stable Knockdown Podocyte Cell Line—We

generated human podocyte cell lines with stable knockdown of
SSH1 and cofilin-1 using four or more different prepackaged
lentivirus-based shRNA oligonucleotides from Sigma (Mission
shRNA Lentiviral Transduction Particles). The sequences of
the different shRNAs are shown in Table 1. Following infection
of human podocytes using Polybrene, cells with stable integra-
tion were selected using puromycin. Knockdown of protein
expression was confirmed by Western blot.
Podocyte Cell Count and Slit Diaphragm Frequency Analysis—

Podocyte cell count and slit diaphragm frequency analysis were
done as described previously byWiggins et al. (43, 44). In brief,
3-�m-thick kidney sections from control and Cfl1 null mice
were stained with monoclonal WT1 antibody (Santa Cruz

TABLE 1
shRNA sequence for knockdown of human slingshot and cofilin

shRNA Sequence

SSH1 shRNA 1 CCGGCGGCACACGTTCTAGCTCATTCTCGAGAATGAGCTAGAACGTGTGCCGTTTTT
SSH1 shRNA 2 CCGGCATCTTTATCTCGGCTCTGAACTCGAGTTCAGAGCCGAGATAAAGATGTTTTT
SSH1 shRNA 3 CCGGGCTGTCTGAGTATGAAGGCATCTCGAGATGCCTTCATACTCAGACAGCTTTTT
SSH1 shRNA 4 CCGGTGAGGATGAAACTGGCAGCTTCTCGAGAAGCTGCCAGTTTCATCCTCATTTTT
Cfl1 shRNA 1 CCGGCTATGAGACCAAGGAGAGCAACTCGAGTTGCTCTCCTTGGTCTCATAGTTTTT
Cfl1 shRNA 2 CCGGCTGACAGGGATCAAGCATGAACTCGAGTTCATGCTTGATCCCTGTCAGTTTTT
Cfl1 shRNA 3 CCGGGCCCTCTATGATGCAACCTATCTCGAGATAGGTTGCATCATAGAGGGCTTTTT
Cfl1 shRNA 4 CCGGCCAGATAAGGACTGCCGCTATCTCGAGATAGCGGCAGTCCTTATCTGGTTTTT
Cfl1 shRNA 5 CCGGCAAGCATGAATTGCAAGCAAACTCGAGTTTGCTTGCAATTCATGCTTGTTTTT
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Biotechnology, Inc., Santa Cruz, CA). Cy3-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories,West
Grove, PA) was used as a secondary antibody to fluorescently
label WT1 protein. Glomerular volume data were obtained
from 50 consecutive 3-�m glomerular cross-sections photo-
graphed (LeicaMicrosystems) at�20magnification by system-
atically moving from top to bottom in an “S” shape fashion, and
images were stored digitally for analysis. The area of every glo-
merular profile was measured manually by tracing the glomer-
ular outline on a computer screen and calculating the area by
computerized morphometry with the Metamorph Image Sys-
tem (Metamorph, Universal Imaging, Downington, PA). The
average glomerular tuft volume was calculated using the Wei-
bel formula as described previously (45), representing themean
value determined from 50 consecutive glomerular tuft cross-
sections. WT1-positive nuclei were identified by immunofluo-
rescence staining. The estimate of the average number of podo-
cytes per glomerulus was determined by the stereological
method of particle density proposed by Weibel (45, 46).
To assess slit frequency quantitatively, transmission electron

micrographs of kidneys from Cfl1fl/fl (control) and Cfl1�E2/�E2

(null) were used. The number of intercellular junctions per
5-�m length of GBM was counted using the ImageJ software
(National Institutes of Health) in regions adjacent to the uri-
nary space.

RESULTS

Nephrin Interacts with Cofilin-1 in Podocytes—Cofilin exists
in three isoforms in eukaryotes named cofilin-1 (also called
cofilin-n), cofilin-2 (cofilin-m), and ADF; cofilin-1 is predomi-
nantly expressed in non-muscle cells, and cofilin-2 is expressed
in muscle cells. In initial experiments, we observed that cofi-
lin-1 and ADF but not cofilin-2 are expressed in cultured
human and mouse podocytes (Fig. 1A). Because Nephrin acti-
vation has been implicated in regulating actin dynamics, the
interaction of endogenous cofilin-1 and Nephrin was investi-
gated by co-immunoprecipitation from rat isolated glomerular
lysate. Cofilin co-immunoprecipitated readily with Nephrin
under the conditions described (Fig. 1B). This interaction
appeared to be indirect because an interaction between Neph-
rin and cofilin-1 protein was not observed when these purified
recombinant proteins were combined in vitro and co-immuno-
precipitated (data not shown).
Nephrin Engagement Results in Cofilin-1 Dephosphorylation—

We hypothesized that Nephrin engagement would result in
cofilin-1 activation. As described previously (Fig. 1C), a series of
chimeric protein expression constructs were created in which a
CD16 extracellular domain and a CD7 transmembrane domain
were coupled to either the Nephrin cytoplasmic domain
(CD16-Nephrin) or to mutant Nephrin cytoplasmic domains
(20, 39). These fusion proteins were expressed in a human
podocyte cell line. After the addition of mouse anti-CD16 anti-
body and a secondary anti-mouse IgG antibody to the culture
medium of live cells, “clustering” of CD16/CD7 fusion proteins
on the plasma membrane was readily visualized (Fig. 1D; addi-
tional control data not shown). To test the possibility that clus-
tering of theNephrin cytoplasmic domain results in the recruit-
ment of cofilin-1, human podocytes were co-transfected with

plasmid encoding CD16-Nephrin and cofilin-1-GFP and were
examined by immunofluorescence confocal microscopy. In the
presence of aggregating antibody, cofilin-1-GFP co-localized at
the plasmamembrane in clusterswithCD16-Nephrin (Fig. 1D).
Simultaneously, we observed marked cofilin Ser3 dephosphor-
ylation by 30 min following the addition of clustering antibody
(Fig. 2A). By an alternative approach, HEK293 cells stably
expressing full-length human Nephrin were transfected with
cofilin-1-GFP. An activating anti-humanNephrin extracellular
domain monoclonal antibody (50A9) (31) or control antibody
was added to culturemedium prior to cell lysis. In co-immuno-
precipitation experiments, Nephrin and cofilin-1-GFP inter-
acted independently of the addition of 50A9 antibody. Like the
results obtained after clustering CD16-Nephrin, cofilin-1(Ser3)
phosphorylation was decreased when Nephrin was activated
using 50A9 antibody (Fig. 1E). These observations provided
preliminary evidence that Nephrin engagement might partici-
pate in regulating cofilin-1 activity and actin remodeling
because dephosphorylation of cofilin Ser3 correlates with
increased cofilin-dependent actin depolymerizing activity.
To examine this phenomenon in an in vivo model, cofilin

Ser3 phosphorylation was examined in the puromycin amino-
nucleoside (PAN) ratmodel of podocyte injury, amodel that we
have characterized previously (35). Three days after injury
induction, cofilin Ser3 phosphorylation was remarkably atten-
uated in glomerular lysates obtained from rats treated with
PAN compared with control (Fig. 1F), suggesting that cofilin-1
is activated in response to glomerular injury.
Nephrin Interacts with PI3K—The signaling mechanism by

which cofilin is activated by other plasma membrane receptors
is complex and has been described (12, 25, 47). We examined
whetherNephrin-induced cofilin dephosphorylation employs a
signaling mechanism similar to that employed in these systems
where cofilin dephosphorylation is dependent on the activity of
the cofilin phosphatase Slingshot, the activity of an unknown
Slingshot phosphatase, and PI3K activity. Because others have
shown that Nephrin interacts (at least indirectly) with the p85
regulatory subunit of PI3K (26), we employed the CD16-Neph-
rin model described above to examine whether Nephrin-in-
duced cofilin dephosphorylation is PI3K-requiring. In this
model, CD16-Nephrin activation-induced cofilin dephosphor-
ylation was PI3K-dependent because the addition of PI3K
inhibitors blocked Nephrin activation-induced cofilin Ser3
dephosphorylation (Fig. 2A).
The direct interaction of Nephrin with p85 was confirmed in

vitro using purified recombinant proteins (Fig. 2B). To obtain
tyrosine-phosphorylated Nephrin, His-tagged Nephrin was
expressed in TKB1 E. coli containing a tyrosine kinase that pro-
miscuously catalyzes the phosphorylation of tyrosine residues
on the expressed protein or in BL21 E. coli that do not contain
this kinase activity. Purified phosphorylated or unphosphory-
lated His-tagged Nephrin was mixed with GST-p85. Nephrin
and p85 co-immunoprecipitated only when Nephrin was tyro-
sine-phosphorylated in this system. The interactions with
Nephrin of several Src homology 2 domain-containing adaptor
proteins were found previously to be Fyn-requiring (Nck (23,
24), Crk (25), and phospholipase � (25)). Therefore, it was not
surprising that ectopic expression of Fyn augmented the
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affinity of the interaction between Nephrin and p85 when
Nephrin and p85 were co-expressed with Fyn in human
podocyte cell culture, recapitulating earlier published results
(Fig. 2C) (26).
Mouse Nephrin cytoplasmic domain residues Tyr2 and Tyr3

(see Table 2) were previously reported to be necessary for the
Nephrin-p85 PI3K interaction (26). In initial experiments using
CD16 Nephrin chimeras with Tyr2 and Tyr3 single and com-
pound mutations, we were unable to completely abrogate cofi-
lin dephosphorylation on clustering. This suggested the possi-
bility that additional tyrosine residues might be involved in

mediating the Nephrin-PI3K interaction. To re-examine the
Nephrin motifs involved in this interaction, 11–18-mer oli-
gopeptides were synthesized encompassing each tyrosine resi-
due within the Nephrin cytoplasmic domain and in which the
tyrosine residue was either phosphorylated or not phosphory-
lated (Sigma Genosys PEPScreen�) (Table 2). Using these pep-
tides, an overlay experiment was performed to examine the
affinity of p85 PI3K for these peptides. Under these conditions,
we observed binding of GST-p85 to the peptide spanning the
Nephrin Tyr1 (see Table 2) residue and to the previously
described Tyr2 residue (Fig. 3A).

FIGURE 1. Cofilin-1 is expressed in podocytes and interacts with Nephrin. A, expression of cofilin and its isoforms in cultured podocytes. Cell lysates from
human and mouse podocyte immortalized cell lines were blotted with cofilin-1, cofilin-2, and ADF isoform-specific antibodies. Lysate from myoblast cell line
was used as a positive control for cofilin-2. B, Nephrin and cofilin associate in vivo. Co-immunoprecipitation experiments performed on mouse glomerular
lysate using antibodies against Nephrin and cofilin. C, schematic showing the CD16 clustering system. Chimeras with CD16 extracellular domain, CD7
transmembrane domain, and Nephrin cytosplasmic domain are clustered by the addition of anti-CD16 antibody and subsequently anti-mouse IgG, resulting
in phosphorylation of Nephrin tyrosine residues. D, cofilin is recruited to the CD16/CD7/Nephrin CD cluster at the plasma membrane. Human podocytes
expressing indicated CD16/CD7 chimeric proteins (red) and GFP-cofilin (green) were treated with anti-CD16 antibody (primary) and rhodamine-conjugated
anti-IgG antibody (secondary) and then fixed and examined by confocal microscopy. CD16-HA represents a CD16/7 chimera in which the Nephrin cytoplasmic
domain is replaced by an HA tag and serves as control. Data are representative of three separate experiments. Magnification was �600. E, HEK293 cells
expressing full-length human Nephrin and GFP-cofilin-1 were treated with 50A9 anti-Nephrin antibody followed by anti-mouse IgG. Lysates were immuno-
precipitated with anti-Nephrin antibody and immunoblotted for phosphocofilin(phospho-Ser3). F, serine 3 phosphorylation of cofilin is attenuated in the
PAN-induced podocyte injury model. Glomerular lysates from rats injected with PBS (control) or PAN were lysed and immunoblotted as shown. Immortalized
human podocyte cell lysate were immunoblotted for the presence of cofilin and phosphocofilin as control. WB, Western blot; IP, immunoprecipitation; PI,
preimmune serum.
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Nephrin Engagement Results in Slingshot and LIMK1
Dephosphosphorylation—The phosphatases SSH and chro-
nophin dephosphorylate and activate cofilin. In a proximal
event described previously, 14-3-3 appears to regulate SSH
activity by binding SSH1 when SSH1 is phosphorylated on res-
idues Ser937/Ser978 (12, 32). Dephosphorylation of the Ser978
residue decreases the affinity of 14-3-3 for SSH1, resulting in
the release of SSH, SSH translocation to the leading edge, and
SSH activation. We examined whether Nephrin activation
would induce similar changes (Fig. 3). In preparation for this
set of experiments, cultured human podocytes were stably
depleted of SSH1 by RNA interference (SSH1kd). Optimal
knockdown of SSH1 was obtained using shRNA (clone 1) (Fig.
3B) containing a sequence identical to one found in the 3�-un-
translated region of the SSH1 gene. In rescue experiments, wild
type SSH1 was expressed in SSH1kd cells by transient transfec-
tion. In this system, CD16-Nephrin clustering induced SSH1
Ser978 dephosphorylation, an event that requiredNephrin tyro-
sine residues Tyr1 and Tyr2 (Fig. 3C), implying that Nephrin-
induced PI3K activation is necessary for SSH1 dephosphory-
lation. That application of PI3K inhibitor wortmannin and
LY294002 also inhibited SSH1dephosphorylation in thismodel
is consistent with this observation. As anticipated, Nephrin
activation also induced decreased affinity of SSH1 and 14-3-3 in
this system, an effect that was attenuated when Nephrin (Y2F/
Y3F) was introduced (Fig. 3D). This systemwas also used to test
the necessity of SSH1 in Nephrin activation-induced cofilin
dephosphorylation and the necessity of phosphorylation of
SSH1 (Ser937, Ser978) in this process. Nephrin-activated
dephosphorylation of cofilin was observed when SSH1kd cells
were rescued with wild type SSH1 or SSH1 (S937A/S978A)
mutants (SSH1(2SA)) (Fig. 3E). Nephrin activation did not
result in cofilin dephosphorylation when SSH1(CS) (a phos-
phatase-dead mutant with a cysteine to serine mutation in its
catalytic pocket) was substituted for wild type SSH1. These
results are consistent with the observation that Nephrin activa-
tion-induced cofilin dephosphorylation requires SSH1 and
Ser978.

FIGURE 2. Nephrin interacts with the p85 subunit of PI3K. A, Nephrin-me-
diated cofilin Ser3 dephosphorylation is abrogated by PI3K inhibitors. Human
podocytes expressing indicated CD16-Nephrin cytoplasmic domain (CD16-
NCD) or CD16-Neph1 cytoplasmic domain (CD16-Neph1) plasmids were
pretreated with LY294002 and wortmannin before chimeric proteins were clus-
tered and activated with anti-CD16 antibody and secondary antibody. CD16-
NCD plasmids with the indicated tyrosine to phenylalanine mutations were
used as controls because mutations at these sites were shown previously to
interact with Src homology 2 domain adaptor proteins other than the p85
subunit of PI3K. Lysates from the experiment were divided into two equal
samples and loaded on two separate gels. B, direct interaction between
Nephrin and PI3K p85 subunit. Purified recombinant His-Nephrin cytoplasmic
domain expressed in BL21 or TKB1 E. coli and GST-p85 were mixed and pulled
down using cobalt-conjugated magnetic beads (Talon�, Invitrogen) and then

immunoblotted with anti-p85 antibody. Control immunoblots demonstrate
the presence of recombinant Nephrin, GST, and GST-p85. C, Nephrin interacts
with p85 only in the presence of Fyn. Human podocytes expressing the indi-
cated plasmids were lysed and immunoprecipitated with FLAG antibody and
then blotted with Nephrin antibody. Lysates were also blotted to detect
expression of Nephrin or FLAG-p85. Kinase-dead Fyn (Fyn KD) was used as a
negative control. WB, Western blot; IP, immunoprecipitation; p-cofilin, phos-
phocofilin. Data are representative of four experiments.

TABLE 2
Tyrosine residues of mouse nephrin cytosplamsic domain

Residue Sequence Alternate tyrosine
number used throughout

Tyr1128 YEES Tyr1
Tyr1153 YYSN Tyr2
Tyr1154 YYSN Tyr3
Tyr1172 YRQA Tyr4
Tyr1191 YDEV Tyr5
Tyr1198 YGPP Tyr6
Tyr1208 YDEV Tyr7
Tyr1216 YDLR Tyr8
Tyr1225 YEDP Tyr9
Tyr1232 YQDV Tyr10
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FIGURE 3. Nephrin mediates cofilin dephosphorylation in a manner dependent on PI3K and Slingshot1. A, GST-p85 overlay. Arrayed Nephrin oligopeptides
synthesized with and without phosphorylated tyrosines were incubated with GST-p85 and then probed with horseradish peroxidase-conjugated anti-GST antibody.
B, stable knockdown of SSH1. Human podocyte cell lines were produced in which four different small hairpin RNAs were stably expressed; cells incorporating shRNA
1 (SSH1kd) were selected for additional studies. Western blot analysis examining SSH1 expression is shown. C, Nephrin ligation results in SSH1 dephosphorylation on
its Ser978 residue. Human podocyte SSH1kd cells expressing Myc-SSH1 were co-transfected with plasmids encoding the indicated CD16-chimeric proteins. Where
indicated, cells were pretreated with PI3K inhibitors LY294002 (lane 4) or wortmannin (lane 5). Phospholipase C inhibitor U73122 (lane 3) was used as a positive control
because phospholipase activity is necessary for release of activated cofilin from a plasma membrane sequestered pool. Except where indicated, cells were treated with
anti-CD16 antibody and anti-mouse IgG secondary antibody. Cell lysates were immunoprecipitated with Myc antibody and blotted with phospho-Ser978-specific
antibody. Lysates from the experiment were divided into two equal samples and loaded on two separate gels. D, Nephrin clustering abrogates association between
SSH1 and 14-3-3. Human podocytes expressing HA-tagged 14-3-3� were co-transfected with the indicated plasmids encoding CD16-Nephrin or its tyrosine mutants
or CD16-HA, and cells were treated as indicated with clustering antibody. CD16-HA represents a CD16/7 chimera in which the Nephrin cytoplasmic domain is replaced
by an HA tag and serves as control. Cell lysates were immunoprecipitated using SSH1 antibody and blotted with indicated antibodies. E, Nephrin mediates cofilin Ser3

dephosphorylation via PI3K and SSH1. Human podocyte SSH1kd cells expressing the indicated proteins were clustered using the CD16 antibody. Lysates were resolved
using SDS-PAGE and blotted with indicated antibodies. SSH1(CS), phosphatase-dead mutant; SSH1(2SA), SSH1(S937A/S978A); wt, wild type SSH1. F, Nephrin-mediated
SSH1 activation results in simultaneous LIMK1 dephosphorylation. SSH1kd cells expressing the indicated plasmids were clustered using the anti-CD16 antibody. Cell
lysates were examined by Western blotting using the indicated antibodies. IP, immunoprecipitation; WB, Western blot; WT, wild type. Data are representative of three
separate experiments.
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An antagonist to the role of SSH1 in dephosphorylating and
activating cofilin, LIMK inactivates cofilin catalytic activity by
phosphorylating cofilin on Ser3 (9). In keeping with the func-
tional relationship between SSH1 and LIMK, activation of
SSH1 also results in LIMK inactivation by dephosphorylation of
LIMK(Thr508) (48). Consistent with this previous observation,
we observed that SSH1 is necessary for LIMK dephosphory-
lation upon Nephrin clustering (Fig. 3F).
Cofilin Knockdown Results in Longer Actin Tails—We

hypothesized that Nephrin-induced actin polymerization
would be altered in the absence of cofilin-1 because cofilin is
necessary for actin depolymerization. A human podocyte cell

line was prepared in which cofilin-1 was stably knocked down
using lentivirus encoding shRNA (Fig. 4A). This cell line was
transfected with CD16-Nephrin chimera and GFP-actin. Upon
Nephrin activation, we observed exceptionally elongated actin
tails in cofilin knockdown cells when compared with control
(Fig. 4B). In cofilin knockdown cells, almost 70% of cells exhib-
ited actin tails longer than 5 �m compared with less than 5% in
control (p � 0.001) (Fig. 4C). Similarly, long actin tails were
observed in cells expressing a CD16-Nephrin chimera with
Y1F/Y2F/Y3F mutations that does not interact with p85 PI3K
but retains the ability to induce actin filaments upon clustering.
This phenotype was rescued upon expression of rat cofilin with
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FIGURE 4. Cofilin knockdown results in longer actin tails. A, stable knockdown of cofilin-1. Human podocyte cell lines were produced in which five different
small hairpin RNA oligonucleotides were stably expressed; cells incorporating shRNA (Cfl1kd) were selected for additional study. After protein estimation,
lysates were blotted for cofilin and ADF on two separate gels. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and actin were used as loading controls
for cofilin and ADF, respectively. B, human podocytes expressing the indicated plasmids were clustered as described and examined using confocal microscopy.
The arrows indicate actin tails. Cells in the top panel were not treated with the secondary antibody. The rest of the panels show cells treated with both the
primary anti-CD16 antibody and the anti-mouse IgG secondary antibody. C, percentage of cells with identifiable actin tails longer than 5 �m (p � 0.001). Cfl1KD,
podocytes with stable knockdown using clone 5. As a control (Con), podocytes with infected with shRNA 3 was used. Image J software (National Institutes of
Health) was used to determine the length of tail. Approximately 100 cells were analyzed in each condition. Data are representative of five separate experiments.
Error bars, S.E.
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sequence dissimilarity to human cofilin. These results are rem-
iniscent of results obtained previously by Mitchison and co-
workers (49), who observed elongated actin filaments formed in
Xenopus extract mixed with G-actin monomers and Listeria
following immunodepletion of XAC (Xenopus ADF/cofilin).
Taken together, these observations suggest a role for cofilin in
Nephrin-mediated actin dynamics in podocytes.
Podocyte-specific Deletion of Cfl1 Results in Delayed Albumi-

nuria and Podocyte Foot Process Spreading—To examine the
function of cofilin-1 in true podocytes in vivo, we selectively
deleted Cfl1 from podocytes in the mouse. Using a Cre recom-
binase transgene driven by a podocyte-specific podocin pro-
moter (39), exon 2was deleted fromCfl1 (Fig. 5A). Selective loss
of cofilin-1 protein in podocytes was confirmed in kidney sec-
tions stained for cofilin and synaptopodin and imaged by fluo-
rescence microscopy (Fig. 5B). The distribution of Cfl1 geno-
types obtained at 3 weeks postgestation from Cfl1f/f � Cfl1f/�;
pod-creTg/� crosses occurred at the expected Mendelian
frequency. Mutant animals had a reduced life span with a
median age at death of 9 months, when they exhibited large
ascites and a scruffed appearance. At 1 month postgestation,
mutant kidneyswere not grossly different fromcontrol kidneys,
and histology at this age was normal as assessed by scanning
(Fig. 6A), transmission electron microscopy (Fig. 6B), and light
microscopy (Fig. 6D). In particular, podocyte morphology in
null kidneys examined at birth was normal. At 2 months post-
gestation, the mean urine albumin/creatinine ratio in mutant
mice was not statistically different from control. Subsequently,
mice deleted of Cfl1 in podocytes developed increased albumi-
nuria (Fig. 5,C andD). The rate of proteinuria acceleratedmod-
estly until 6 months and accelerated more rapidly thereafter.
Although proteinuria was observed by 3 months in null mice,
no alteration in podocyte morphology was detected by scan-
ning EM at this time point. Indeed, discernable foot process
spreading was not observed until 6months, when the increased
urinary albumin excretion rate was more exaggerated. These
observations were corroborated using transmission electron
microscopy to evaluate podocyte intercellular junction fre-
quency (Fig. 6C). Alteration in podocyte density relative to wild
type control was not observed at 3, 6, and 9 months (data not
shown). No increase in scarring or inflammatory cell infiltrate
in the interstitium was observed at 9 months in null mice (Fig.
6D). By 6 months of age, the mutant mice developed renal dys-
function as indicated by a rise in creatinine (Fig. 6E) when com-
pared with control although there was no evidence of glomer-
ular or interstitial scarring. These results suggested that
cofilin-1 is necessary for the maintenance of podocyte mor-
phology postgestation.
Given the known function of cofilin in cell motility, its role in

early developmental events, and its signaling relationship with
Nephrin, the observation thatCfl1 null podocytes goes through
normal morphogenesis was unanticipated. Because ADF is also
expressed in podocytes and might complement cofilin-1 func-
tion, we examined the abundance of ADF protein in isolated
glomeruli of Cfl1mutant mice. ADF abundance was increased
in newborn Cfl1mutants relative to wild type control (Fig. 5E).
Remarkably, ADF expression in mutants decreased with age.
That albuminuria increased concomitantly with this decrease

in ADF abundance suggested the hypothesis that increased
ADF abundance transiently functionally complements deletion
of cofilin-1 in mutant podocytes.
Cofilin-1 Is Necessary for Restoration of PodocyteMorphology

following Injury—We hypothesized that cofilin-1 is necessary
for foot process spreading in response to podocyte injury or
that cofilin-1 is required for restoration of normal podocyte
architecture during podocyte recovery. The protamine sulfate-
heparin sulfate model was employed to investigate this hypoth-
esis (50). In this model, perfusion of mouse kidneys with prot-
amine sulfate results in foot process spreading, whereas
subsequent perfusion with heparin sulfate results largely in res-
toration of normal podocyte morphology. Three-month-old
littermates were chosen for study because at this age, mutant
podocytes retained normal morphology. As anticipated, wild
type podocyte foot processes exhibited lateral spreading follow-
ing protamine sulfate perfusion and recovered normal mor-
phology following additional perfusion with heparin sulfate
(data not shown). Following 15-min protamine sulfate perfu-
sion of Cfl1 mutants, the podocyte foot processes exhibited a
broadened and flattened morphology that was distinct from
that observed following protamine perfusion of the wild type
kidney (Fig. 7). In addition, protamine sulfate-treated mutant
podocytes reproducibly (n � 5 of 5 experiments) developed
long fine processes that projected fromprimary, secondary, and
tertiary processes analogous to observations made in cell cul-
ture reported above. Furthermore, Cfl1 mutant podocytes did
not recover normal morphology following subsequent infusion
of heparin sulfate. These observations are consistent with the
conclusion that cofilin-1 is necessary for the typical response of
podocyte cytoskeletal dynamics to podocyte perturbation with
protamine sulfate.

DISCUSSION

The activated Nephrin-Neph1 receptor complex can induce
actin filament nucleation and elongation at the plasma mem-
brane by recruiting an actin polymerization complex in a tyro-
sine phosphorylation-dependent manner (23, 24, 35). Because
this receptor complex is targeted to the podocyte intercellular
junction during process development and because genetic dele-
tion of Nephrin or Neph1 results in abnormal but not complete
failure of podocyte process development, we hypothesize that
beyond merely inducing actin polymerization, Nephrin and
Neph1 participate in regulating actin architectural dynamics.
In approaching this hypothesis, we reasoned that Nephrin
might regulate enzymes involved in actin cytoskeletal remod-
eling during podocyte process development or duringmorpho-
logical changes that occur following podocyte injury or recov-
ery (50–52). Consistent with this hypothesis, we report here
that in cell culture, Nephrin activates the actin filament-sever-
ing enzyme cofilin via a PI3K-, SSH1-, 14-3-3-, and LIMK-de-
pendentmechanism.Our additional observations that cofilin is
activated following podocyte injury in a ratmodel, that cofilin is
necessary for the typical morphological changes that occur fol-
lowing podocyte injury and during podocyte recovery, and that
cofilin is necessary for maintaining podocyte structure with
aging all support the conclusion that cofilin is a necessary com-
ponent of the mechanisms that govern podocyte cytoskeletal
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FIGURE 5. Selective deletion of cofilin-1 in mouse podocyte. A, cofilin-flox mice with loxP sites flanking exon 2 were bred with NPHS2-Cre mice to generate
conditional knockdown of cofilin-1 in podocytes. B, double immunofluorescence of mouse kidney section. Paraffin-embedded mouse kidney sections from Cfl1�/�

and Cfl1�/� mice were double-stained with cofilin-1 (red) and synaptopodin (green), showing podocyte specific deletion of Cfl1. Nuclei were stained with 4�,6-
diamidino-2-phenylindole (DAPI). Rows 2 and 4 show higher magnification of the area in the white square. C, urine protein. Urine was collected from the same mouse
for the indicated times. The indicated concentrations of bovine serum albumin (BSA) were run as a quantitative measure. One microliter of urine was run in each lane.
Gel was stained using SimplyBlueTM Safe Stain. Data from four different Cfl1�/� and Cfl�/� mice are shown. D, urine protein/creatinine ratio of Cfl�/� and Cfl�/� mice
indicating the appearance of proteinuria by 3 months of age in Cfl�/� mice. E, ADF and cofilin expression in glomerular lysates for Cfl1�/� and Cfl�/� mice. Glomerular
lysates from mouse kidneys were obtained at the indicated time points. Lysates were loaded equally after protein estimation. WB, Western blot. Error bars, S.E.
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FIGURE 6. Podocyte-specific Cfl1�/� mice develop foot process spreading by 8 months of age. A, scanning EM of mouse kidney sections at the indicated
postnatal age. There is evidence of foot process spreading by 8 months of age. There is evidence of fine finger-like projections from the podocyte cell bodies
and processes at 6 months of age. B, transmission EM of Cfl1�/� and Cfl�/� mice at 9 months. C, slit diaphragm frequency in wild type and Cfl�/� mice at the
indicated ages. D, histologically, hematoxylin and eosin staining of kidney sections from Cfl1�/� and Cfl�/� mice show no evidence of scarring even at 9 months
of age, when the mouse are significantly proteinuric. E, serum creatinine concentration in mutant mice compared with control. NS, not significant. Error bars,
S.E.
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dynamics. Taken together, these results augment accumulating
evidence thatNephrin participates in regulating actin dynamics
in podocyte health and disease and suggest that this function is
mediated in part via cofilin.
Wewere surprised to observe normal podocyte development

in mouse podocytes deleted of cofilin, given the known func-
tions of cofilin in determining actin cytoskeletal dynamics and
cell polarity. Although this result suggests that cofilin is not
necessary during podocyte morphogenesis, we cannot exclude
the possibility that the obtained normal phenotype is due to an
artifact of the experimental approach or to functional genetic
complementation. Expression of Cre recombinase from the
podocin promoter and DNA recombination takes place during
the glomerular early capillary loop stage (39); ultimately, the
loss of targeted protein expression following recombination
depends on protein stability. Because deletion of some genes in
floxedmice expressing the podocin-Cre transgene results in an
abnormal podocyte developmental phenotype, it is not suffi-
cient to explain the absence of a null phenotype in our experi-
ments by delayed homologous recombination. Rather, loss of
cofilin protein in mutant podocytes after the completion of ini-

tial cofilin-dependent developmental eventsmight explain nor-
mal podocyte development if cofilin protein is relatively stable
in this setting. Alternatively, we cannot discount the possibility
that loss of cofilin in this model is complemented functionally
by ADF. In their initial description of cofilin-1-deleted mice,
Gurniak et al. (38) observed a severalfold increase in ADF pro-
tein abundance in embryonic tissue obtained from Cfl1�/�

embryos relative to control. Consistent with that result, we
noted increased abundance of ADF protein in podocyte-spe-
cific Cfl1�/� glomerular lysates. ADF abundance in null mice
subsequently decreased to basal levels with aging, and it is note-
worthy that this decline in ADF correlated with the onset of
proteinuria at 3 months. Determination of whether this obser-
vation predicts that ADF functionally complements cofilin loss
in this model will require additional study.
Delayed appearance of proteinuria and foot process efface-

ment has been reported in patients with inherited mutations in
actin-associated proteins ACTN4, CD2ap, and INF2 (2, 4, 5).
Like these human disease phenotypes, podocyte-specific cofilin
null mice developed delayed onset proteinuria and changes in
podocyte morphology. It is not clear whymutations in proteins
that have been implicated in regulation of actin dynamics in cell
culture models should result in a delayed glomerular pheno-
type. Perhaps these results suggest that mature podocyte foot
processes are dynamic structures requiring changes in actin
cytoskeleton tomaintain healthymorphology, or perhaps these
mutations result in early podocyte senescence. Podocyte loss
beyond a yet undefined critical mass has been implicated as a
precursor to development of scarring and proteinuria in rodent
models of podocyte injury (43, 53). As Cfl1 null mice aged, no
difference in podocyte count per glomerulus was observed
when cofilin null and wild type mice were compared, and
mutant kidneys did not develop segmental sclerosis. Therefore,
it is difficult to implicate early podocyte senescence and loss in
the delayed phenotype observed here.
Podocyte morphology changes dramatically in response

to podocyte protamine sulfate perfusion of the kidney; thereafter,
podocyte shape is normalized by further perfusionwith heparin
sulfate. The observation that deletion of cofilin in podocytes
perturbs these alterationswas anticipated, indicating the neces-
sity of cofilin during actin remodeling that presumably accom-
panies podocyte effacement. In addition to perturbing the abil-
ity of the podocyte to spread and recover following injury,
protamine sulfate-perfused cofilin null podocytes developed
unusual long fine processes projecting from primary, second-
ary, and tertiary processes. These changes might be described
by the clinical renal pathologist as exaggerated “pseudovillous
transformation” and are reminiscent of the exceptionally long
actin tails observed in our cell culture experiments in which
CD16-Nephrin was aggregated in cofilin-depleted podocytes.
Both results in cell culture and results in the null mouse model
are consistentwith previous in vitro observations inwhich actin
filament formation was dramatically elongated when Xenopus
extract mixed with G-actin monomers and Listeria monocyto-
genes was depleted of XAC (49). Because cofilin promotes
Arp2/3-mediated branching and formation of a broad lamelli-
podia-like leading edge by severing actin filaments into smaller
fragments, it is possible that attenuation of this function in
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podocytes depleted of cofilin promotes instead a filopodia-
like structure created by actin filament elongation without
branching.
Our observations also add to evidence suggesting that Neph-

rin plays an important role in regulating podocyte morphology
by integratingmultiple distinct signaling events that contribute
to defining cytoskeletal architecture and dynamics. In addition
to signaling via its interaction with the p85 subunit of PI3K to
regulate cofilin-1 activity, Nephrin can signal via Nck- and
phospholipase �-dependent and potentially additional path-
ways to determine actin dynamics (23–25). Whether phos-
photyrosine-dependent recruitment of these adaptor proteins
and their associated protein complexes occurs simultaneously
or whether these signaling events occur independently within
specific functional contexts remains to be examined. Neverthe-
less, it is reasonable to speculate that multiple signaling path-
ways that either are induced by Nephrin-Neph1 activation or
are activated concomitantly by other plasma membrane recep-
tors are integrated to determine the unique morphology of the
podocyte.
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