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While the mechanisms that regulate actin dynamics in cellular motility are intensively studied, relatively
little is known about signaling events that transmit outside-in signals and direct assembly and regulation of
actin polymerization complexes at the cell membrane. The kidney podocyte provides a unique model for
investigating these mechanisms since deletion of Nephrin or Neph1, two interacting components of the
specialized podocyte intercellular junction, results in abnormal podocyte morphogenesis and junction forma-
tion. We provide evidence that extends the existing model by which the Nephrin-Neph1 complex transduces
phosphorylation-mediated signals that assemble an actin polymerization complex at the podocyte intercellular
junction. Upon engagement, Neph1 is phosphorylated on specific tyrosine residues by Fyn, which results in the
recruitment of Grb2, an event that is necessary for Neph1-induced actin polymerization at the plasma
membrane. Importantly, Neph1 and Nephrin directly interact and, by juxtaposing Grb2 and Nck1/2 at the
membrane following complex activation, cooperate to augment the efficiency of actin polymerization. These
data provide evidence for a mechanism reminiscent of that employed by vaccinia virus and other pathogens,
by which a signaling complex transduces an outside-in signal that results in actin filament polymerization at
the plasma membrane.

Precisely regulated actin polymerization provides the motive
force necessary for intercellular junction formation and con-
tributes to defining the shape and polarity of the cell. Similarly,
directed actin polymerization proximate to the leading edge of
the plasma membrane drives cell motility and is required in the
complicated dynamics of lamellipodia, filopodia, and other
specialized membrane structures including invadopodia and
podosomes (6). While substantial progress has been made in
understanding the cellular and molecular mechanisms that de-
termine actin dynamics in these model systems (32), less is
known about membrane-based proximal signaling events that
transmit outside-in signals and direct assembly and regulation
of actin polymerization complexes at these sites.

Kidney glomerular visceral epithelial cells or podocytes are
necessary for maintaining the glomerular filtration barrier (re-
viewed in reference 20). When mature, these cells have a
unique octopus-like structure comprised of a central cell body
that gives off branching primary, secondary, and tertiary pro-
cesses. The tertiary processes or “foot processes” attach the
podocyte to the glomerular capillary basement membrane,
where they surround the glomerular capillary and where they
interdigitate to form a specialized intercellular junction called
the “slit diaphragm.” Here foot processes provide a necessary
element of the permeability-selective glomerular filter, allow-
ing passage of water, solutes, and other small macromolecules

from the capillary lumen to the urinary space while restricting
the flux of cells and larger macromolecules.

The podocyte provides a unique model for investigating the
molecular mechanisms that integrate actin dynamics and in-
tercellular junction formation. The morphology of mature
podocyte foot processes is defined by its actin cytoskeleton.
Mature podocytes develop from cuboidal podocyte precursors
that undergo reorganization of a classical adherens junctional
complex to form a specialized intercellular junctional complex
(20). Junctional reorganization appears to occur concurrently
with the emergence of processes from the basolateral aspect of
the precursor cell presumably driven by a motive force pro-
vided by the assembly of the cytoskeleton of podocyte pro-
cesses (15). In a reciprocal fashion, podocyte injury observed in
most types of kidney glomerular disease causes a simplification
in podocyte cytoskeletal and intercellular junctional architec-
ture to a state reminiscent of the cuboidal podocyte precursor
(1). While the signaling mechanisms that integrate podocyte
structure and filter integrity are incompletely defined, recent
studies have revealed the importance of the protein complex
located at the slit diaphragm in regulating the actin cytoskel-
eton and in determining the relationship between podocyte
structure and maintenance of glomerular permselectivity.

Nephrin and Neph1 form a protein complex targeted to the
foot process intercellular junction that appears to function as a
transmembrane receptor. Absence of either of these receptor
elements in humans carrying an inherited mutation, or in ex-
perimental mutant mice, causes proteinuria and developmen-
tal failure of foot process formation (5, 9, 23). Nephrin and
Neph1 are structurally similar type I transmembrane proteins
of the immunoglobulin superfamily. They directly interact in
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the plane of the plasma membrane via their cytoplasmic do-
mains (4, 12, 25). In addition, the Nephrin extracellular do-
main interacts with itself and with Neph1 via a trans-interaction
across the mature podocyte intercellular junction; for this rea-
son, it has been presumed that these proteins mediate cell-cell
adhesive interactions at this site (4, 10). The hypothesis that
the Nephrin-Neph1 complex participates in regulating foot
process actin cytoskeletal dynamics has been suggested by the
observation that this complex interacts at its cytoplasmic face
with known actin-associated proteins including �-actinin-4,
synaptopodin, CD2ap, ZO-1, CASK, IQGAP1, �-arrestin, and
Nck (2, 17, 18, 26, 28, 33). This hypothesis is strengthened by
the observations that deletion or mutation of �-actinin-4, syn-
aptopodin, CD2ap, Nck1, and Nck2 is associated with devel-
opmental abnormalities of podocyte cytoskeletal architecture
and/or junction formation (17, 21, 22, 38).

Upon engagement of Nephrin’s extracellular domain, the
Src family protein kinase Fyn rapidly catalyzes the phosphory-
lation of Nephrin on multiple tyrosine residues (27, 42).
Among these residues are three (Y1191, Y1208, and Y1232) nec-
essary for mediating the interaction between Nephrin and
adaptor proteins including Nck (21, 41). Phosphorylation at
these sites occurs transiently during foot process formation and
following podocyte injury. Importantly, recruitment of Nck to
Nephrin is necessary for the induction of Nephrin-mediated
actin polymerization in a cell culture model. Moreover, podo-
cyte-specific deletion of Nck1/2 in mice results in developmen-
tal failure of foot process formation. Given these observations,
it has been suggested that Nephrin participates in regulating
podocyte cytoskeletal dynamics (21). Because deletion of ei-
ther Nephrin or Neph1 results in an indistinguishable pheno-
type of abnormal foot process development and junction
formation, we examined Neph1 function and report here
that—like Nephrin—Neph1 serves to transmit Fyn-dependent
signals that participate in regulating actin cytoskeletal dynam-
ics. Moreover, our results indicate that Nephrin and Neph1
form a functional complex that, by recruiting Nck and Grb2,
cooperates to transduce outside-in signals that induce actin
polymerization.

MATERIALS AND METHODS

Antibodies. Purified rabbit polyclonal antibodies against Nephrin (15), Neph1
(4), and phospho-Nephrin (41) were previously described. Antibodies against
Grb2 and Nck (BD Biosciences), CD16 (clone 3G8) antibody (Beckman
Coulter), rhodamine-conjugated goat anti-mouse immunoglobulin G (IgG;
Pierce), anti-glutathione S-transferase (anti-GST) antibody (Santa Cruz), Fyn
(Upstate), phosphotyrosine (clone PT-66), and Flag antibody (Sigma-Aldrich)
were obtained commercially. 50A9 antibody was a gift from K. Tryggvason (25).

Plasmids. A plasmid encoding GST-Neph1CD fusion protein that includes the
entire cytoplasmic domain of mouse Neph1 was prepared in pGEX4T-1 (Am-
ersham Biosciences) using standard techniques (16). GST-Grb2 was a gift from
B. Margolis, University of Michigan, and GST-Grb2-SH2 was a gift from A.
Pandey, Johns Hopkins University. Recombinant GST fusion proteins were
prepared and purified from bacterial lysates as described previously (29). Where
indicated, tyrosine-phosphorylated GST-Neph1CD was expressed in and purified
from TKB1 cells (Stratagene). Mammalian plasmids encoding mouse Nephrin
(15), Fyn (43), FynKD (K295M) (14), and human Nephrin (gift from K. Tryg-
gvason) (25) were described previously. Mammalian expression plasmids encod-
ing a human Nephrin point mutant (Y1191/1208F/1232F) and Neph1 point
mutations (Y604F, Y637F, Y638F, and Y637/638F) were prepared in pcDNA3.1
(Invitrogen) using standard methods. Restriction digestion and DNA sequencing
were used to confirm all construct sequences. The CD16-hemagglutinin (HA)
construct was a gift from B. Mayer (University of Connecticut) (34). Constructs

encoding fusion protein consisting of CD16 extracellular domain, CD7 trans-
membrane domain, and Nephrin or Neph1 cytoplasmic domain and their mu-
tants were generated. Grb2-GFP, actin-cyan fluorescent protein (CFP), and
N-WASp–CFP were a gift from L. E. Samelson (NIH).

In vitro phosphate labeling. GST-Neph1CD (2 �g) was incubated with 1 �g
recombinant active Fyn (Upstate Cell Signaling) in kinase buffer containing 25
�M ATP and 5 �Ci [�-32P]ATP (3,000 Ci/mmol), incubated at 25°C for 15 min,
and processed as previously described (42).

Immunoprecipitation and immunoblotting. Neph1 was extracted from plasma
membranes in RIPA buffer (phosphate-buffered saline [PBS] containing 0.1%
sodium dodecyl sulfate [SDS], 1% Nonidet P-40, 0.5% sodium deoxycholate, and
100 mM potassium iodide). Endogenous immunoprecipitations were performed
by extracting tissue in RIPA buffer containing 0.1% bovine serum albumin.

Cell culture. Transient transfections were carried out in COS7 or HEK293T
cells cultured in Dulbecco modified Eagle medium supplemented with 10% fetal
bovine serum (Invitrogen Corp.) and 200 U/ml penicillin and streptomycin
(Roche Applied Science). Transfections were performed using Fugene-6 (Roche
Applied Science) per the manufacturer’s directions. Where indicated, cells were
treated with 50 �M pervanadate prior to harvesting cells. The maintenance of
NIH 3T3 cells, SYF cells, and HEK293 cells stably expressing human Nephrin
was described previously (41). Transfection in NIH 3T3 cells and SYF cells was
performed with Lipofectamine 2000 per the manufacturer’s directions.

Phosphotyrosine mapping by peptide array. Oligopeptides (11- to 18-mers)
and peptides with tyrosine-to-phenylalanine mutations encompassing each ty-
rosine residue in the Neph1 cytoplasmic domain were synthesized (Sigma Ge-
nosys PEPScreen). Tyrosine residues in the oligopeptides were flanked by five to
six amino acid residues (Table 1). Oligopeptides were dissolved per the manu-
facturer’s recommendation. Solutions containing equimolar amounts of peptides
were made in 50 mM Tris buffer (pH 8.0). This mixture was then blotted onto
polyvinylidene difluoride (PVDF) membranes using a dot blot apparatus. Mem-
branes were blocked with 5% milk solution in Tris-buffered saline with 0.1%
Tween. Subsequently the membrane was incubated in kinase assay buffer con-
taining active Fyn (Upstate Cell Signaling) and 32P-labeled ATP for 3 h at room
temperature. The membrane was washed extensively and then analyzed by phos-
phorimager analysis (Storm 860; Molecular Dynamics).

PAN nephrosis. Female Sprague-Dawley rats weighing 200 to 250 g were
injected with puromycin aminonucleoside (PAN) (Sigma-Aldrich) (10 mg/100 g
of body weight) or PBS (vehicle) intraperitoneally. The urine albumin/creatinine
ratio was determined from urine obtained in metabolic cages by direct compet-
itive enzyme-linked immunosorbent assay for urine albumin (Nephrat II; Exocell
Inc.) and Jaffé reaction for urine creatinine (Creatinine Companion; Exocell
Inc.). Rats were sacrificed, and glomeruli were isolated using graded sieving as
described previously (26).

Pull-down. In some instances, GST-Neph1CD recombinant protein was ex-
pressed and purified from TKB1 Escherichia coli (Stratagene) to induce tyrosine
phosphorylation. Purified GST fusion proteins bound to glutathione agarose
were incubated with isolated mouse glomerular lysate extracted with RIPA
buffer. After washing with PBS containing 0.1% Tween 20, 1 mM sodium or-
thovanadate, and 1 mM sodium fluoride, protein complexes were eluted with
reduced glutathione. Elute was resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE) in replicate prior to immunoblotting with the indicated anti-
bodies.

CD16/CD7/Neph1 chimera, Grb2 recruitment, and actin polymerization ex-
periments. NIH 3T3 cells were transfected with CD16/CD7 chimeric constructs
bearing HA, NephrinCD, or Neph1CD at the C-terminal end. Thirty hours
following transfection, Dulbecco modified Eagle medium was removed and re-
placed with fresh medium containing 1 �g/ml CD16 antibody (clone 3G8; Beck-
man Coulter). Cells were maintained on ice for 1 h for Grb2/Nck recruitment
experiments or at 37°C for actin experiments. At this point, cells were washed
twice with PBS, 1 �g/ml rhodamine-conjugated anti-mouse IgG (Pierce Biotech-
nology) was added to the medium, and incubation was continued at 37°C for 20
min for recruitment experiments and for 1 h for actin experiments. Cells were
washed three times with PBS and fixed with cytoskeleton buffer. The composition
of cytoskeleton buffer stock was 10 mM 2-CN-morpholinoethanesulfonic acid,
138 mM KCl, 3 mM MgCl2, 2 mM EGTA, 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 Corp.). Samples
were analyzed by fluorescence confocal microscopy with an Olympus FV-500
microscope using a 100� oil-immersion objective lens and Fluoview software
(version TIEMPO 4.3; Olympus). Images were processed using Adobe Photo-
shop software. All images were acquired at 1,024- by 1,024-pixel resolution.

Fyn-null mice and wild-type littermates used were described previously (42).
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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.

RESULTS

It was previously reported that Neph1 can be tyrosine phos-
phorylated (18, 37). For this reason, we sought to identify
proteins that interact with Neph1 in a tyrosine-dependent fash-
ion. GST-Neph1CD was prepared in TKB1 E. coli cells ex-
pressing a tyrosine kinase that promiscuously catalyzes tyrosine

phosphorylation of Neph1. This recombinant tyrosine-phos-
phorylated GST-Neph1 cytoplasmic domain was employed to
pull down associated proteins from isolated rat glomerular
lysate. After resolution by SDS-PAGE, associated proteins
were identified using a panel of antibodies specific for known
proteins that contain SH2 domains. Nonphosphorylated GST-
Neph1CD and phosphorylated GST served as controls. By this
approach, Grb2 and Fyn were identified as proteins that might
interact with Neph1 (Fig. 1A).

Neph1 interacts directly with Grb2. The interaction of en-
dogenous Grb2 and endogenous Neph1 was investigated by
coimmunoprecipitation from rat-isolated glomerular lysate;
under the conditions of this experiment, Grb2 readily coim-
munoprecipitated with Neph1 and Neph1 coimmunoprecipi-
tated with Grb2 (Fig. 1B). A direct interaction between Neph1
and Grb2 protein was confirmed by coimmunoprecipitation of
purified recombinant proteins that were combined in vitro
(Fig. 1C). Notably, Grb2 coimmunoprecipitated with GST-
Neph1CD only when GST-Neph1CD was prepared in TKB1
cells and was therefore tyrosine phosphorylated. To extend this
analysis, pull-down experiments were used to demonstrate that
the Grb2-SH2 domain alone is sufficient to mediate Grb2-
Neph1 interaction (Fig. 1D); this interaction required tyrosine
phosphorylation of Neph1.

Songyang et al. initially identified and characterized the
Grb2 SH2 domain consensus binding motif, pYXNX (39).
Extending this work, van der Geer and Hunter showed that
phosphorylation of either tyrosine residue of a Y239YNX motif
in ShcA was sufficient for ShcA-Grb2 interaction and demon-
strated that simultaneous phosphorylation of the two tyrosine
residues augmented the interaction affinity of ShcA and Grb2.
These investigators also noted that a YYNX motif is conserved
in several proteins that interact with Grb2 (40). With this in
mind and using the Scansite algorithm, we examined the
Neph1 sequence and identified a Y637YNV motif located
within the Neph1 cytoplasmic domain that we hypothesized
might represent a Grb2 SH2 binding motif necessary and suf-
ficient for mediating an interaction between Neph1 and Grb2
(http://scansite.mit.edu). To begin to examine this hypothesis,
synthetic tyrosine-phosphorylated oligopeptides blotted onto a
PVDF membrane were incubated with GST-Grb2 and inter-
actions were detected using a Grb2 antibody (Fig. 1E). As
predicted from sequence analysis, peptides phosphorylated at
Y637 or Y638 bound Grb2 while Grb2 did not associate with
control phospho-oligopeptides. These data suggested the hy-
pothesis that following tyrosine phosphorylation of Neph1 on
Y637 and Y638, Grb2 is recruited to Neph1 at Y637YNV via an
interaction that involves its SH2 domain.

Fyn is necessary for Neph1-Grb2 interaction. Because Fyn
was identified in our screen for Neph1-interacting proteins
(Fig. 1A), we tested the hypothesis that Fyn-catalyzed tyrosine
phosphorylation of Neph1 is necessary to induce Neph1-Grb2
interaction. A Neph1-Fyn interaction was confirmed by coim-
munoprecipitation from isolated rat glomerular extract of en-
dogenous Fyn with Neph1 (Fig. 2A). To examine whether Fyn
was capable of directly catalyzing the phosphorylation of
Neph1, recombinant GST-Neph1 cytoplasmic domain (GST-
Neph1-CD) was incubated with active recombinant Fyn in the
presence of [�-32P]ATP in kinase assay buffer for 30 min at
30°C (Fig. 2B). Under these conditions, recombinant Neph1

TABLE 1. Peptide sequences with mutation

Tyrosine position Peptide sequence

Y604 WTa .........................................................VMKAIYSSFKD
Y604F ................................................................VMKAIFSSFKD

Y628 WT...........................................................ETREEYEMKDP
Y628F ................................................................ETREEFEMKDP

Y637/638 WT....................................................DPTNGYYNVRAH
Y637F ................................................................DPTNGFYNVRAH
Y638F ................................................................DPTNGYFNVRAH
Y637/638F .........................................................DPTNGFFNVRAH

Y654/657 WT....................................................SRAVLYADYRAPGP
Y654F ................................................................SRAVLFADYRAPGP
Y657F ................................................................SRAVLYADFRAPGP
Y654/657F .........................................................SRAVLFADFRAPGP

Y679 WT...........................................................SHSSGYAQLNT
Y679F ................................................................SHSSGFAQLNT

Y685 WT...........................................................AQLNTYSRAPA
Y685F ................................................................AQLNTFSRAPA

Y693 WT...........................................................APASDYGTEP
Y693F ................................................................APASDFGTEPT

Y716/719 WT....................................................TSQLSYENYEKFNS
Y716F ................................................................TSQLSFENYEKFNS
Y719F ................................................................TSQLSYENFEKFNS
Y716/719F .........................................................TSQLSFENFEKFNS

Y733Y736/Y740 WT........................................PGAAGYPTYRLGYPQAPP
Y733F ................................................................PGAAGFPTYRLGYPQAPP
Y736F ................................................................PGAAGYPTFRLGYPQAPP
Y740F ................................................................PGAAGYPTYRLGFPQAPP
Y733/736/740F ..................................................PGAAGFPTFRLGFPQAPP

Y753/756 WT....................................................LERTPYEAYDPIGK
Y753F ................................................................LERTPFEAYDPIGK
Y756F ................................................................LERTPYEAFDPIGK
Y753/756F .........................................................LERTPFEAFDPIGK

Y762 WT...........................................................DPIGKYATATRF
Y762F ................................................................DPIGKFATATRF

Y770 WT...........................................................ATRFSYTSQHS
Y770F ................................................................ATRFSFTSQHS

Y777 WT...........................................................SQHSDYGQRFQ
Y777F ................................................................SQHSDFGQRFQ

Nephrin Y1208 WT .........................................AWGPLYDEVQMG
Nephrin Y1208F...............................................AWGPLFDEVQMG
Neph1 GST.......................................................GST-Neph1 CD

a WT, wild type.
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was phosphorylated in the presence of active Fyn, a process
that was attenuated by an inhibitor of Src family kinase (SFK)
catalytic activity (PP2, 10 �M). The necessity of Fyn for me-
diating Neph1-Grb2 recruitment was confirmed in mice de-
pleted of Fyn by gene targeting (Fig. 2C). Here, Neph1 was
tyrosine phosphorylated and was associated with Grb2 when
Neph1 was immunoprecipitated from glomerular lysate iso-
lated from wild-type mice. In contrast, Neph1 tyrosine phos-
phorylation was markedly attenuated and Neph1-Grb2 as-
sociation was not detected when Neph1 was obtained from
Fyn�/� glomerular lysate. Therefore, Fyn is necessary for
Neph1-Grb2 interaction in the podocyte in vivo. That Neph1
tyrosine phosphorylation is attenuated but not absent when
Neph1 is obtained from Fyn�/� mice suggests that Neph1
tyrosine phosphorylation might be catalyzed by additional pro-
tein tyrosine kinases (18, 37).

An unbiased peptide array screening method was used to
identify tyrosine residues in Neph1 that are phosphorylated by
Fyn to establish that Neph1 can be phosphorylated by Fyn on
Y637 and Y638 (Fig. 3A). Synthetic 11- to 20-mer oligopep-
tides were synthesized that overlapped each of the 19 tyrosine
residues present within the cytoplasmic domain of Neph1. As
controls, corresponding oligopeptides were prepared with ty-
rosine-to-phenylalanine mutations. In some cases compound
substitutions were required that allowed analysis of closely
spaced tyrosine residues. Peptide arrays prepared on PVDF
membranes were probed by incubation with activated recom-
binant Fyn. By this approach, four tyrosine residues were iden-
tified that became phosphorylated in the presence of Fyn
(Y637, Y638, Y716, and Y719). Arrays not treated with Fyn or
peptides containing Y-to-F mutations did not become phos-
phorylated. To confirm that Neph1 tyrosine residues identified
by this screen are phosphorylated on Neph1 expressed in cells,
tyrosine-to-phenylalanine mutations were introduced into full-
length Flag-tagged Neph1 constructs and were expressed with
Fyn in COS7 cells (Fig. 3B). Wild-type Neph1 or its tyrosine

FIG. 1. Neph1 interacts with Grb2 in a tyrosine phosphorylation-
dependent manner. (A) Rat glomerular lysate was incubated with
GST-Neph1 expressed in tyrosine kinase-expressing E. coli TKB1 or E.
coli BL21. Following pull-down and resolution of GST-Neph1-

associated proteins on SDS-PAGE, blots were immunoblotted with
indicated antibodies. (B) Neph1 and Grb2 associate in vivo. Coimmu-
noprecipitation experiments performed on cells from rat glomerular
lysate using antibodies against Neph1 and Grb2 show endogenous
association between these two proteins. (C) Direct interaction between
Neph1 and Grb2. Purified recombinant GST-Neph1 and GST-Grb2
were mixed, and immunoprecipitation and immunoblotting were per-
formed with the indicated antibodies. Only phosphorylated Neph1
(lane 5) associated with Grb2. Input recombinant proteins were iden-
tified by immunoblotting. Tyrosine phosphorylation of GST-Neph1
prepared in TKB1 was confirmed (data not shown). (D) Grb2 interacts
with tyrosine-phosphorylated Neph1 via its SH2 domain. Lysates from
COS7 cells expressing Flag-tagged wild-type Neph1 treated where
indicated with pervanadate (PV) were mixed with GST fusion proteins
containing full-length Grb2 and a truncated Grb2 containing only its
SH2 domain. The Grb2 SH2 domain was sufficient to pull down ty-
rosine-phosphorylated Neph1. The Coomassie blue-stained SDS-poly-
acrylamide gel shows the purified GST recombinant protein input.
Input COS7 cell lysates employed are shown. (E) GST-Grb2 overlay.
Arrayed Neph1 oligopeptides synthesized with tyrosine phosphoryla-
tion at Y604, Y716, Y719, Y637, and Y638 were incubated with GST-
Grb2 and then probed with anti-Grb2 antibody. Grb2 associated with
peptides containing tyrosine phosphorylation at the Y637YNV motif.
Relative molecular masses are in kDa. WB, Western blot; IP, immu-
noprecipitation.
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mutants were immunoprecipitated from these lysates and were
immunoblotted with antiphosphotyrosine antibody. As antici-
pated from the initial screen, point substitutions at Y637,
Y638, Y716, and Y719 attenuated Neph1 tyrosine phosphory-
lation relative to wild type. In a control experiment, substitu-
tion of F for Y604 (which was not predicted to be phosphory-
lated by Fyn in the initial screen) had no effect on Neph1
tyrosine phosphorylation. In summary, these data support the
conclusion that Neph1 Y637, Y638, Y716, and Y719 can be
tyrosine phosphorylated by Fyn. These data do not exclude the
possibility that additional Neph1 residues are phosphorylated
in vivo under various conditions. To integrate these in vitro
observations with those above suggesting that phosphorylation
at Y637 and Y638 is necessary for recruitment of Grb2, Neph1
or its mutants and Grb2 were expressed in COS7 cells and their
interaction was assessed by coimmunoprecipitation (Fig. 3C).
Here, Grb2 interacted with Neph1 only when catalytically ac-
tive Fyn and not kinase-dead Fyn was simultaneously ex-
pressed. Moreover, Neph1 that had a substitution of phenyl-
alanine either at Y637 or at Y638 coimmunoprecipitated Grb2
while Neph1 mutated at both residues failed to coimmunopre-
cipitate Grb2. Collectively, these data suggest that following
tyrosine phosphorylation of Neph1 on Y637 and Y638 by Fyn,
Grb2 is recruited to Neph1 via an interaction that involves its
SH2 domain.

Grb2-Neph1 interaction is induced after podocyte injury.
The rat PAN model of podocyte injury (19, 35) was employed
to examine the interaction of Neph1 and Grb2 in vivo. As
described by other investigators (16, 30), we observed that
proteinuria was first increased 3 days post-PAN injection (Fig.
4A). At the same time point, electron microscopy demon-
strated foot process effacement in PAN-treated animals (Fig.
4B). The 72-h time point was chosen for investigation because
we were interested in examining signaling events early in the
evolution of PAN-induced podocyte injury. At this time point,
Neph1 tyrosine phosphorylation in isolated glomeruli was in-
creased compared to vehicle-treated control animals (Fig. 4C).
Concomitantly, the association of Neph1 and Grb2 increased
in injured podocytes relative to control. In a similar fashion,
total Nephrin tyrosine phosphorylation and phosphorylation
specifically on Nephrin Y1192/Y1208 increased and the asso-
ciation of Nephrin and Nck increased in PAN-treated glomer-
uli relative to control (Fig. 4D). These results are consistent
with our previous observations of Nephrin Y1192/Y1208 phos-
phorylation in mice following protamine sulfate-induced foot
process effacement (41). Taken together, these results support
the conclusion that podocyte injury induces tyrosine phosphor-
ylation of the Nephrin/Neph1 protein complex and subsequent
recruitment of adaptor proteins that include Nck and Grb2.

Clustered Neph1CD becomes tyrosine phosphorylated and
recruits Grb2 to the plasma membrane. We hypothesized that,
like Nephrin, Neph1 might participate in signaling sufficient to
induce actin polymerization. By employing a model system
similar to that used previously by us and others to study Neph-

FIG. 2. Fyn catalyzes Neph1 tyrosine phosphorylation and is nec-
essary for Neph1-Grb2 interaction. (A) Coimmunoprecipitation exper-
iments on cells from rat glomerular lysates showing interaction be-
tween endogenous Neph1 and Fyn (PI, preimmune serum). (B) In
vitro kinase assay. GST-Neph1 was incubated with active recombinant
His-tagged Fyn in the presence of [�-32P]ATP for 20 min. Radiola-
beled Fyn is observed as anticipated in lanes 2 to 4. Phosphorylation of
both Neph1 and Fyn is attenuated in the presence of PP2, a Src family
kinase inhibitor. A Coomassie blue-stained gel indicates expression of
recombinant GST proteins. (C) Neph1-Grb2 interaction in Fyn-null
mice. Glomerular lysates from kidneys of wild-type mice or mice with
deletion of Fyn were immunoprecipitated with Neph1 antibody and

blotted for Grb2. Grb2 coimmunoprecipitated with Neph1 in wild-type
mice. Tyrosine phosphorylation of Neph1 was significantly attenuated
in Fyn-null mice compared to control.
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rin (20, 39), a series of fusion protein constructs were created
in which the CD16 extracellular domain and the CD7 trans-
membrane domain were coupled to either the Neph1 cytoplas-
mic domain or the mutant Neph1 cytoplasmic domains; these
fusion proteins were expressed in NIH 3T3 cells. After addi-
tion of mouse anti-CD16 antibody 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. 5A and additional control data not
shown). This maneuver induced tyrosine phosphorylation on
Neph1 within 5 min (Fig. 5B). To test the possibility that
clustering of the Neph1 cytoplasmic domain resulted in the
recruitment of Grb2, NIH 3T3 cells were cotransfected with
plasmid encoding CD16/CD7/Neph1CD and Grb2-GFP and
were examined by immunofluorescence confocal microscopy.
In the presence of aggregating antibody, Grb2-GFP colocal-
ized at the plasma membrane in clusters with CD16/CD7/
Neph1CD (Fig. 5A). Consistent with results reported above, a
similar pattern of Grb2-GFP clustering at the plasma mem-
brane was not observed when Y-to-F point mutations were
introduced at both Y637 and Y638 (Fig. 5A). Single substitu-

tions either at Y637 or at Y638 did not attenuate Grb2 recruit-
ment.

Fyn is necessary for Neph1-Grb2 interaction. Mouse embry-
onic fibroblasts with deletions of Src, Yes, and Fyn (SYF cells)
were employed to test whether Fyn is necessary for Neph1-
Grb2 recruitment. In contrast to NIH 3T3 cells, clustered
CD16/CD7/Neph1CD expressed in SYF cells failed to recruit
Grb2-GFP (Fig. 6). However, Fyn expressed in SYF cells res-
cued Grb2 recruitment to clustered Neph1 chimeric protein,
suggesting that SFKs are necessary and that Fyn is sufficient for
Neph1-Grb2 recruitment.

Neph1-Grb2 interaction results in actin polymerization.
Previously published work suggested that Nephrin regulates
actin polymerization by recruiting Nck following ligand en-
gagement (21, 41). In an analogous fashion, it was hypothe-
sized that Neph1 tyrosine phosphorylation and Grb2 recruit-
ment are sufficient to induce localized actin polymerization.
NIH 3T3 cells were transfected with plasmid encoding CD16/
CD7/Neph1CD, Grb2-GFP, and actin-CFP (Fig. 7). Addition
of aggregating antibodies to the culture medium of these cells
induced actin tail formation at sites where CD16/CD7/

FIG. 3. Mapping of Neph1 tyrosine residues phosphorylated by Fyn. (A) Peptide array screen. Oligopeptides (11- to 18-mers) were synthesized
covering all 19 tyrosine residues in the Neph1 cytoplasmic domain and were arrayed. WT, wild type. Peptides with replacements of tyrosine by
phenylalanine are indicated. Equal quantities of oligopeptides were blotted onto a PVDF membrane, incubated with or without active recombinant
Fyn and [�-32P]ATP, and evaluated by phosphorimager analysis. Four tyrosine residues, Y637, Y638, Y716, and Y719, were phosphorylated in the
presence of active Fyn. (B) COS7 cells were transfected with plasmids encoding Fyn or kinase-dead Fyn (KD) and with wild-type Neph1 or its
indicated tyrosine mutants. Neph1 was immunoprecipitated from cell lysates and immunoblotted for phosphotyrosine content (pY). The graph
displays band intensity normalized to total immunoprecipitated Neph1; represented are means � standard errors of the means. Results are
representative of three independent experiments. (C) Both tyrosines Y637 and Y638 are essential for Neph1-Grb2 interaction. COS7 cells were
transiently transfected with plasmids encoding full-length wild-type Neph1 (Neph1 WT) and its tyrosine mutants. Grb2-GFP, Fyn, and kinase-dead
(Fyn KD) plasmids were cotransfected where indicated. Neph1-Grb2 association was abrogated when both Y637 and Y638 were replaced with
phenylalanine simultaneously.
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Neph1CD was clustered at the plasma membrane. Actin tail
formation was not seen when the clustering antibody was not
used (not shown) or when Neph1CD was replaced with an HA
epitope tag. When the Neph1 cytoplasmic tail of CD16/CD7/
Neph1CD was mutated at both Y637 and Y638 with F, actin
tail formation was not seen, indicating that Grb2 recruitment
to Neph1 phosphorylated at these sites is necessary for actin
polymerization.

Nephrin and Neph1 form a complex that when engaged is
tyrosine phosphorylated in the two proteins simultaneously
and recruits both Nck and Grb2 to induce actin polymeriza-
tion. At the podocyte foot process intercellular junction, Neph-
rin and Neph1 directly interact via a cis-interaction in the plane
of the plasma membrane (4, 12, 24). Based on our previous
observations, these proteins are presumably activated simulta-
neously via trans-junctional interactions during junction forma-
tion (41, 42). As such, we hypothesized that upon binding their
ligands, Nephrin and Neph1 simultaneously become tyrosine
phosphorylated by Fyn and collaborate to regulate actin poly-
merization. Nephrin and Neph1 association was confirmed us-
ing the CD16 antibody-mediated clustering model. Here
CD16/CD7/NephrinCD recruited and clustered with Neph1GFP
(which lacked CD16) when clustering antibodies were present
(Fig. 8A and B). Moreover, clustering of Nephrin with Neph1
in this system resulted in simultaneous tyrosine phosphoryla-
tion of Nephrin and Neph1 (Fig. 8B). These phosphorylation
events were SFK dependent since pretreatment of cells with
PP2 (10 �M) inhibited Nephrin and Neph1 tyrosine phosphor-
ylation (Fig. 8B). Similar results were obtained in an alternate
model system employed to exclude CD16 chimera-induced
artifact. Full-length wild-type Nephrin and Neph1 were coex-
pressed in HEK293 cells. In this system, both Neph1 and
Nephrin became tyrosine phosphorylated in an SFK-depen-
dent fashion after addition to the medium of a monoclonal
antibody (50A9) (25) directed against the extracellular domain
of Nephrin (Fig. 8C).

Experiments were designed to test whether engagement of
Nephrin or Neph1 when associated resulted in recruitment of
Nck and Grb2. We examined cells expressing CD16/CD7/
NephrinCD, wild-type Neph1, and Grb2-GFP or those ex-
pressing CD16/CD7/Neph1CD, wild-type Nephrin, and Nck-
GFP. In these experiments, Nck was recruited to Nephrin
when CD16/CD7/Neph1CD was clustered by addition to the
medium of CD16 clustering antibodies. Reciprocally, Grb2 was
recruited to Neph1 when CD16/CD7/NephrinCD was clus-
tered. These interactions also resulted in actin tail formation at
the assembled complexes (Fig. 9). In control experiments, clus-
tered CD16/CD7/NephrinCD expressed alone did not recruit
GFP-Grb2; reciprocally, clustered CD16/CD7/Neph1CD ex-

FIG. 4. Neph1 is tyrosine phosphorylated and recruits Grb2 follow-
ing PAN-induced podocyte injury in vivo. (A) Time course of urine
albumin/creatinine ratios of control or PAN-treated female rats (PAN-

treated rats had increased proteinuria compared to controls; P 	 0.05,
day 3 and later). (B) Electron micrographs of kidneys from vehicle
control and PAN-treated rats showing loss of normal foot process
architecture at 72 h postinjection (CL, capillary lumen; GBM, glomer-
ular basement membrane; P, podocyte). Bar, 1 �m. (C) Neph1 com-
plexes immunoprecipitated from rat glomerular lysates treated with
PAN or vehicle alone were evaluated by immunoblotting. (D) In sim-
ilar experiments, Nephrin was immunoprecipitated from rat glomeru-
lar lysates prepared as indicated (PI, preimmune serum).
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FIG. 5. Grb2 is recruited to the CD16/CD7/Neph1CD cluster at the plasma membrane. (A) NIH 3T3 cells expressing indicated CD16/CD7
chimeric proteins (red) and Grb2-GFP (green) were treated with anti-CD16 antibody (primary) and rhodamine-labeled anti-IgG antibody
(secondary) or secondary antibody only (top row, as control) and then fixed and examined by confocal microscopy. The farthest-right panels are
images reconstructed in the yz plane. Colocalization of Grb2-GFP and CD16/CD7/Neph1CD appears yellow on merged images. Indicated
CD16/CD7/Neph1CD chimeric proteins mutated at Y637 and/or Y638 were expressed with Grb2-GFP in NIH 3T3 cells. Complexes were clustered
as described and evaluated by confocal microscopy. Data are representative of multiple experiments. Magnification, �600. (B) NIH 3T3 cells
expressing CD16/CD7/Neph1CD were treated with clustering antibodies (primary and secondary antibodies) for the time periods shown; following
Neph1 immunoprecipitation, immune complexes were immunoblotted using antiphosphotyrosine antibody.
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pressed alone did not recruit GFP-Nck (data not shown).
These experiments suggest that, independently of the manner
in which the Nephrin-Neph1 complex is clustered, the acti-
vated Nephrin-Neph1 complex recruits Grb2 and Nck and
induces actin polymerization.

It has been proposed that pathogen-host interactions pro-
vide models useful for understanding the regulation of actin
dynamics at the plasma membrane of eukaryotic cells. For
example, the vaccinia virus protein A36R is inserted into the
host plasma membrane where it is phosphorylated by host Fyn
on two tyrosine residues. This phosphorylation event results in
recruitment of host Nck and Grb2, which cooperate to induce
localized actin filament polymerization (36). Importantly,
while Nck recruitment in this system is capable of inducing
actin polymerization independently of Grb2, Grb2 appears to
augment Nck-dependent actin polymerization. In a fashion
similar to that of vaccinia virus, we hypothesized that by form-
ing a two-part receptor complex that juxtaposes docking motifs
for Nck and Grb2, Nephrin and Neph1 cooperate to regulate
localized actin polymerization. To examine this hypothesis, we
used the chimeric CD16 model system to test the relative effi-
ciency of actin tail formation induced by aggregated NephrinCD
alone or aggregated Neph1CD alone in the presence of
overexpressed Nck and Grb2. We also examined the relative
efficiency of actin tail formation induced by expressing both
NephrinCD and full-length Neph1 together in the presence of
Nck and Grb2 (Fig. 10). Aggregation of chimeric NephrinCD
recruited Nck but not Grb2, and aggregation of chimeric
Neph1CD recruited Grb2 but not Nck, while aggregation of
combined CD16/CD7/NephrinCD and Neph1 recruited both
Nck and Grb2 to the plasma membrane (data not shown).
Aggregation of chimeric NephrinCD resulted in slightly more
efficient actin tail formation than Neph1CD aggregation. Re-
markably, combining NephrinCD and Neph1 in this system

resulted in substantially more efficient actin tail formation than
that by either aggregated NephrinCD or Neph1CD expressed
alone (Fig. 10). Importantly, substitution in this system of chi-
meric NephrinCD in which the Nck binding motifs were mutated
[NephrinCD(TM)] or Neph1 in which the Grb2 binding motif
was mutated [Neph1(DM)] attenuated actin tail formation effi-
ciency to a level similar to that observed by aggregation of wild-
type NephrinCD or wild-type Neph1CD alone. Taken together,
these results are consistent with the conclusion that Nephrin and
Neph1 form a receptor complex that when activated by Fyn re-
cruits Nck and Grb2, which cooperate to regulate actin polymer-
ization at the podocyte intercellular junction.

DISCUSSION

Nephrin and Neph1 physically interact in the plane of the
membrane at the podocyte intercellular junction and also form
counterligands that interact in a trans fashion across the inter-
cellular junction at the same location. Although the molecular
mechanisms by which Neph1 functions at the podocyte inter-
cellular junction have not been previously described, the find-
ing that deletion of Neph1 in mice results in a phenotype
indistinguishable from that produced by deletion of Nephrin
suggests that these transmembrane proteins are interdepen-
dent. The results reported here demonstrate that in a manner
similar to that of Nephrin, Neph1 can transduce outside-in
signals that result in Fyn-dependent tyrosine phosphorylation
of Neph1, recruitment of Grb2, and subsequent induction of
actin polymerization. Our results also predict that Nephrin and
Neph1 form a functional receptor complex that is well placed
to coordinate junctional and cytoskeletal dynamics during
podocyte development and following podocyte injury.

The molecular and cellular mechanisms by which the struc-
turally unique podocyte foot process and its specialized inter-

FIG. 6. Fyn is necessary for Neph1-Grb2 recruitment. SYF cells were transfected with CD16/CD7/Neph1CD and Grb2-GFP. Grb2 was
recruited to Neph1 only in the presence of Fyn. The extreme right panels show the images reconstructed in the yz plane with recruitment at the
apical surface of the cell.
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cellular junction are assembled remain poorly understood.
During podocyte differentiation, Nephrin is targeted in a po-
larized fashion to the nascent intercellular junction that forms
on the tips of budding cellular processes that emerge from the
lateral aspect of podocyte precursors (15). Given that the
Nephrin-Neph1 complex assembles a protein complex capable
of inducing polymerization and elongation of actin filaments, it
is plausible that junction formation-induced activation of this
complex at this site directs an actin filament elongation-derived
motive force that is necessary for maturation of podocyte pro-
cesses and their intercellular junctions.

The discovery that the activated Nephrin-Neph1 complex
recruits Nck and Grb2 to initiate actin polymerization suggests
a mechanism that provides for the integration of podocyte

intercellular junction structure with cytoskeletal dynamics dur-
ing podocyte process formation. In a similar fashion, recruit-
ment of Nck and/or Grb2 to plasma membranes has been
demonstrated in several systems in which actin polymerization
is thought to drive cellular movement. In mammalian systems,
for example, actin polymerization determines lamellipodial or
filopodial dynamics at the cellular leading edge or during junc-
tion formation, drives invadopodium formation observed in
transformed cells in culture, induces podosome formation in
osteoclasts, or propels intracellular vesicles identified in a
model of actin assembly induced by increased phosphatidyl-
inositol 4,5-biphosphate levels in cell culture. In each of these
systems, Nck serves as an adaptor protein that recruits to a
membrane locus N-WASp, components of the Arp2/3 com-

FIG. 7. Neph1 activation results in Grb2-dependent actin polymerization. CD16/CD7/Neph1CD or CD16/CD7/HA chimeric protein (red),
Grb2-GFP, and actin-CFP were expressed in NIH 3T3 cells, clustered with anti-CD16 antibody (primary) and rhodamine-labeled anti-IgG
antibody (secondary), and then fixed and examined by confocal microscopy. In the presence of the Y637/Y638 Neph1 mutant neither Grb2
recruitment nor actin polymerization was seen. The bottom panels show a schematic of actin pedestal and enlarged views of representative actin
pedestals identified in cells coexpressing clustered CD16/CD7/Neph1CD, GFP-Grb2, and actin-CFP.
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plex, and other components of the actin polymerization ma-
chinery sufficient to induce and regulate actin polymerization
(3, 8, 11, 13, 34, 44). While Grb2 has been observed juxtaposed
to the membrane in the phosphatidylinositol 4,5-biphosphate-
induced model of actin comet-driven endocytic vesicles, its
functional relevance there was not determined. Lacking in
each of these models has been identification of a specific trans-
membrane protein that recruits Nck and/or Grb2 adaptor pro-
teins and which subsequently assembles and regulates actin
polymerization machinery at these sites.

Similar mechanisms employed by several bacterial and viral
pathogens serve as useful models for examining the process of

membrane-associated actin dynamics and are instructive when
considering the function of the Nephrin-Neph1 complex (31).
For example, vaccinia virus attaches to its host and induces
host pedestal formation by inserting transmembrane protein
A36R into the host cell membrane. In this system, A36R re-
cruits Nck and Grb2 when tyrosine phosphorylated by host Fyn
at two phosphotyrosine residues. Nck subsequently recruits
WASP-interacting protein (WIP) and associated N-WASp.
Importantly, Nck recruitment to A36R is necessary for gener-
ation of actin pedestals while Grb2 recruitment augments actin
polymerization efficiency. Our results indicate that the Neph-
rin-Neph1 complex employs a similar mechanism to assemble

FIG. 8. Clustering of Nephrin cytoplasmic domain with Neph1 induces simultaneous tyrosine phosphorylation of both Nephrin and Neph1.
(A) CD16/CD7/NephrinCD chimeric protein (red) and full-length wild-type Neph1-GFP were expressed in NIH 3T3 cells and were clustered with
anti-CD16 antibody (primary) and rhodamine-labeled anti-IgG antibody (secondary) and then fixed and examined by confocal microscopy. Far
right panels are images reconstructed in the yz plane. (B) CD16/CD7/NephrinCD chimeric protein and full-length Flag-tagged Neph1 were
expressed in NIH 3T3 cells and clustered (right panel) or not clustered (left panel). Lysates were resolved with SDS-PAGE and probed with the
indicated antibody. (C) HEK293 cells stably expressing human Nephrin were transfected with Flag-tagged Neph1 and Fyn. 50A9 antibody against
human Nephrin ectodomain was used to induce Nephrin clustering. Lysates were immunoprecipitated with Neph1 antibody, resolved with
SDS-PAGE, and probed with antiphosphotyrosine antibody.
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and regulate an actin polymerization complex at the cell mem-
brane, which may occur during foot process intercellular junc-
tion formation. By forming a protein complex that, when acti-
vated, recruits both Nck (and N-WASp) and Grb2, Nephrin
and Neph1 might work synergistically to promote and/or reg-
ulate actin polymerization in the foot process.

The mechanism by which Grb2 determines actin polymer-
ization efficiency in the Nephrin-Neph1 system requires addi-
tional investigation. In vitro experiments have suggested that

Grb2 can interact with the proline-rich domain of N-WASp
and augment N-WASp-associated Arp2/3 activity by overcom-
ing N-WASp autoinhibition (7). It is reasonable to postulate
that by juxtaposing the Nck–WIP–N-WASp complex and Grb2
in a manner similar to that proposed in the vaccinia virus A36R
model (36), the Nephrin-Neph1 complex facilitates a Grb2–N-
WASp interaction, which promotes actin polymerization.
However, activated Neph1 can induce Grb2-dependent actin
tail formation independently of Nephrin and Nck, albeit less

FIG. 9. Engagement of either Nephrin or Neph1 when in association results in recruitment of Nck and Grb2. Indicated expression plasmids
were combined, expressed in NIH 3T3 cells, clustered with anti-CD16 antibody (primary) and rhodamine-labeled anti-IgG antibody (secondary),
and then fixed and examined by confocal microscopy. The farthest-right panels are images reconstructed in the yz plane. Insets in the bottom two
panels represent fivefold enlargements of a portion of the micrograph demonstrating a key feature.
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efficiently than when in a complex with Nephrin. Unlike clus-
tered Nephrin, which can recruit N-WASp, we have not found
evidence that clustered Neph1 similarly recruits N-WASp (un-
published data). Therefore, Neph1 might employ an N-WASp-

independent mechanism to induce actin polymerization.
Whether the quality of the actin cytoskeleton created by Neph-
rin, or Neph1, or Nephrin-Neph1 in complex is distinct re-
quires investigation.

FIG. 10. Nephrin and Neph1 cooperate to induce actin polymerization in a Nck- and Grb2-dependent fashion. Quantification of actin
tail-forming efficiency. As described in the text, combinations of CD16/CD7/NephrinCD, full-length wild-type Neph1, CD16/CD7/NephrinC-
D(TM), or full-length wild-type Neph1(DM) were expressed with Nck and/or Grb2 in NIH 3T3 cells as indicated. The number of actin tails per
individual cell was counted in 30 cells for each condition. Each experiment was repeated four times; the graph represents the mean number of tails
per cell � standard deviation. The table provides results of the single-tailed paired t test used to compare groups. Neph1(DM), Y-to-F mutation
at Y637 and Y638; Nephrin(TM), Y-to-F mutation at Y1191, Y1208, and Y1232. NA, not applicable.
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Nephrin tyrosine phosphorylation on Nck-associating SH2-
binding motifs occurs transiently during glomerular develop-
ment, presumably during a period when podocyte foot process
and junction formation takes place (41). The timing of this
Nephrin phosphorylation event, and the additional observation
that artificial ligation of Nephrin’s extracellular domain also
results in SFK activation and Nephrin tyrosine phosphoryla-
tion, is consistent with the hypothesis that Nephrin transmits
an outside-in signal to induce actin polymerization at the form-
ing junction. Nephrin phosphorylation on these tyrosine resi-
dues is not observed in the mature glomerulus (41). Since
Neph1 forms a functional complex with Nephrin and like
Nephrin transmits an outside-in signal, it is probable that
Neph1 is also activated during junction formation. Of interest,
tyrosine phosphorylation of Nephrin and Neph1 and recruit-
ment of Nck and Grb2 are also induced following podocyte
injury during a period when podocyte effacement is occurring.
The observation that activation of the Nephrin-Neph1 complex
occurs both during junction formation and again during efface-
ment in response to injury might be considered paradoxical.
However, alteration of podocyte cytoskeletal architecture and
intercellular junction structure observed following injury likely
requires increased actin filament turnover potentially regu-
lated by tyrosine phosphorylation of the Nephrin-Neph1 com-
plex. Whether Nephrin-Neph1 protein complex activation that
results in alterations in Nephrin-Neph1-regulated actin dy-
namics following podocyte injury occurs as a result of inside-
out signaling is an interesting possibility that requires further
investigation.
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