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A specialized intercellular junction between podocytes, known
as the slit diaphragm (SD), forms the essential structural frame-
work for glomerular filtration in the kidney. In addition,mounting
evidence demonstrates that the SD also plays a crucial role as a
signaling platform in physiological and pathological states. Neph-
rin, themajor component of the SD, is tyrosine-phosphorylated by
a Src family tyrosine kinase, Fyn, in developing or injured podo-
cytes, recruiting Nck to Nephrin via its Src homology 2 domain to
regulate dynamic actin remodeling.DysregulatedCa2�homeosta-
sis has also been implicated in podocyte damage, but the mecha-
nismof howpodocytes respond to injury is largely unknown.Here
we have identified phospholipase C-�1 (PLC-�1) as a novel phos-
pho-Nephrin-binding protein.When HEK293T cells expressing a
chimeric protein consisting of CD8 and Nephrin cytoplasmic
domain (CD)were treatedwith anti-CD8andanti-mouse antibod-
ies, clustering of Nephrin and phosphorylation of Nephrin-CD
were induced. Upon this clustering, PLC-�1 was bound to phos-
phorylated Nephrin Tyr-1204, which induced translocation of
PLC-�1 fromcytoplasmto theCD8/Nephrinclusteron theplasma
membrane.The recruitment ofPLC-�1 toNephrin activatedPLC-
�1, as detected by phosphorylation of PLC-�1 Tyr-783 and
increase in inositol 1,4,5-trisphosphate level. We also found that
NephrinTyr-1204phosphorylation triggers theCa2� response ina
PLC-�1-dependent fashion. Furthermore, PLC-�1 is significantly
phosphorylated in injured podocytes in vivo. Given the profound
effect ofPLC-� indiverse cellular functions, regulationof theCa2�

signaling byNephrinmay be important inmodulating the glomer-
ular filtration barrier function.

The glomerular capillary wall of the kidney functions as a
highly selective filtration barrier that retains albumin and other

plasma proteins in the circulation (1). A defect in glomerular
ultrafiltration results in several forms of congenital or acquired
kidney diseases, which is typically manifested by a massive loss
of protein in the urine (proteinuria), which is key symptom of
nephrotic syndrome (2). The glomerular capillary wall consists
of three structural layers: a layer of a fenestrated endothelial
cells, the glomerular basementmembrane, and the visceral epi-
thelial cells, also called podocytes. Podocytes formprimary pro-
cesses that further extend numerous elaborate foot processes.
Foot processes from neighboring podocytes interdigitate with
each other and surround the entire surface of capillary loops.
These foot processes are bridged by a unique cell adhesion
structure, the slit diaphragm (SD).2

Over the last decade, mutations in genes encoding the SD
proteins have been identified in several forms of congenital
nephrotic syndrome (2). The first of thesemolecules to be iden-
tified was Nephrin (3). Nephrin is a membrane-spanning gly-
coprotein encoded by the NPHS1 gene and is a member of the
immunoglobulin superfamily. Nephrin is specifically expressed
in glomerular podocytes, and mutations inNPHS1 cause heavy
proteinuria before birth and result in early death (congenital
nephrotic syndrome of the Finnish type) (4). Several othermol-
ecules, including Neph1 (5), podocin (6), FAT1 (7), and CD2-
associated protein (8) have been identified as components of
SD, and genetic disruption of these molecules in human dis-
eases or in genetically manipulated mice results in similar phe-
notypic conditions: a flattening (effacement) of foot processes,
loss of SD, and proteinuria. The identification of these SD com-
ponents has shed light on the pathogenesis of proteinuria and
emphasized the critical role of SD in maintaining the function
of the glomerular filtration barrier.
In addition to its role as a structural framework of the filtra-

tion barrier, SD has been implicated in podocyte intracellular
signaling (9). Nephrin interacts with phosphatidylinositol 3-ki-
nase p85, which leads to increased Akt activity and a reduction
in cell death induced by apoptotic stimuli (10). SD components
are also modulated by tyrosine phosphorylation. The cytoplas-
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mic domain (CD) of Nephrin is transiently tyrosine-phospho-
rylated by a Src family tyrosine kinase, Fyn, in developing or
injured podocytes (11, 12). The Src homology 2 domain of Nck
binds to several phosphorylated tyrosines of Nephrin, and this
interaction regulates actin polymerization (12, 13), indicating a
dynamic regulatory role of Nephrin in the podocyte cytoskele-
ton. The critical role of tyrosine phosphorylation in filtration
barrier function is also suggested by proteinuria and the efface-
ment of foot processes in fyn-deficient mice (11, 14).
New insights have recently emerged concerning the func-

tional importance of Ca2� signaling in the pathophysiology of
podocyte. Mutant forms of canonical TRPC6 (transient recep-
tor potential cation channel 6) have been shown to cause con-
genital proteinuria (15). TRPC6 is a Ca2�-permeable cation
channel activated following stimulation of membrane recep-
tors linked to PLC. TRPC6 is highly expressed in podocytes and
closely localized to the SD. Somemutants found in patients are
gain-of-function mutations, leading to speculation that the
exaggerated Ca2� signaling disrupts glomerular cell function
(15, 16). But to date, the mechanism by which Ca2� signaling is
associated with glomerular pathogenesis is largely unknown.
In the present study, we identified PLC-�1 as a novel phos-

pho-Nephrin-binding protein. Specific phosphorylation of
Nephrin by a clustering strategy revealed that phosphorylation
of Nephrin is directly involved in Ca2� homeostasis via the
recruitment and activation of PLC-�1.Moreover, in a rat podo-
cyte injurymodel, which is characterized by enhancedNephrin
phosphorylation, PLC-�1 is phosphorylated and recruited to
the plasma membrane. These results strongly suggest that the
SD structure is directly linked to Ca2� signaling by PLC-�1 and
demonstrate a novel role of SD as an orchestrator of a versatile
signaling pathway, including Ca2� homeostasis.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Mouse monoclonal anti-FLAG
antibody (M2; Sigma), rabbit polyclonal anti-PLC-�1 antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit poly-
clonal anti-p-PLC-�1 antibody (Tyr(P)-783) (Cell Signaling
Technology, Danvers, MA), mouse monoclonal anti-phospho-
tyrosine antibody (4G10; Upstate Biotechnology, Inc., Lake
Placid, NY), andmousemonoclonal anti-His antibody (Qiagen,
Hilden, Germany) were obtained commercially. A rabbit poly-
clonal anti-Nephrin antibody was raised against a COOH-ter-
minal peptide of 17 amino acids CAVEASSLPFELRGHLV (the
first cysteine is not part of the Nephrin sequence) coupled to
keyhole limpet hemocyanin. The antiserum was affinity-puri-
fied using the immunogen coupled to a SulfoLink column
(Pierce). A rabbit polyclonal phosphospecific antibody (anti-
Tyr(P)-1204) was raised against a high pressure liquid chroma-
tography-purified synthetic oligopeptide CAWGPLpYDEVRMD.
The antiserum was affinity-purified by the immunogen
described above and absorbed with nonphosphorylated pep-
tide, CAWGPLYDEVRMD. Western blotting was carried out
with these antibodies diluted at 1:2000. Thapsigargin, U73122,
and NAADP receptor modulator (catalog number 481919)
were obtained from Calbiochem. NAADP receptor modulator
is a weak NAADPR ligand (IC50 � 90 �M in competition bind-
ing against 0.2 nM NAADP) that specifically inhibits NAADP-

mediated (but not cADPR-, inositol 1,4,5-trisphosphate (IP3)-,
or acetylcholine-evoked) Ca2� response in sea urchin egg
homogenate and in murine pancreatic acinar cells (17). 8-bro-
mo-cyclic adenosine diphosphate ribose was from Sigma.
Cell Culture and Transfection—HEK293T cells were pur-

chased from theATCC (Manassas, VA). These cells weremain-
tained in Dulbecco’s modified Eagle’s medium containing 10%
fetal calf serum. NIH3T3 cells were cultured in Dulbecco’s
modified Eagle’s medium containing 10% calf serum. Trans-
fections were performed using Lipofectamine 2000 reagent
(Invitrogen), following the manufacturer’s instructions.
Eukaryotic Expression Constructs—The following plasmids

were prepared. For full-length Nephrin and full-length Neph-
rin-FLAG, a cDNA fragment coding for full-length rat Nephrin
was amplified by PCR using primers (5�-atttgcggccgcccgccat-
gggcgctaagagagtcactg-3� and 5�-gcggtcgactcacaccagatgtcccct-
cagctc-3�, 5�-atttgcggccgcccgccatgggcgctaagagagtcactg-3� and
5�-gcggtcgaccaccagatgtcccctcagctc-3�) and was cloned into a
pCMV-Tag4A vector (Stratagene, Cedar Creek, TX). A Neph-
rin phenylalanine substitution mutant, Y1204F, was prepared
using standard PCR methods. Mammalian expression plasmid
encoding Fyn (18), FLAG-tagged PLC-�1, and GFP-tagged
PLC-�1 (gift from P. G. Suh, POSTECH, Pohang, Korea) (19),
and CD8 (gift from S. Yamasaki, RIKEN Research Center for
Allergy and Immunology) (20) were as previously described.
Restriction digestion and DNA sequencing were performed to
validate all constructs.
Bacterial Fusion Protein Expression—A rat Nephrin cDNA

fragment encoding the 151-amino acid cytoplasmic region
(Nephrin-CD; amino acids 1102–1252) flanked with EcoRI (5�)
and XhoI (3�) restriction sites was subcloned into pGEX-6P-1
(GE Healthcare). Bacterial pellets were resuspended and soni-
cated in a solution containing 20mMTris-HCl (pH7.5), 150mM
NaCl, 1%Nonidet P-40, 2mMdithiothreitol, 1mMphenylmeth-
ylsulfonyl fluoride, 10 �g/ml antipain, and 10 �g/ml leupeptin;
insoluble material was removed by centrifugation. GST-tagged
fusion protein was purified on a glutathione-Sepharose col-
umn, followed by removal of GST with PreScission protease
according to the manufacturer’s instructions (GE Healthcare).
To express the His-tagged NH2-terminal SH2 domain of
PLC-�1 SH2, a PLC-�1 cDNA fragment encoding the 108-
amino acid residues (amino acids 550–657) flankedwith EcoRI
(5�) and NotI (3�) restriction sites was cloned into the pET28a
(�) vector (Novagen,Madison,WI). To express the His-tagged
COOH-terminal SH2domain of PLC-�1, a PLC-�1 cDNA frag-
ment encoding the 90 amino acid residues (amino acids 667–
756) flanked with EcoRI (5�) and NotI (3�) restriction sites was
cloned into the pET28a (�) vector. His-tagged fusion protein
was purified by a nickel-Sepharose column according to the
manufacturer’s instructions (GE Healthcare).
In Vitro Phosphorylation and Peptide Mass Analysis—Phos-

phorylation of recombinantNephrin-CD (residues 1102–1252)
was performed by incubation of 6.0 �g of Nephrin-CD with 30
ng of recombinant active Fyn (Upstate Biotechnology) in 10 �l
of kinase buffer (20 mM Tris-HCl, pH 7.5, 20 mM MgCl2, 1 mM
ATP, and 1 mM sodium orthovanadate) for 60 min at 30 °C.
Phosphorylated Nephrin-CD was digested with trypsin (Pro-
mega, Madison, WI). Acetonitrile was added to a final concen-
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tration of 90%, and the samplewas desalted/concentrated using
ZipTip HPL (Millipore, Bedford, MA). Peptides were eluted
with 1 �l of matrix solution (0.1% acetic acid and 50% acetoni-
trile saturated with �-cyano-4-hydroxycinnamic acid) and
applied onto a sample plate (Applied Biosystems, Foster City,
CA). Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry was performed using Voy-
ager-DE PRO (Applied Biosystems).
Pull-down Assay—GST or GST-Nephrin-CD immobilized

on glutathione-Sepharose beads (GE Healthcare) was incu-
bated with Fyn in a kinase buffer for 60 min at 30 °C. HEK293T
cell lysates were incubated at 4 °C overnight with phosphoryla-
ted GST-Nephrin-CD or GST immobilized on beads. Beads
were washed extensively with wash buffer (50 mM Tris-HCl,
pH 7.5, 150 mMNaCl, 1% Nonidet P-40). Nephrin and bound
proteins were detached from the beads by digestion with
PreScission protease and analyzed by Western blotting or
silver staining.
Determination of Proteins of Interest Using Mass Spectrome-

try—Thepull-down sample prepared as above in large scalewas
subjected to SDS-PAGE and transferred to ProBlott mem-
branes (Applied Biosystems) and stained with Coomassie Bril-
liant Blue. Proteins of interest were excised, treated with a
reduction buffer (0.5 M Tris, pH 8.5, 8 M guanidine hydrochlo-
ride, 0.3% EDTA, 5% acetonitrile), and digested with 1 pmol of
lysylendopeptidase (Wako) in 6 �l of digestion buffer (18 mM

Tris, pH8.9, 70% acetonitrile) for 90min at 37 °C. Peptideswere
purified and subjected to peptide mass fingerprinting, as
described above. Peptide ions specific for each sample were
then used to interrogate human protein sequences in the
NCBInr data base using the MASCOT algorithms.
Immunoprecipitation—Cells were lysed with immunopre-

cipitation buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
antipain, 10 �g/ml leupeptin, 100 units/ml aprotinin, 50 mM

NaF, 1 mM EDTA, and 1 mM orthovanadate) for 15 min on ice.
Lysates were clarified by centrifugation and incubated with
beads conjugated with M2 anti-FLAG antibody for 1 h at
4 °C. Beads were washed twice with immunoprecipitation
buffer, and bound proteins were eluted with 100 mM glycine-
HCl (pH 2.6).
Immunohistochemistry—Immunofluorescence studies were

performed as previously described (21). Briefly, rat kidneys
were perfusedwith 2% paraformaldehyde fixative bufferedwith
0.1 M phosphate buffer (pH 7.4). These samples were immersed
in the same fixative for about 30 min. After washing with phos-
phate-buffered saline (PBS), the tissue was immersed succes-
sively in PBS solution containing 10, 15, and 20% sucrose. After
the tissue was embedded in OCT Compound and frozen, cryo-
sections (thickness 5–10 �m) were cut using a Jung Frigocut
2800E (Leica) and then mounted on silane-coated glass slides.
The cryosections were rinsed with PBS and blocked in blocking
solution (0.1% bovine serum albumin in PBS). The sections
were incubatedwith the primary antibodies and visualizedwith
fluorescein isothiocyanate or rhodamine-isothiocyanate-con-
jugated second antibodies (Jackson ImmunoResearch Labora-
tories, West Grove, PA). Fluorescent specimens were viewed

with a confocal laser-scanningmicroscope LSM510 (Carl Zeiss,
Thornwood, NY).
Immunoelectron Microscopy—Kidneys were isolated from

anesthetized adult rats, which were fixed by perfusion of 0.5%
(w/v) glutaraldehyde in PBS. Tissues were cut in small pieces
and fixed in the same fixative for 1 h on ice, washed with PBS,
and dehydrated with a graded series of ethanol. Cubes of renal
cortex (2mm)were embedded in LRwhite resin (London Resin
Company Ltd., London, UK) and polymerized with LR white
accelerator and stored at �20 °C. Ultrathin sections were
mounted on 300-mesh nickel grids and treated with 3% H2O2
for 10min. After blocking with 1% (w/v) bovine serum albumin
in PBS for 30 min, grids were incubated overnight at 4 °C with
the affinity-purified rabbit anti-PLC-�1 antibody, washed with
PBS, and incubated with 10-nm gold-conjugated goat anti-rab-
bit IgG (GE Healthcare) at a dilution of 1:20 for 1 h at room
temperature. Grids were washed with distilled water and
stained with uranyl acetate for 20 min. After air drying at room
temperature, the sectionswere photographedon aHitachi 7100
electron microscope at �10,000 magnification.

FIGURE 1. Detection of Nephrin with the anti-Nephrin antibody. A, lysates
from isolated rat glomeruli, untransfected HEK293T cells, and HEK293T cells
transiently transfected with plasmid encoding Nephrin or a control vector
were separated on SDS-PAGE (10%), transferred to nitrocellulose membrane,
and immunoblotted with anti-Nephrin (left) or anti-Nephrin preabsorbed
with the peptide used for immunization (right). B, adult rat cryosections were
analyzed by indirect immunofluorescence microscopy (magnification, �100)
after incubating sections simultaneously with anti-zonula occludens (ZO-1)
and rabbit Nephrin antibody (a and b) or anti-Nephrin antibody preabsorbed
with the peptide used for immunization (c and d) to confirm Nephrin staining
in glomeruli (arrowheads) but not in the tubular cells (arrows). Scale bars, 100
�m. C, nephrin staining shows a typical podocyte pattern along the glomer-
ular capillary loops. Magnification, �400; scale bars, 50 �m.
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CD8 Chimera Clustering—NIH 3T3 cells were transfected
with CD8 chimeric constructs bearing Nephrin-CD at the
COOH-terminal end. At 24 h after transfection, Dulbecco’s
modified Eagle’s mediumwas removed and replaced with fresh
medium containing 1 �g/ml CD8 antibody (clone RPA-T8, BD

Biosciences). Cells were maintained at 37 °C for 10 min. At this
point, cells were washed with PBS and replaced with medium
containing 1 �g/ml goat anti-mouse IgG (Pierce), and incuba-
tion was continued for 15 min for the recruitment experiment.
Cells were washed three times with PBS and fixed with 3.7%

FIGURE 2. Tyrosine phosphorylation of Nephrin by Fyn in vitro. A, Nephrin-CD (amino acids 1104 –1252) was incubated with or without Fyn in vitro, and the
samples were immunoblotted with anti-phosphotyrosine (p-Tyr) antibody. CBB, Coomassie Brilliant Blue staining; WB, Western blot. B, identification of tyrosine
residues of Nephrin phosphorylated by Fyn. The same samples as in A were digested with trypsin, and the peptides were analyzed by a MALDI-TOF mass
spectrometer. A marked decrease of peak intensity was observed for two peptides (indicated by downward arrows; 1747.8 Da (corresponding to amino acids
1193–1208) and 2497.2 Da (residues 1226 –1248)), and a moderate decrease was observed for other peptides (909.4 Da (residues 1209 –1215), 1513.6 Da
(residues 1125–1136), 1782.8 (residues 1123–1136), 1885.8 (residues 1125–1139), 1906.8 Da (residues 1140 –1156), and 4089.9 Da (residues 1157–1192);
upward arrows). Representative data are shown from one of three independent experiments. C, detailed data of the peptide mass spectra of nonphosphoryl-
ated (top) and phosphorylated (bottom) Nephrin-CD in Fig. 2B are shown. D, tyrosine phosphorylation sites in the rat Nephrin-CD. The amino acid sequence of
Nephrin-CD with amino-terminal linker sequence (the first eight amino acids, marked as a box). Peptides corresponding to 1747.8 and 2947.2 Da are double
underlined. Peptides corresponding to 909.4 Da (residues 1209 –1215), 1513.6 Da (residues 1125–1136), 1906.8 Da (residues 1140 –1156), and 4089.9 Da
(residues 1157–1192) are underlined. Candidate phosphorylation sites are indicated by arrows with amino acid numbers. Lysine and arginine residues are
marked with single underlines.
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formaldehyde for 10min at room temperature. Fixed cells were
then permeabilized with 0.1% Triton X-100 for 10 min. After
washing with PBS, the cells were incubated with primary anti-
bodies in PBS containing 1% bovine serum albumin for 1 h,
followed by incubation with Alexa Fluor-conjugated secondary
antibodies (1:1000 dilution; Invitrogen) for 1 h. Coverslips were
mounted on glass slides using ProLong Gold antifade reagent
(Invitrogen Corp.). Samples were observed on an inverted
microscope (model IX71; Olympus, Tokyo, Japan) equipped
with a PlanApo �60, 1.4 numerical aperture oil immersion
objective. Images were obtained with a cooled charge-coupled
device camera (ORCA-ER; Hamamatsu Photonics, Shizuoka,
Japan) controlled by Aqua-Lite software (Hamamatsu Photon-
ics) and were processed using Adobe Photoshop CS3.
Inositol 1,4,5-Trisphosphate Generation Assay—HEK293T

cells (2.4 � 106) were transfected with CD8/Nephrin-CD and
PLC-�1 vectors. These cells were stimulated with the primary
antibody for 10min at 37 °C and the secondary antibody for the
indicated times at 37 °C. Determination of IP3 production was
performed using the Biotrak IP3 assay system (GE Healthcare)
according to the manufacturer’s protocol. Ratios compared
with the control (secondary antibody: 0 min) are shown as the
mean of three independent experiments. Error bars represent
the S.D.
Determination of [Ca2�]i Changes with the Ratiometric

Pericam—The intracellular Ca2� change was measured using
a fluorescent Ca2� indicator, ratiometric pericam (22).
HEK293T cells expressing the ratiometric pericam were ana-
lyzed by video imaging using a multidimensional imaging work
station (AS MDW, Leica Microsystems, Wetzlar, Germany)
with dual alternative excitations at 410 and 490 nm and detec-
tion with a fluorescent emission filter, 520–600 nm. The 490
nm/410 nm excitation ratio, which increases as a function of
intracellular Ca2�, was captured at 5-s intervals.
Animals—All the experiments using model animal were car-

ried out according to the guidelines set by the Animal Center of
the Institute of Medical Science at the University of Tokyo.
Perfusion of rat kidneys with protamine sulfate (PS) was carried
out essentially as previously described (21). Six-week-old male
Wistar rats were purchased from Charles River Laboratories
Japan, Inc. (Atsugi, Japan). The rats were anesthetized with
pentobarbital. Kidneys were perfused through the aorta at 5
ml/min with Hanks’ balanced salt solution for 20 min followed
by PS solution (500 �g/ml in Hanks’ balanced salt solution) for
20 min. The cryostat sections for immunohistological study
and glomerular lysates were prepared as previously described
(23).

RESULTS

Characterization of Anti-Nephrin Antibody—We prepared a
rabbit polyclonal antibody against the rat Nephrin carboxyl-
terminal 17 amino acid residues. To assess the specificity of the
antibody, the full-length rat Nephrin cDNA was cloned and
transiently expressed in human embryonic kidney HEK293T
cells. A portion of the cell lysates was subjected to immunoblot-
ting with this antibody. As shown in Fig. 1A, the anti-Nephrin
antibody recognized a proteinwith an apparentmolecularmass
of �180 kDa in the Nephrin-transfected cells but not in the

empty vector transfectants. Rat glomeruli were isolated using a
sieving protocol (21), and their extractswere analyzed similarly.
A protein with a slightly slower mobility than overexpressed
Nephrin inHEK293T cells, probably due to a difference in post-
translational modification, was clearly visible. We immuno-
stained kidney sections isolated fromnormal rats with this anti-
body, which resulted in a specific staining in renal glomeruli
(Fig. 1B). Nephrin staining shows a typical podocyte pattern
along glomerular capillary loops (Fig. 1C).
Identification of Tyrosine Residues of Nephrin Phosphoryl-

ated by Fyn—Recent studies have revealed that the SD protein
complex conducts phosphorylation-mediated signals to inte-
grate the junctional structure and cytoskeletal dynamics in
podocytes.Nephrin is tyrosine-phosphorylated by Fyn in devel-
oping glomeruli and injured podocytes, recruiting Nck to the
SD to regulate actin filament polymerization (12, 13). To extend
our knowledge of the mechanism regulated by Nephrin phos-
phorylation, we first determined the tyrosine residues phos-
phorylated by Fyn. To identify these sites, we performed in vitro
phosphorylation of Nephrin by recombinant active Fyn and
confirmed that Nephrin-CD (cytoplasmic domain, amino acids
1104–1252) was tyrosine-phosphorylated by Fyn in vitro (Fig.
2A). The significant mobility shift indicates multiple phos-
phorylation and conformational changes of Nephrin-CD.

FIGURE 3. Identification of PLC-�1 as a phospho-Nephrin-binding pro-
tein. A, recombinant GST-Nephrin-CD was bound to glutathione-Sepharose
beads and incubated with recombinant Fyn with or without ATP. After wash-
ing, the beads were incubated with lysates from HEK293T cells, and bound
proteins were analyzed by silver staining. These experiments were repeated
four times, and representative data are shown. B, multiple proteins specifi-
cally bind to phosphorylated Nephrin. Protein samples in A were analyzed by
immunoblotting for the indicated antibodies. C, expression of PLC-�1 in
podocytes. Indirect immunofluorescence microscopy was performed to
detect PLC-�1 in adult rat kidney cryosections (left). Colocalization with
vimentin suggests that PLC-�1 is highly expressed in podocyte in renal glo-
meruli (right). Magnification was �400.
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These samples (phosphorylated and nonphosphorylated
Nephrin-CD) were digested with trypsin, and their peptide
mass fingerprints were compared. Fig. 2B shows the peptide
mass spectra of nonphosphorylated (top) and phosphoryla-
ted (bottom) Nephrin-CD. When a peptide is phosphoryla-
ted, its peptide mass should increase by 80 Da. By this crite-
rion, we could identify phosphorylated peptides by
comparing these two spectra. In the Fyn-phosphorylated
samples, significant decreases in peak intensity were
observed for peptides of 1747.8 Da (corresponding to amino
acids 1193–1208) and 2497.2 Da (amino acids 1226–1248)
(indicated by downward arrows in Fig. 2B), and concomi-
tantly phosphorylated forms of these peptides were identi-
fied. Similarly, partial phosphorylation of peptides of 909.4
Da (amino acids 1209–1215), 1513.6 Da (amino acids 1125–
1136), 1782.8 (amino acids 1123–1136), 1885.8 (amino acids
1125–1139), 1906.8 Da (amino acids 1140–1156), and 4089.9
Da (amino acids 1157–1192) (Fig. 2, B (indicated by upward
arrows) andC) were also observed. These results suggested that
all of the eight tyrosine residues in rat Nephrin-CD can at least
be partially phosphorylated in vitro, and of those, Tyr-1194,
Tyr-1204, and Tyr-1228 are the major sites for the tyrosine
phosphorylation.
Identification of SH2Domain-containing Proteins That Asso-

ciate with Phosphorylated Nephrin—To characterize the
diverse function of Nephrin tyrosine phosphorylation, we
investigated phospho-Nephrin-binding proteins by pull-down
strategy. GST or GST-Nephrin-CD was immobilized on gluta-
thione-Sepharose beads and phosphorylated by Fyn in vitro.
These samples were used to pull down binding proteins from

HEK293T cells. Proteins trapped on
the beads were analyzed by silver
staining. As shown in Fig. 3A, a 150-
kDa protein specifically bound to
phosphorylated Nephrin (marked
by an asterisk). This band was
excised and subjected to peptide
mass fingerprinting, as described
under “Experimental Procedures.”
Using the MASCOT (available on
the World Wide Web) data base
search algorithms, this protein was
identified as human PLC-�1 (prob-
ability 9.8E-009, score 113, coverage
14%). Proteins trapped on the beads
were also analyzed by immunoblot-
ting using antibodies against several
SH2 domain-containing proteins.
Of these, Crk family proteins (CrkI,
CrkII, and Crk-L), Nck, and phos-
phatidylinositol 3-kinase p85 also
specifically bound to Nephrin in a
phosphorylation-dependent man-
ner (Fig. 3B). Rat glomerular cryo-
sections were immunostained with
antibody to PLC-�1 (Fig. 3C, left).
Although not restricted to podo-
cytes, PLC-�1 is highly expressed in

podocytes, which are indicated by expression of the podocyte
marker vimentin (Fig. 3C, right).
PLC-�1 Directly Binds to Phosphorylated Tyr-1204 of

Nephrin—Next, the interaction between Nephrin and PLC-�1
was investigated. PLC-�1 has two SH2 domains (N-SH2 and
C-SH2).GSTorGST-Nephrin-CD immobilized on glutathione
beads phosphorylated by Fyn in vitrowas incubated with either
of the His-tagged SH2 domains of PLC-�1, and bound proteins
were analyzed by SDS-PAGE and immunoblottedwith anti-His
antibody. As shown in Fig. 4A, both SH2 domains directly
bound to phosphorylatedNephrin. To identify the critical tyro-
sine residue for the interaction, pull-down analysis using phos-
phorylated Nephrin peptides was performed. Tyr-1212 was
omitted, because this tyrosine is not conserved in humanNeph-
rin. As shown in Fig. 4B, the PLC-�1N-SH2 domain specifically
bound to phosphorylated Tyr-1204 peptide. The PLC-�1
C-SH2 domain did not show specific binding to these peptides
(data not shown). C-SH2 may be involved in intramolecular
binding to Tyr-783, as described (24). Phosphorylation speci-
ficity was also examined by pull-down analysis using nonphos-
phorylated and phosphorylated Nephrin peptide around Tyr-
1204. When the peptide-immobilized beads were incubated
with HEK293T lysates, Nck and PLC-�1 specifically bound to
phosphorylated Tyr-1204 (Fig. 4C). Site specificity was also
confirmed by pull-down analysis using GST-Nephrin Y1204F
(Fig. 4D). We also confirmed this interaction in transiently
transfected HEK293T cells. PLC-�1 was specifically coimmu-
noprecipitatedwith Fyn-phosphorylatedwild typeNephrin but
not with nonphosphorylated Nephrin or with the phosphoryl-

FIGURE 4. PLC-�1 directly binds to phosphorylated Nephrin Tyr(P)-1204. A, recombinant GST or GST-Neph-
rin-CD was bound to glutathione-Sepharose beads and incubated with or without Fyn. After washing, the beads
were incubated with recombinant His-tagged N- or C-SH2 domain of PLC-�1, and bound proteins were immuno-
blotted with anti-His antibody. CBB, Coomassie Brilliant Blue staining. WB, Western blot. B, phosphorylated Nephrin
peptides were immobilized to SulfoLink coupling gel to pull down His-PLC-�1-N-SH2. PLC-�1-N-SH2 specifically
bound to phospho-Tyr-1204. C, phosphorylated or nonphosphorylated Nephrin Tyr-1204 peptides were immobi-
lized to coupling gel and incubated with HEK293T cell lysates. The bound proteins were immunoblotted with
anti-PLC-�1 and anti-Nck. D, GST-Nephrin-CD wild type or Y1204F were phosphorylated by Fyn and immobilized to
glutathione-Sepharose. The beads were incubated with HEK293T lysates, and bound proteins were analyzed by
Western blotting for PLC-�1. E, HEK293T cells were transfected with indicated vectors, and anti-FLAG immunopre-
cipitates (IP) and cell lysates were analyzed by Western blotting for FLAG and Nephrin.
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ated Y1204F mutant (Fig. 4E). These results indicate that
PLC-�1 directly binds to phosphorylated Tyr-1204 of Nephrin.
Nephrin Clustering Induces Its Phosphorylation and Recruits

PLC-�1 toNephrin-CD—Thephosphorylated tyrosine residues
in receptors for growth factors, immunoglobulins, and cyto-
kines provide a set of specific docking platforms to recruit var-
ious effector proteins, including PLC-�. The recruitment of
PLC-� to tyrosine-phosphorylated growth factor receptors
activates PLC-� and mobilizes the internal Ca2� stores and
further affects multiple downstream protein kinase pathways
that control or modulate diverse cellular functions. It is already
known that upon clustering of Nephrin-CD, the Src family pro-
tein kinase rapidly catalyzes the phosphorylation of Nephrin.
Phosphorylated Nephrin recruits Nck to the plasma mem-
brane, which results in concomitant recruitment of compo-
nents of the actin polymerization complex and induction of
localized actin polymerization (12, 13). We sought to test the
hypothesis that in a similar fashion, PLC-�1may be recruited to
Nephrin-CD at the plasma membrane. To this end, a modified
strategy developed by Verma et al. (12) and Jones et al. (13) was
used. A fusion protein construct was created in which the CD8

extracellular domain and the trans-
membrane domain (amino acids
1–206) were coupled to Neph-
rin-CD (CD8/Nephrin-CD) (Fig.
5A). This fusion protein was
expressed in cultured cells by tran-
sient transfection. After 24 h, a
mouse anti-CD8 antibody and a sec-
ondary anti-mouse IgG antibody
were added to the culture media.
This procedure induced visible
aggregation or clustering of theCD8
fusion protein on the plasma mem-
brane (Figs. 5B and 6) and induced
tyrosine phosphorylation on
Tyr-1204 of CD8/Nephrin-CD (Fig.
5C). To test whether Nephrin clus-
tering induces PLC-�1 relocaliza-
tion, NIH 3T3 cells were cotrans-
fected with plasmids encoding
CD8/Nephrin-CD and PLC-�1-
GFP and were examined by immu-
nofluorescence. Upon clustering, a
significant portion of PLC-�1-GFP
forms a dotlike structure, which
colocalized with Nephrin-CD at the
plasma membrane, as stained by
anti-CD8 (Fig. 6). Approximately
60–70% of CD8-Nephrin clusters
contain PLC-�1. We did not detect
any PLC-�1 clusters where anti-
CD8 antibody was not present.
These results clearly indicate that
Nephrin clustering recruits PLC-�1
to Nephrin-CD.
Clustering of Nephrin Activates

PLC-�1 and Induces Ca2� Response—
Recruitment of PLC-� to growth factor receptors results in its
tyrosine phosphorylation, and this phosphorylation is necessary
for its activation. Although PLC-�1 is rapidly phosphorylated at
Tyr-771 and Tyr-783 in response to epidermal growth factor and
platelet-derived growth factor receptor kinases, Tyr-783 is known
to be crucial for the activation of PLC-�1 through its intramolec-
ular interaction with C-SH2 (24). Therefore, we examined
whether PLC-�1 is phosphorylated and activated in response
to Nephrin phosphorylation using phosphospecific antibody for
PLC-�1 Tyr(P)-783. When HEK293T cells expressing FLAG-
tagged CD8/Nephrin-CD and FLAG-tagged PLC-�1 were
treated with the primary and secondary antibodies, clustering-
induced tyrosine phosphorylation of Nephrin on Tyr-1204
occurred within 1 min of the addition of clustering antibodies,
and Tyr(P)-1204 was quickly dephosphorylated after 4–5 min
(Fig. 7A). On the other hand, phosphorylation of PLC-�1 Tyr-
783 was observed 2 min after antibody treatment and persisted
for more than 45 min (Fig. 7, A and B). The phosphorylation of
PLC-�1 Tyr-783 was absolutely dependent on Nephrin Tyr-
1204 phosphorylation, because Y1204F mutant did not induce
this phosphorylation at all (Fig. 7C).

FIGURE 5. Clustering of Nephrin-CD. A, schematic representation of CD8 fusion proteins. B, clustering of the
CD8/Nephrin-CD by cross-linking. HEK293T cells expressing CD8/Nephrin-CD were treated with mouse anti-
CD8 (middle panels) or with anti-CD8 plus goat anti-mouse IgG (lower panels) and then fixed. Cells were stained
with anti-Nephrin antibody (green), anti-mouse IgG antibody (red), and 4�,6-diamidino-2-phenylindole (blue).
Representative data are shown. Magnification was �100. C, HEK293T cells expressing CD8/Nephrin-CD-FLAG
were treated with clustering antibodies (left and right lanes; primary � secondary antibody; middle lane; sec-
ondary antibody only), and then the cell lysates and FLAG immunoprecipitates (IP) were immunoblotted for
Nephrin and phospho-Nephrin (Tyr(P)-1204). WB, Western blot.
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The activation of PLC-� induced by stimulation of surface
membrane receptors triggers hydrolysis of phosphatidylinosi-
tol 4,5-bisphosphate into IP3 anddiacylglycerol and elicitsCa2�

signals. Therefore, we measured IP3 levels in cells treated with
clustering antibodies. As shown in Fig. 7D, clustering of Neph-
rin-CD resulted in generation of IP3 within 2min, which is well
correlated with the activation of PLC-�1.
We next examined whether this clustering-induced activa-

tion of PLC-�1 is involved in Ca2� signaling. HEK293T cells
were cotransfected with CD8/Nephrin-CD and PLC-�1. Real
time changes in the cytosolic free Ca2� concentration ([Ca2�]i)
were monitored in individual cells, using the Ca2�-selective
sensor pericam (22). The fluorescence ratio at 490 nm excita-
tion to that of 410 nm excitation reflects [Ca2�]i at a constant
pH (22). Clustering of Nephrin-CD triggered a rapid rise in
pericam excitation ratio 490 nm/410 nm (Fig. 8A), indicating a
clustering-induced [Ca2�]i rise. Both CD8/Nephrin-CD and
PLC-�1 were necessary for this clustering-induced [Ca2�]i
change, because the omission of either component abolished
the Ca2� response (Fig. 8, B and C). No increase in [Ca2�]i was
observed when HEK293T cells cotransfected with CD8/Neph-
rin-CD and PLC-�1 were treated with either the first or second
antibody alone (Fig. 8, D and E), demonstrating the specificity
of the clustering response. Because no change in [Ca2�]i was
observed when cells expressing CD8/Nephrin-CD Y1204F
mutant, which does not bind to PLC-�1, were treatedwith clus-
tering antibodies (Fig. 8F), the recruitment of PLC-�1 to Neph-
rin Tyr-1204 is crucial for the Ca2� signal. To examine whether

the rise in [Ca2�]i in response to
Nephrin clustering originated pri-
marily from internal Ca2� store
release or external Ca2� influx,
HEK293T cells transfected with
CD8/Nephrin-CD and PLC-�1
were stimulated with clustering
antibodies in the absence of extra-
cellular Ca2� (Fig. 8G). The initial
transient rise in [Ca2�]i of cluster-
ing-stimulated cells was still
observed under these conditions,
suggesting that at least some of the
Ca2� response originates from
internal stores. When the cells were
pretreated with thapsigargin (a
SERCA pump inhibitor) to deplete
internal Ca2� stores (Fig. 8H), there
was no Ca2� response in cells
treated with clustering antibodies.
Furthermore, a PLC inhibitor,
U73122, partially inhibited the sus-
tained increase in [Ca2�]i, suggest-
ing the involvement of PLC-�1
activity in the Ca2� response (Fig.
8I). Recently, other Ca2�-mobiliz-
ing messengers, such as cADP-ri-
bose and NAADP (nicotinic acid-
adenine dinucleotide phosphate),
have been shown to be involved in

FIGURE 6. PLC-�1 is recruited to the CD8/Nephrin-CD cluster. NIH3T3
cells expressing CD8/Nephrin-CD and PLC-�1-GFP (green) were treated
with mouse anti-CD8 antibody and goat anti-mouse IgG antibody (middle
and lower panels) or were treated with the secondary antibody only (upper
panels) and then fixed and stained for mouse IgG (red) and 4�,6-diamidino-
2-phenylindole (blue). Higher magnification images corresponding to a
square in a middle panel are shown in the lower panels. PLC-�1 forms
clusters upon CD8 clustering and the clusters were colocalized with CD8/
Nephrin-CD clusters. Magnification was �400.

FIGURE 7. Nephrin clustering activates PLC-�1. A and B, HEK293T cells expressing FLAG-tagged PLC-�1
and CD8/Nephrin-CD were treated with or without mouse anti-CD8 antibody for 10 min and then with
goat anti-mouse IgG antibody for the indicated periods of time. Anti-FLAG immunoprecipitates were
analyzed by Western blotting with the antibodies indicated. Nephrin is phosphorylated in 1 min after
CD8/Nephrin-CD clustering and dephosphorylated after 4 –5 min, whereas phosphorylation of PLC-�1 is
observed after 2 min and continues for over 45 min. C, phosphorylation of PLC-�1 is abrogated by substi-
tution of Tyr-1204 to Phe, indicating the critical role of this tyrosine in the activation of PLC-�1. Incubation
time for the secondary antibody was 15 min. IP, immunoprecipitation; WT, wild type. D, IP3 production. IP3
levels in these cells were measured using a competitive binding assay with radiolabeled IP3-binding
proteins. Three independent competitive radioreceptor assays for IP3 levels in the cells as in A were
performed, and the mean values are shown with S.D.
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cellular Ca2� homeostasis (25, 26); however, they do not
seem to contribute to the clustering-induced [Ca2�]i rise,
because their inhibitors did not block this Ca2� response
(Fig. 8, J and K).
Phosphorylation of Nephrin and PLC-�1 in Injured Podocytes

in Vivo—Previous studies have demonstrated that several SD
components are tyrosine phosphorylated in the PS-induced
podocyte injury model (12, 21, 27, 28). To understand the role
of Nephrin-PLC-�1 signaling in the kidney in vivo, we tested

whether treatment with PS induces the activation of PLC-�1.
PLC-�1 was immunoprecipitated with anti-PLC-�1 antibody
from glomerular lysates of normal or PS-treated rats, and the
immunoprecipitates were immunoblottedwith anti-PLC-�1 or
anti-phospho-PLC-�1 (Tyr(P)-783). As shown in Fig. 9B,
PLC-�1 Tyr-783 was significantly phosphorylated in
PS-treated glomeruli. Nephrin Tyr-1204, the binding site for
PLC-�1, was also phosphorylated to a significant level (Fig. 9A).
Electronmicroscopy of immunogold-labeled ultrathin cryosec-

FIGURE 8. Nephrin clustering triggers Ca2� response. The Ca2� concentration was monitored in HEK293T cells transiently expressing a fluorescent protein,
pericam, whose fluorescence spectral properties change reversibly upon Ca2� binding. The 490 nm/410 nm excitation ratios of pericam are plotted against the
elapsed time. A, representative time course of the Ca2� response upon CD8/Nephrin-CD clustering in cells expressing both CD8/Nephrin-CD and PLC-�1. B and
C, the Ca2� response was not observed in cells expressing either CD8/Nephrin-CD or PLC-�1. D and E, [Ca2�]i rise was not observed when cells expressing
CD8/Nephrin-CD and PLC-�1 were treated with either the primary or secondary clustering antibody alone. F, cells expressing CD8/Nephrin-CD Y1204F and
PLC-�1 did not respond to CD8 clustering. G, initial transient rise of [Ca2�]i was observed in the absence of extracellular Ca2� (EGTA). H, HEK293T cells
pretreated with thapsigargin (a SERCA pump inhibitor) (2 �M) did not respond to clustering treatment. I, a PLC inhibitor, U73122 (20 �M), partially abrogated
the Ca2� response. J, antagonistic cADPR did not block the Ca2� response. The concentration of 8-Br-cADPR was 100 �M. K, NAADP receptor modulator (1 mM)
did not affect the response. Each experiment was performed at least five times, and representative data are shown.
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tions revealed that PLC-�1 was localized mainly in the cyto-
plasm in normal podocytes (Fig. 9C), whereas the signals of
PLC-�1 in injured podocytes were mainly observed on the
plasma membrane of the effaced podocytes (Fig. 9, D and E).
These results may document the importance of phosphoryla-
tion of Nephrin and phosphorylation and plasma membrane
translocation of PLC-�1 in injured podocytes in vivo.

DISCUSSION

In most of the clinical settings characterized by proteinuria,
such as idiopathic nephrotic syndrome, focal segmental glo-
merulosclerosis, or diabetic nephropathy, the characteristic
change in podocyte shape called effacement of foot processes is
a common occurrence (1). This change is caused by various
damages to podocytes, including mechanical stress, high glu-
cose concentration, reactive oxygen species, or TGF-� (29).
Importantly, podocyte can also be damaged by many Ca2�-
stimulating vasoactive hormones, including angiotensin II, bra-
dykinin, or endothelin (30). Clinical (31–33) and experimental
studies (34–36) suggest that the activation by vasoactive hor-
mones alters the glomerular ultrafiltration coefficient by Ca2�-
and cAMP-dependent signals and contributes to the pathogen-
esis of renal failure. But so far, themechanismof howpodocytes
respond to injury or damage is largely unknown.
In this study, we have shown that phosphorylation of Neph-

rin Tyr-1204 is directly linked to Ca2� signaling via binding to
PLC-�1. Clustering of Nephrin induces phosphorylation of
Tyr-1204, which provides a binding site for PLC-�1. The bind-
ing of PLC-�1 to Nephrin Tyr-1204 induces rapid and sus-
tained phosphorylation of PLC-�1. Clustering of Nephrin also
triggers Ca2� mobilization through PLC-�1. These results are
likely to be relevant to pathogenesis of proteinuria, because

both Nephrin and PLC-�1 are also
found to be phosphorylated in an in
vivo podocyte injury model.
Ca2� is a universal cellular mes-

senger and is precisely controlled in
all cell types. The dynamic changes
in its release from the endoplasmic
reticulum and its entry from the
extracellular space trigger a pleth-
ora of cellular responses. Central to
this schema aremembers of the PLC
superfamily, which relay informa-
tion from the activated receptors to
downstream signal cascades by pro-
duction of second messenger mole-
cules, IP3 and diacylglycerol. In our
system, Nephrin clustering induces
phosphorylation of PLC-�1 and
triggers a rapid [Ca2�]i rise. Both
PLC-�1 phosphorylation and Ca2�

mobilization are dependent on the
phosphorylation of Nephrin
Tyr-1204, the binding site for PLC-
�1. This Ca2� mobilization requires
internal Ca2� store release, because
thapsigargin, which depletes cal-

cium stores, completely abrogated the clustering-inducedCa2�

mobilization. Ca2� entry from the ion channels on the plasma
membrane contributes to the persistent [Ca2�]i rise, because
only the initial transient rise in [Ca2�]i was observed when
extracellular calciumwas depleted by EGTA. In the presence of
a PLC inhibitor, U73122, the persistent [Ca2�]i rise was par-
tially abrogated, suggesting that PLC-�1 activity is required for
this phase. In relevance to this partial inhibition, it is of note
that previous studies have led to the suggestion that the PLC-�
can function as a molecular component of agonist-initiated
Ca2� entry mechanisms, independent of its catalytic activity
(37–39). PLC-� possesses several protein-protein interaction
domains that interact with transient receptor potential chan-
nels (37, 38) and seemingly promotes Ca2� entry (40). It is also
known that U73122 inhibits the activation of the Ca2� release-
activated Ca2� channel and that this role of PLC is unrelated to
IP3 and to IP3 receptors (41). Although it is difficult to clearly
define the Ca2� entry channels and the molecular mechanisms
involved in our clustering system, in light of these previous
results, our results suggest that PLC-�1 may in part trigger the
Ca2� entry pathway independently of its catalytic activity.

In the clustering system used in the present study, Nephrin
clustering induces phosphorylation of PLC-�1 and rise of IP3
concentration within 2 min and triggers a [Ca2�]i rise after
various periods of time (231.9 � 54.1 s from the addition of the
secondary antibody). The variety in the time intervals between
the addition of secondary antibody and the [Ca2�]i rise may be
explained by the difference in the expression levels of CD8/
Nephrin-CD or PLC-�1 in each cell that modulate the signal
intensity and durability. In fact, there was a strong tendency for
longer intervals in the U73122-treated cells (441.3 � 139.6 s).
Stimulus-induced Ca2� responses are thought to be formed by

FIGURE 9. PLC-�1 is phosphorylated in injured podocytes in vivo. A and B, rat kidneys were perfused with
protamine sulfate (PS) or control solution (N) as described under “Experimental Procedures.” Glomerular
lysates were immunoprecipitated by anti-Nephrin antibody and anti-PLC-�1 antibody, and the immunopre-
cipitates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. C–E, altered localiza-
tion of PLC-�1 in podocytes in the PS model. Kidney sections from normal rats (C) or PS-treated rats (D and E)
were analyzed by immunoelectron microscopy after incubating sections with anti-PLC-�1 antibody and 10-nm
gold-conjugated secondary antibody. Representative data are shown from one of three independent experi-
ments. Scale bars, 0.2 �m.
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regenerative processes that require feedback elements (42), and
the complex temporal and spatial feedback mechanisms are
now being revealed (43). Although the precise feedback ele-
ment that drives the initial phase of Ca2� response remains
unclear, a recent study using fluorescent IP3 sensors revealed
that threshold [IP3] is not constant, rather implying the impor-
tance of the IP3 receptor sensitivity for Ca2� spike generation
(44). The time interval between the activation of PLC-�1 and
the [Ca2�]i rise in our system might be explained by complex
feedback mechanisms downstream of signal intensity and PLC
activity that modulate the threshold for the Ca2� response.

The recent finding that mutations in TRPC6 can cause focal
segmental glomerulosclerosis also highlights the importance of
Ca2� signaling in podocyte biology (15). Electrophysiological
studies revealed that some mutations of TRPC6 found in
patients showed augmented Ca2� influx (15, 16). TRPC6 is also
up-regulated in Nephrin-deficient mice or even in human pro-
teinuric kidney diseases (16, 45). These results suggest that an
exaggerated Ca2� signal may disrupt glomerular cell function
and is a common feature in the pathology of proteinuric dis-
eases. Because TRPC6 has been reported to be structurally and
functionally associated with the SD (16, 46), it seems plausible
that the recruitment and activation of PLC-�1 induced by
Nephrin phosphorylation may directly or indirectly activate
transient receptor potential channels in podocytes in vivo.
It is of note that Nck and PLC-� share the same tyrosine-

phosphorylated residue, Tyr-1204 of Nephrin, although Nck
alsobindstoanotherresidue(Tyr-1228inrat).Phosphorylation-
dependent recruitment of Nck is already shown to be necessary
for Nephrin-directed actin polymerization. Intriguingly, a
recent report has documented a direct link between PLC-� and
actin polymerization via activation of cofilin, a widely distrib-
uted actin-modulating protein (47). Cofilin is activated by
hydrolysis of phosphatidylinositol 4,5-bisphosphate by PLC-�,
which leads to an asymmetric distribution of cofilin activity,
setting the direction of lamellipodium formation and subse-
quent migration (48). These results raise an interesting possi-
bility that Nephrin regulates actin dynamics by several path-
ways through binding with various proteins.
Hinkes et al. (49) reported that mutations in PLC-�1 cause

congenital nephrotic syndrome; however, themolecular mech-
anism of pathogenesis is largely unknown. Because PLC-�1
does not have an SH2 domain, PLC-�1 will not be directly
recruited to phosphorylated Nephrin in a manner similar to
PLC-�1. However, various receptor stimuli seem to engage the
activities of multiple PLC subtypes through the action of non-
receptor tyrosine kinases, phosphatidylinositol 3-kinase, or
Ca2� signals (50). It would be highly valuable to investigate the
effect of each PLC signaling pathway on podocyte morphology
and viability to understand the mechanism of pathogenesis of
proteinuria.
In summary, we identified a posphorylation-dependent

interaction between Nephrin and PLC-�1. We also provide a
model system in whichNephrin phosphorylation triggers Ca2�

response through the recruitment and activation of PLC-�1.
Given the profound effect of PLC-� in diverse cellular func-
tions, the role of Nephrin phosphorylation and activation of
PLC-�1 may be important in modulating the function of the

glomerular filtration barrier elaborated by differentiated podo-
cytes. These findings also highlight the importance of Ca2�

signaling in podocyte biology, and the ability of the podocyte to
precisely regulate [Ca2�]i level may play a critical role in glo-
merular disease processes.
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