
Introduction
Although it has been over 40 years since the first
description of the dramatic changes in the organization
of the glomerular epithelium cells (GECs) that occurs
in the nephrotic syndrome (1, 2), the molecular mecha-
nisms involved are still obscure (3–5). It was recognized
early that GECs possess highly negative charged, sialic
acid–rich cell surface components that bind cationic
dyes by histochemical staining (6, 7) and that the
changes seen in the nephrotic syndrome are linked to
the surface charge of the GECs, because similar changes
in podocyte cell shape with foot process flattening and
rearrangement of cell junctions can be induced by neu-
tralization of their surface charge with protamine sul-
fate (8–10) or by removal of sialic acid (11, 12). Some
time ago (13), we showed that the surface charge on
GEC is carried for the most part by podocalyxin (PC), an
integral membrane protein on the apical surface of GEC
that has the distribution and biochemical properties
characteristic of the histochemically defined glomeru-

lar polyanion (6, 7), and we proposed that PC functions
in the maintenance of the unique foot process and fil-
tration slit architecture of GECs. More recently, we
directly demonstrated that PC functions as an anti-
adhesin responsible for keeping the filtration slits open
and that removal of sialic acid from PC affects cell-cell
adhesion and junctional permeability (14). How neu-
tralization of the surface charge on the ectodomain of
PC mediates changes in GEC organization remains
unclear. We demonstrated recently that the cytoplasmic
domain of PC is linked to the actin cytoskeleton by
ezrin (15), a member of the ERM (ezrin/radixin/moesin)
family, which is concentrated on the cytoplasmic side of
the apical domain of the plasma membrane (PM) along
the cell bodies and foot processes of GECs (16). ERM
proteins are typically located peripherally along the PM
and link the cytoplasmic tails of PM proteins to the cor-
tical actin cytoskeleton. They play a role in the forma-
tion of microvilli, cell-cell junctions, and membrane ruf-
fles as well as substrate adhesion and mobility (17, 18).

The Journal of Clinical Investigation | July 2001 | Volume 108 | Number 2 289

Loss of glomerular foot processes is 
associated with uncoupling of 
podocalyxin from the actin cytoskeleton

Tetsuro Takeda,1 Tammie McQuistan,1 Robert A. Orlando,2 and Marilyn G. Farquhar1,2

1Department of Cellular and Molecular Medicine, and
2Department of Pathology, University of California, San Diego, La Jolla, California, USA

Address correspondence to: Marilyn Gist Farquhar, Department of Cellular and Molecular Medicine, 
University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093-0651, USA. 
Phone: (858) 534-7711; Fax: (858) 534-8549; E-mail: mfarquhar@ucsd.edu.

Tetsuro Takeda’s present address is: Division of Clinical Nephrology and Rheumatology, 
Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan.

Robert A. Orlando’s present address is: Department of Biochemistry and Molecular Biology, 
University of New Mexico Health Sciences Center, Albuquerque, New Mexico, USA.

Received for publication February 16, 2001, and accepted in revised form June 6, 2001.

Podocalyxin (PC), the major sialoprotein of glomerular epithelial cells (GECs), helps maintain the
characteristic architecture of the foot processes and the patency of the filtration slits. PC associ-
ates with actin via ezrin, a member of the ERM family of cytoskeletal linker proteins. Here we show
that PC is linked to ezrin and the actin cytoskeleton via Na+/H+-exchanger regulatory factor 2
(NHERF2), a scaffold protein containing two PDZ (PSD-95/Dlg/ZO-1) domains and an ERM-bind-
ing region. The cytoplasmic tail of PC contains a C-terminal PDZ-binding motif (DTHL) that binds
to the second PDZ domain of NHERF2 in yeast two-hybrid and in vitro pull-down assays. By
immunocytochemistry NHERF2 colocalizes with PC and ezrin along the apical domain of the GEC
plasma membrane. NHERF2 and ezrin form a multimeric complex with PC, as they coimmuno-
precipitate with PC. The PC/NHERF2/ezrin complex interacts with the actin cytoskeleton, and this
interaction is disrupted in GECs from puromycin aminonucleoside–, protamine sulfate–, or siali-
dase-treated rats, which show a dramatic loss of foot processes, comparable to that seen in the
nephrotic syndrome. Thus NHERF2 appears to function as a scaffold protein linking PC to ezrin
and the actin cytoskeleton. PC/NHERF2/ezrin/actin interactions are disrupted in pathologic con-
ditions associated with changes in GEC foot processes, indicating their importance for maintain-
ing the unique organization of this epithelium.
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The involvement of PC in maintaining the normal
glomerular filtration barrier and its linkage to the actin
cytoskeleton suggested that this molecule might also
be involved in mediating the changes in foot process
organization that occur in the nephrotic syndrome.
Previously, we demonstrated that the expression of PC
correlates with differentiation of foot processes and fil-
tration slits (19), and others showed that in puromycin
aminonucleoside (PAN) nephrosis, a rat model of
nephrosis, there is a change in the distribution of actin
filaments within GECs (20). These findings led us to
investigate whether the association of PC with the actin
cytoskeleton may be altered in disease models associ-
ated with changes in GEC architecture.

In this study we demonstrate that Na+/H+-exchanger
regulatory factor 2 (NHERF2), a PDZ (PSD-95/
Dlg/ZO-1) protein, interacts with the C-terminus of PC
through its second PDZ domain, forms a complex with
ezrin, and links the complex to the actin cytoskeleton.
Furthermore, we find that in situations where the foot
process and slit organization are altered, e.g., in rats
treated with PAN, protamine sulfate, or sialidase, there
are disruptions in the PC/NHERF2/ezrin complex that
links PC to the actin cytoskeleton. Thus we provide
direct evidence that PC plays a role in maintaining the
unique cell architecture of GECs through interaction
with the actin cytoskeleton, which is mediated by
NHERF2 and ezrin.

Methods
Materials. Enhanced chemiluminescent substrate
(SuperSignal) was obtained from Pierce Chemical Co.
(Rockford, Illinois, USA). Redivue [35S]methionine
(>1,000 Ci/mmol) and Redivue [32P]dCTP were from
Amersham Pharmacia Biotech (Piscataway, New Jersey,
USA). Puromycin aminonucleoside, protamine sulfate
(grade X), heparin (grade IA), and sialidase (type III,
from Vibrio cholerae) were obtained from Sigma-Aldrich
(Milwaukee, Wisconsin, USA). Primers were synthe-
sized by Life Technologies Inc. (Gaithersburg, Mary-
land, USA), and restriction enzymes were purchased
from New England Biolabs Inc. (Beverly, Massachu-
setts, USA). Chemical reagents were obtained from
Sigma-Aldrich except as indicated.

Animals. Male Sprague-Dawley rats (150–250 g) were
obtained from Harlan Bioproducts for Science Inc.
(Indianapolis, Indiana, USA). Animals were kept in an
air-conditioned room and maintained on a commercial
stock diet and tap water ad libitum.

Construction of the rat glomerular cDNA library and yeast
two-hybrid screening. Rat glomeruli were isolated by grad-
ed sieving as described previously (13). Double-strand-
ed cDNA was generated from 5 µg poly(A)+ RNA puri-
fied from rat glomeruli using a random-primed cDNA
synthesis kit according to the manufacturer’s instruc-
tions (Life Technologies Inc.). EcoRI-adaptors were lig-
ated onto the cDNA at the 5′ and 3′ end, and the library
was inserted into the B42 activation domain of the dis-
playTARGET “prey” vector (Display Systems Biotech,

Vista, California, USA). The total library contains
approximately 2 × 105 independent clones. The cDNA
encoding the entire cytoplasmic domain of rat PC
(amino acids 411–485) (14) was amplified by PCR and
inserted into the EcoRI and XhoI sites in the LexA DNA-
binding domain of “bait” vector. The resulting bait vec-
tor, pBAIT-PCT, and the reporter vector (containing
the green fluorescence protein gene as a reporter) were
transformed into yeast strain, displayYEAST-L.

For interaction screening in the LexA-based version of
the yeast two-hybrid system, 20 µg of the rat glomerular
cDNA library in the prey vector was transformed into the
yeast, which was pretransformed with pBAIT-PCT and
reporter vectors. Yeast transformants 5 × 105 were plat-
ed onto selective medium (–histidine, –uracil, –leucine,
–glucose, +galactose), and surviving colonies were
exposed to standard ultraviolet (UV) light (360 nm).
Twenty-eight transformants grew up and showed green
fluorescence using UV light. Positive clones were
grouped by restriction enzyme digestion analysis, and
seven inserts of different sizes were selected. Plasmid
DNA from the positive colonies was rescued by electro-
poration into Escherichia coli KC8 (CLONTECH Labora-
tories Inc., Palo Alto, California, USA) and retrans-
formed back into the yeast containing original
pBAIT-PCT plasmid and various control plasmids for
one-to-one interactions. Four of the seven positives inter-
acted only with the pBAIT-PCT and not with a nonspe-
cific pBAIT-p53. Both strands of the DNA inserts were
sequenced by automated sequencing (Molecular Pathol-
ogy Shared Resource, University of California, San
Diego, Cancer Center, La Jolla, California, USA).

Database searches and sequence analysis. Basic alignment
search tool (BLAST) searches were performed at the
Web site of the National Center for Biotechnology
Information (21). Amino acid alignments and sequence
analysis were performed using MacVector version 6.5.3
software (Accelyrs Corp., San Diego, California, USA).

cDNA cloning. To obtain the complete coding
sequence for rat NHERF2, 5′ rapid amplification of
cDNA ends (RACE) was performed on the same rat
glomerular cDNA library with the primer (5′-GGTCCC-
CTTCGTAAGTGGCAGAGC-3′) designed from the
sequence obtained as described previously (14). The
RACE product (∼1.2 kb) was ligated into pGEM-T Easy
vector. Three clones of the RACE product were
sequenced on both strands.

Plasmid constructs. Rabbit NHERF1 cDNA and human
NHERF2 cDNA were kindly provided by Randy Hall
(Duke University, Durham, North Carolina, USA). To
generate the N-terminal FLAG-tag construct pNF, we
inserted the ds-oligonucleotides encoding the FLAG
epitope (DYKDDDDK) into the HindIII and BamHI
sites of pCDNA3. PDZ domains from NHERF1 and
NHERF2 were generated by PCR using rabbit NHERF1
and rat NHERF2 cDNA as templates (Figure 1). We
also expressed clone A19 (amino acid 140–337), one of
the partial clones initially obtained from yeast two-
hybrid screening, which contains the second PDZ
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domain and the C-terminal ERM-binding region (Fig-
ure 1). The PCR products (N1P1, N2P1, N1P2, and
N2P2) and the insert from NHERF1, NHERF2, and
clone A19 were subcloned into pNF to produce pNF-
N1P1, pNF-N2P1, pNF-N1P2, pNF-N2P2, pNF-
NHERF1, pNF-NHERF2, and pNF-N2P2-C, respec-
tively. The cDNA of PSD95 was also subcloned into
pNF. The PC expression vector, pIRES-PC, was con-
structed earlier (14). pIRES-PC(∆DTHL), which lacks
the putative PDZ domain-binding motif (DTHL), was
generated from pIRES-PC by PCR. Fidelity of the PCR
products was confirmed by automated sequencing.

In vitro pull-down assays. The cDNA encoding the cyto-
plasmic domain of rat PC (amino acid 411–485) was
amplified by PCR and inserted into pGEX-KG (Amer-
sham Pharmacia Biotech), and glutathione S-trans-
ferase (GST) fusion proteins or GST alone was
expressed in E. coli DH5α, purified, and immobilized on
glutathione-agarose beads (Amersham Pharmacia
Biotech) as described by the manufacturer. 35S-labeled
full-length NHERF1, NHERF2, or various domains
from each NHERF were produced by TNT T7 rabbit
reticulocyte Quick Coupled Transcription/Translation
system (Promega Corp., Madison, Wisconsin, USA) in
the presence of [35S]methionine and various pNF con-
structs according to the manufacturer’s instructions. In
vitro translated products were incubated with approxi-
mately 7 µg GST-PC cytoplasmic tail (GST-PCT) or
approximately 5 µg GST alone (equivalent to the
amount of GST-PCT) immobilized on glutathione-
agarose beads in binding buffer (20 mM HEPES, pH 7.4,
150 mM NaCl, 2 mM CaCl2, 10 mM CHAPS, 1 mM
DTT, 0.1% BSA, and 10 µg/ml leupeptin) for 15 hours
at 4°C with gentle rocking. Beads were then washed
(four times) with the same buffer without BSA, and
bound proteins were eluted with 25 µl Laemmli sample
buffer, resolved by 15% SDS-PAGE, and visualized by
autoradiography with Biomax MR x-ray film (Eastman
Kodak Co., Rochester, New York, USA).

Ab’s. Polyclonal rabbit anti-PC (0601) raised against
the cytoplasmic domain of PC (14) and anti-PC mAbs
1A and 5A that recognize the ectodomain of rat PC (22)
were prepared as described previously. Affinity-purified
polyclonal anti-EBP50 IgG (also called NHERF1) was
provided by Anthony Bretscher (Cornell University,
Ithaca, New York, USA). Polyclonal anti-E3KARP sera
(also called NHERF2) was obtained from Chris Yun
(Johns Hopkins University, Baltimore, Maryland, USA),
anti-NHERF2 mAb from Pann-Ghill Suh (Pohang Uni-
versity, Pohang, South Korea), and polyclonal anti-
ezrin from Heinz Furthmayr (Stanford University, Palo
Alto, California, USA). An mAb, 297S, specific for ezrin,
radixin, and moesin phosphorylated on threonine
residues 567, 564, or 558, respectively (23), was provid-
ed by Sachiko Tsukita (Kyoto University, Kyoto, Japan).
Anti-ezrin (3C12), anti-actin (AC-40), and anti-FLAG
(M2) mAbs were purchased from Sigma-Aldrich. Cross-
adsorbed Alexa 488-conjugated goat anti-rabbit and
Alexa 594-conjugated goat anti-mouse F(ab′)2 were

purchased from Molecular Probes Inc. (Eugene, Ore-
gon, USA). Five nanometer and 10 nm gold goat anti-
rabbit or anti-mouse IgG conjugates were from Amer-
sham Pharmacia Biotech. Affinity-purified goat
anti-rabbit and anti-mouse IgG conjugated to horse-
radish peroxidase (HRP) were from Bio-Rad Laborato-
ries Inc. (Hercules, California, USA).

SDS-PAGE and immunoblotting. Protein concentration
was determined by BCA assay (Pierce Chemical Co.).
Proteins were separated on 7, 10, or 12% SDS-PAGE
under reducing conditions and transferred to PVDF
membranes (Millipore Corp., Bedford, Massachusetts,
USA) using a wet tank transfer system (Minigel-Trans-
fer-Unit; Bio-Rad Laboratories Inc.) at 75 mA for 15
hours. Membranes were blocked (1 hour in PBS, pH
7.2, containing 5% calf serum and 0.1% Tween-20),
incubated for 2 hours at room temperature with pri-
mary Ab’s, followed by HRP-conjugated goat anti-rab-
bit or anti-mouse IgG (1-hour incubation, 1:3000 dilu-
tion), and detection by enhanced chemiluminescence.
Quantification of protein bands was done by densito-
metry with ScanAnalysis software (Alltech Associates
Inc., Deerfield, Illinois, USA).

Cell culture and transfection. COS7 cells were maintained
in DMEM high glucose supplemented with 10% FCS,
100 U/ml penicillin G, and 100 µg/ml streptomycin sul-
fate (Life Technologies Inc.). COS7 cells were plated at
3 × 105 cells per 60-mm plate, cultured overnight, and
transfected (2 µg cDNA) using 12 µl Fugene 6 (Roche
Molecular Biochemicals, Indianapolis, Indiana, USA).
After 24 hours, the transfected cells were lysed in lysis
buffer (0.5% Triton X-100, 20 mM HEPES, pH 7.5, 150
mM NaCl, 1 mM EDTA, 0.1% BSA) containing protease
inhibitors (10 µg/ml leupeptin and 0.5 mM PMSF), and
centrifuged at 15,000 g at 4°C for 30 minutes.

Coimmunoprecipitation. Cell lysates (∼200 µg) were
cleared by incubation with 20 µl protein G plus/protein
A–agarose beads (Calbiochem-Novabiochem Corp., San
Diego, California, USA) for 1 hour, and the supernatant
was incubated with 2 µg anti-FLAG (M2), 4 µg mono-
clonal anti-PC (1A + 5A), 2 µl polyclonal anti-NHERF2,
2 µl polyclonal anti-ezrin, or 2 µl normal rabbit serum
at 4°C for 15 hours. Twenty microliters Protein G
PLUS/Protein A–agarose beads were added, and the
beads were washed (three times) with the same lysis
buffer without BSA and once with PBS. Bound immune
complexes were eluted by incubating the beads in
Laemmli sample buffer at 95°C for 5 minutes and sep-
arated by SDS-PAGE followed by immunoblotting.

Preparation of kidneys for immunofluorescence and immuno-
electron microscopy. Kidneys were perfused with DMEM fol-
lowed by 4% paraformaldehyde (PFA) in 100 mM phos-
phate buffer, pH 7.4, for 15 minutes, then excised and
immersion fixed in 4% PFA (45 minutes) and 8% PFA (15
minutes). Samples were cryoprotected and frozen in liq-
uid nitrogen (24). For immunofluorescence, semithin
cryosections (0.5–1.0 µm) were cut with a Leica Ultracut
UCT microtome equipped with an FCS cryoattachment
at –100°C, transferred to gelatin-coated microscope slides,
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incubated sequentially at room temperature with primary
Ab’s (2 hours) and cross-adsorbed Alexa 488–conjugated
goat anti-rabbit or Alexa 594–conjugated goat anti-mouse
F(ab′)2 (1 hour) (16), and examined with a Zeiss Axiophot
microscope (Carl Zeiss Inc., Thornwood, New York, USA).
Images were captured with a Cohen CCD camera using
Scion image version 1.59 (Scion Corp., Frederick, Massa-
chusetts, USA) and processed using Adobe Photoshop 5.0
(Adobe Systems Inc., San Jose, California, USA). For
immunogold labeling, ultrathin cryosections (80 nm)
were cut and processed as described (24), incubated at
room temperature with primary Ab’s (2 hours), followed
by 5 or 10 nm gold-conjugated goat anti-rabbit or mouse
IgG (1 hour). Sections were stained for 20 minutes in 2%
(vol/vol) neutral uranyl acetate, adsorption stained, and
embedded in 0.1% uranyl acetate/0.2% methyl-cellu-
lose/3.2% (vol/vol) polyvinyl alcohol.

For routine electron microscopy (EM), kidneys were
flushed with cold (4°C) HBSS through the abdominal
aorta and cut into small blocks (1 mm3), which were
immersed in Karnovsky’s fixative (1.5% glutaralde-
hyde/3% paraformaldehyde in 0.1 M cacodylate buffer

plus 5% sucrose, pH 7.4) for 1 hour at room tempera-
ture, postfixed in 1% OsO4 for 1 hour at 4°C, and
embedded in epoxy resin (10).

Perfusion with protamine sulfate and sialidase. Male rats
(200–250 g) were anesthetized with Metofane
(methoxyflurane), and both kidneys were perfused in
situ through the abdominal aorta at a pressure of
approximately 100 mmHg and an infusion rate of 6–12
ml/min as described previously with slight modifica-
tions (9, 25). Initially, the kidneys were flushed with
HBSS at 37°C for 2 minutes, after which protamine
sulfate (PS; 500 µg/ml in HBSS) or Vibrio cholerae siali-
dase (SA; 50 mU/ml in HBSS) were perfused at 37°C
for 15 or 60 minutes, respectively. The kidneys
remained immersed in a water bath at 37°C during the
entire incubation period. Some animals were perfused
with heparin (PS/Hep; 100 µg/ml in HBSS) at 37°C for
15 minutes after perfusion with PS (8). Four rats were
used for each experimental group.

Induction of PAN nephrosis. Male rats (150 g) were inject-
ed once intraperitoneally with PAN (15 mg/100 g/rat) as
described previously (26). Animals were sacrificed on the
third (PAN 3d) or tenth (PAN 10d) day after injection.
Urinary protein was monitored with Albustix (Miles Inc.,
Elkhart, Indiana, USA). All animals exhibited protein-
uria (4+) and massive ascites on the tenth day but were
not proteinuric on the third day.

Differential detergent extraction of glomeruli. For each
experimental group glomeruli were isolated by graded
sieving at 4°C in the presence of protease inhibitors
(complete; Roche Molecular Biochemicals). The result-
ant fractions consisted of more than 90% glomeruli
(13). A differential detergent extraction protocol was
used to sequentially solubilize the proteins as described
previously with slight modifications (27). First, sam-
ples were lysed in 1 ml Triton lysis buffer (0.5% Triton
X-100, 20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 0.5 mM PMSF, 10 µg/ml leupeptin), and cen-
trifuged at 15,000 g at 4°C for 30 minutes. Next, the
insoluble pellet was resuspended in the same volume of
RIPA buffer (0.1% SDS, 0.5% deoxycholate, 1% Triton
X-100, 20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 0.5 mM PMSF, 10 µg/ml leupeptin) and cen-
trifuged as above. The resultant pellet was solubilized
by sonication in the same volume of Laemmli sample
buffer as the supernatant, and equal volumes of the
fractions were analyzed by immunoblotting.

Results
Identification of NHERF2 as a PC-interacting protein. To
identify proteins that interact with PC, we carried out
two-hybrid screening of a rat glomerular cDNA library
using the cytoplasmic tail of PC as bait. Of the approx-
imately 5 × 105 yeast transformants screened, four
clones were confirmed to be positive and required the
presence of bait construct for reporter activity. All four
clones were sequenced and found to be fragments of
the rat ortholog of human NHERF2 (also named
E3KARP). The largest clone, A19, extended from the
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Figure 1
Scheme of the domain organization of the NHERF family and various
constructs used in this study. (a) NHERF1 and NHERF2 contain two
PDZ domains and a C-terminal ERM-binding region. PDZ domains of
NHERF2 share 60–70% identity with each other and with the equiva-
lent domains of NHERF1. A19 is the partial clone of NHERF2 initially
obtained from yeast two-hybrid screening using PC tail as bait. (b) PDZ
domains of NHERF proteins prepared by in vitro translation or
expressed as FLAG-tagged fusion proteins. N1P1, first PDZ domain of
NHERF1; N2P1, first PDZ domain of NHERF2; N1P2, second PDZ
domain of NHERF1; N2P2, second PDZ domain of NHERF2.



second PDZ domain to the C-terminal region (Figure
1a). To obtain the complete coding sequence we carried
out 5′ RACE on the same cDNA library and obtained a
product (∼1.2 kb) covering the entire NHERF2 cDNA
with an ORF encoding 337 amino acid (aa). Human
NHERF2 was initially cloned by Yun et al. and shown
to be involved in the cAMP-dependent protein kinase
A regulation of Na+/H+ exchanger 3 (NHE3) of the
renal brush border (28). NHERF2 contains two PDZ
domains that share 61–72% identity with each other
and to the equivalent domains of NHERF1 (Figure 1a).
PDZ domains are modules mediating protein-protein
interaction (29, 30) and often recognize the C-terminal
consensus sequence (X(S/T)X(V/L/I) of target proteins
(31). PC has the consensus sequence of a PDZ-binding
motif at its C-terminus (DTHL).

PC interacts with NHERF1 and NHERF2. To confirm
the interaction of PC with NHERF2 we performed in
vitro GST pull-down assays. In vitro-translated
NHERF2 bound strongly to GST-PCT but not to GST
alone (Figure 2a, lane 6). Given the high homology
between NHERF1 and NHERF2, we also tested
NHERF1 and found that it also interacted with GST-
PCT (Figure 2a, lane 3).

To confirm that interaction between PC and NHERF
takes place in vivo, we cotransfected COS7 cells with
expression plasmids encoding rat PC and FLAG-tagged
NHERF1 or NHERF2 and carried out immunoprecip-
itation with anti-FLAG antibodies followed by
immunoblotting for PC. PC coimmunoprecipitated
with both NHERF1 and NHERF2, but not with vector

alone or with PSD95, another PDZ protein (Figure 2b,
upper panel, lanes 2–5). These results indicate that the
cytoplasmic tail of PC specifically interacts with both
NHERF proteins in these assays.

To determine whether the extreme C-terminus of
PC containing the PDZ-binding motif mediates its
association with NHERF proteins, pIRES-
PC(∆DTHL), a PC construct that lacks the last four
C-terminal residues, was cotransfected into COS7
cells together with NHERF1 or NHREF2. The PC
mutant did not coimmunoprecipitate with either
NHERF protein (Figure 2b, upper panel, lanes 6 and
7), indicating that the interaction occurs through the
C-terminus of PC.

PC interacts preferentially with PDZ2 of NHERF2. To find
out which PDZ domain binds PC, we performed GST
pull-down assays with various in vitro-translated frag-
ments of NHERF1 or NHERF2 (see Figure 1b). Frag-
ments containing the second PDZ domain (PDZ2) of
both NHERF1 (Figure 2c, lane 9) and NHERF2 (Figure
2c, lane 12) bound to GST-PCT, but binding of PDZ2
of NHERF2 was much greater than PDZ2 of NHERF1.
Neither of the PDZ1 domains bound to GST-PCT in
vitro. We also carried out yeast two-hybrid assays with
the same fragments of NHERF1 and NHERF2 and
confirmed the above results (data not shown).

NHERF2 is expressed in glomerular epithelial cells. We next
examined whether NHERF1 and NHERF2 codistribute
with PC. We showed previously that PC is located exclu-
sively along the apical surface of GECs and glomerular
and peritubular capillary endothelia (13). Quite recent-
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Figure 2
PC associates with the second PDZ domain of
NHERF proteins through its C-terminal PDZ-bind-
ing motif. (a) Interaction of GST-PCT with NHERF
proteins. NHERF2 bind specifically to GST-PCT
but not to GST alone (lanes 2 and 5), as well as
NHERF1 (lane 3). Equivalent amounts of GST-
PCT (7 µg) or GST alone (∼5 µg) bound to glu-
tathione-agarose beads were incubated with in
vitro–translated, radiolabeled NHERF1 or
NHERF2. The precipitates were separated by 15%
SDS-PAGE and detected by autoradiography. 5%
input, 5% of the in vitro–translated products. (b)
PC binds NHERF proteins, and the C-terminus of
PC is essential for the interaction. PC coimmuno-
precipitates with both NHERF proteins (lanes 4
and 5), but not with vector alone (lane 2) or with
PSD95 (lane 3). PC, lacking the last four C-termi-

nal residues [PC(∆DTHL)], does not associate with either NHERF protein
(lanes 6 and 7). Lane 1: 10 µg cell lysate. PC or PC(∆DTHL) were tran-
siently coexpressed in Cos 7 cells with either NHERF1, NHERF2, or PSD95
(control) followed by immunoprecipitation with anti-FLAG (M2). The
precipitated proteins were immunoblotted with anti-PC (0601). The mid-
dle and lower panels demonstrate that the transfected cells express PC,
PC mutant, and NHERF at comparable levels. (c) PDZ2 of both NHERF
proteins specifically associates with GST-PCT (lanes 9 and 12). The A19
clone (see Figure 1a) is used as a positive control. Neither PDZ1 domain
(lanes 3 and 6) associates with GST-PCT. Experiment performed as in a.
Size markers indicate molecular mass in kilodaltons.



ly, NHERF1 was shown to be localized mainly in the
brush border region of proximal tubules (32), and
NHERF2 was shown to be present in glomeruli and prin-
cipal cells of collecting ducts, but its distribution within
the glomerulus was not determined (33). We compared
the distribution of NHERF1, NHERF2, and PC in organ
lysates by immunoblotting and found, as expected, that
the two NHERF proteins showed different distributions.
NHERF1 was highly expressed in the brain and kidney
and barely detectable in the liver and lung (Figure 3; ref.
34), whereas NHERF2 was highly expressed in the kid-
ney and lung but was barely detectable in the brain. Nei-
ther NHERF protein was detected in the heart or spleen
under these conditions. NHERF1 was more highly
expressed in whole kidney than in glomerular extracts,
whereas NHERF2 was highly enriched in glomerular
extracts. Thus the distribution of NHERF2, but not
NHERF1, is similar to that of PC (Figure 3), being high-
ly enriched in the lung and glomeruli.

By immunofluorescence carried out on semithin
cryosections of rat kidney cortex, NHERF2 staining
was most concentrated along the apical plasma mem-
brane (PM) of GECs (Figure 4, a and d) where it colo-
calized with PC. It was not detected in endothelial cells
of peritubular or glomerular capillaries that also
express PC (Figure 4, c and f). In contrast, NHERF1 was
expressed mainly in the brush border region of proxi-
mal tubules (Figure 4g) as reported previously (32).

Results obtained by EM after immunogold labeling
of ultrathin cryosections confirmed and extended the
results obtained by immunofluorescence. After double
labeling for NHERF2 and PC, the two proteins colo-
calized along the apical cell membrane of the cell bod-
ies of GECs and the tops and the sides of the foot
processes (Figure 5a).

PC and NHERF2 are associated in situ. To determine
whether NHERF2 and PC are associated in situ,
immunoprecipitation was carried out on glomerular
lysates with anti-PC or anti-NHERF2, followed by
immunoblotting of the immunoprecipitates for the pres-
ence of NHERF2 and PC, respectively. PC was found in
the NHERF2 immunoprecipitates (Figure 6a, lane 3);
similarly, NHERF2 was present in PC immunoprecipi-
tates (Figure 6b, lane 3). In contrast, NHERF1 was not
present in immunoprecipitates obtained with anti-PC
(Figure 6b, lane 3), and PC was not present in immuno-
precipitates obtained with anti-NHERF1 from whole kid-
ney lysates (data not shown). These results, taken togeth-
er with our localization studies, clearly indicate that
NHERF2 but not NHERF1 interacts with PC in GECs.

Localization of PC and NHERF2 with ezrin in GECs. We
recently showed that ezrin colocalizes with PC along the
apical PM of GECs and can be coimmunoprecipitated
with PC from cortical lysates, suggesting that it may
serve to link PC to the actin cytoskeleton (15). NHERF2
has also been shown to associate with ezrin in vitro (35,
36) and in lung lysates (23). These findings raise the
possibility that NHERF2 may be associated with both
PC and ezrin in GECs. To address this issue, we first

examined whether ezrin colocalizes with NHERF2 and
whether it associates with NHERF2 in GECs in situ. In
semithin cryosections, NHERF2 staining (Figure 4, j
and m) largely overlaps with ezrin (Figure 4, k and n) in
glomeruli, but not in proximal tubules. By immunogold
labeling, NHERF2, and ezrin colocalize along the apical
PM of GECs (Figure 5d), indicating that PC, NHERF2
and ezrin codistribute along the apical PM of GECs.
Very little if any staining for either NHERF or ezrin is
detected at the base of the foot processes where they
attach to the glomerular basement membrane (GBM).

PC, NHERF2, and ezrin form a coimmunoprecipitable
complex in glomeruli. To investigate whether PC,
NHERF2, and ezrin interact in vivo, we carried out
coimmunoprecipitation assays with anti-PC on
glomerular lysates followed by immunoblotting for
NHERF2 and ezrin. We found that both ezrin and
NHERF2 — but not NHERF1 — were present in the
immunoprecipitates (Figure 6b, lane 3). Taken
together, our results indicate that PC, NHERF2, and
ezrin associate in a multimeric complex along the api-
cal PM of GEC.

The PC/NHERF2/Ezrin complex is partially disrupted in
glomeruli from PS- and SA-treated kidneys. It was shown
previously that dramatic alterations in GECs can be
induced by SA treatment (11, 12) or by neutralization
of the glomerular surface charge with polycations such
as PS (8–10). These changes mimic those seen in the
nephrotic state in humans or in experimental PAN
nephrosis in rats where there is loss of foot processes,
collapse of filtration slits, and apical displacement of
slit diaphragms (37). Therefore, we examined whether
or not the PC/NHERF2/ezrin complexes are disrupt-
ed in glomeruli after these treatments. Toward this
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Figure 3
Distribution of PC, NHERF1, and NHERF2. PC and NHERF2 are
expressed at high levels in the kidney and lung and are enriched in
glomeruli. They are also detected in the brain, but not in heart, liver,
or spleen. NHERF1 is present at highest levels in whole kidney and
brain, but is not enriched in glomeruli. It is also present at very low
levels in the liver and lung, but is not detected in heart and spleen. Ten
micrograms of total protein from the indicated rat tissues was sepa-
rated by 10% SDS-PAGE, transferred to PVDF membranes, and blot-
ted with polyclonal anti-PC (0601), anti-NHERF1, or anti-NHERF2.



end we carried out immunoprecipitation on glomeru-
lar lysates with anti-PC, anti-NHERF2, or anti-ezrin,
followed by immunoblotting as above. The effects of
the above reagents were checked by routine transmis-
sion EM (Figure 7).

After immunoprecipitation with anti-PC, there was a
significant reduction (70–90%) in the amount of
NHERF2 in the precipitates in SA-treated (Figure 8a, lane
5) and PS-treated (Figure 8a, lane 6) glomeruli. The inter-
action was slightly reduced (∼30%) in PAN 3d glomeruli
and unchanged in PAN 10d glomeruli (Figure 8a, lanes 3

and 4). The amount of ezrin was also dramatically
reduced (by ∼90%) in SA-treated (Figure 8a, lane 5) and
PS-treated (Figure 8a, lane 6) glomeruli, only slightly
reduced in PAN 3d glomeruli, and unchanged in PAN
10d glomeruli (Figure 8a, lanes 3 and 4). Interestingly,
heparin perfusion of PS-treated rats (Figure 8a, lane 7)
reversed the effect. These results indicate that the PC-
NHERF2 interaction is disrupted after SA or PS treat-
ment, but interaction is restored by heparin treatment.

When immunoprecipitation was carried out with
anti-ezrin, the results were similar in that there was a
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Figure 4
Localization of NHERF1, NHERF2, PC, and ezrin in the normal rat kidney. Strong staining for both NHERF2 (a and d) and PC (b and e) is
seen in GECs in the glomerulus. PC is also present in the endothelium of peritubular capillaries (b, arrowhead) where NHERF2 is not seen.
The yellow signal in the merged images (c and f) demonstrate overlap in the staining of GECs. In contrast, NHERF1 (g) is expressed mainly in
the apical region of proximal tubules (arrowheads) and is not seen in glomeruli where PC is present (h and i). NHERF2 (j and m) also colo-
calizes with ezrin (k and n) in GECs where their staining overlaps (yellow staining in l and o). Ezrin is also expressed in proximal tubules (k,
arrowheads) where NHERF1 (g) but not NHERF2 (l) is detected. Rat kidneys were processed for semithin (0.5 µm) cryosectioning, followed
by double staining with mAbs anti-PC (5A) or anti-ezrin (3C12) and polyclonal anti-NHERF1 or anti-NHERF2, as described in Methods. Bars:
(a–c and g–l) 20 µm; (d–f and m–o) 5 µm.



dramatic reduction in the PC found in the precipitates
in the SA-treated (Figure 8b, lane 5) and PS-treated (Fig-
ure 8b, lane 6) glomeruli and a slight reduction in PAN
3d glomeruli (Figure 8b, lane 3). However, there was no
change in the amount of NHERF2 that coprecipitated
under any of those conditions (Figure 8b, bottom
panel), indicating that the NHERF2-ezrin interaction is
largely unchanged among these experimental groups.

We conclude that the PS and SA treatments disrupt
PC-NHERF2 interaction, but ezrin-NHERF2 interac-
tion is maintained under all these conditions.

Dissociation of PC/NHERF2/ezrin from the actin
cytoskeleton after PAN and SA treatments. We showed
recently by differential extraction that PC cosedi-
ments with actin filaments (15), which are resistant
to mild detergent extraction. To further investigate
the interactions of PC under conditions known to
disrupt GEC shape, we carried out sequential extrac-
tion of glomeruli to find out if the
PC/NHERF2/ezrin complex dissociates from the
actin cytoskeleton of GECs after any of these treat-
ments. Sequential detergent extraction partitions cel-
lular proteins into functionally distinct compart-
ments (27, 38, 39) and preserves cytoskeletal integrity
and cytoskeletal-noncytoskeletal interactions (38).
Isolated glomeruli from normal, PS-, SA-, and PAN-
treated rats were sequentially solubilized in 0.5% Tri-

ton X-100 (TX) and RIPA lysis buffer and separated
into Triton X-100 soluble (TXS), RIPA soluble
(RIPA), and RIPA insoluble fractions (Ppt), followed
by immunoblotting.

PC, NHERF2, and ezrin distributed in all three frac-
tions (Figure 9; percentages approximate) in normal
glomeruli with 75% of the total PC in TXS, 20% in
RIPA, and 5% in Ppt, and 55% of the NHERF2 in TXS,
35% in RIPA, and 10% in Ppt. SA and PAN, but not PS,
treatments resulted in a significant increase in the
detergent solubility of PC and NHERF2 (Figure 9). In
SA-treated glomeruli PC distributed 95% in TXS and
5% in RIPA, and NHERF2 distributed 75% in TXS and
25% in RIPA. In PAN rats PC distributed 95% in TXS
and 5% in RIPA, and NHERF2 distributed 70% in TXS
and 30% in RIPA. Thus none of the PC or NHERF was
found in the insoluble fraction, indicating that none
remained associated with actin after SA or PAN treat-
ments. The distribution of actin was unchanged
among these experimental groups with 15% each in
TXS and RIPA and 70% in Ppt.

In the case of ezrin it was distributed in all three
fractions after sequential extraction of normal
glomeruli, that is, 50% in TXS, 30% in RIPA, and 20%
in Ppt. In SA-treated rats it distributed 75% in TXS,
20% in RIPA, and 5% in Ppt, and in PAN rats it dis-
tributed 65% in TXS, 30% in RIPA, and 5% in Ppt

296 The Journal of Clinical Investigation | July 2001 | Volume 108 | Number 2

Figure 5
Immunogold localization of
NHERF2 in the glomerulus. (a)
Double labeling for PC and
NHERF2 in the rat glomerulus. PC
(10 nm gold) and NHERF2 (5 nm
gold) colocalize along the apical PM
of foot processes (fp) above the slit
diaphragms and along the cell
membrane of the cell bodies of
GECs (arrowheads). PC is also
localized along the luminal surface
of the glomerular endothelium (En),
but NHERF2 is absent. No labeling
for NHERF2 is seen at the base of
the foot processes facing the GBM
(B). (b, c, and d) Double labeling
for ezrin and NHERF2 in rat
glomeruli. Ezrin (10 nm gold) and
NHERF2 (5 nm gold) are colocal-
ized mainly along the apical PM of
foot processes (arrowheads) but are
not found along the basal surface of
the foot processes below the level of
the slit diaphragms. Ultrathin
cryosections were doubly incubated
with polyclonal anti-NHERF2 and
either anti-PC (5A) or anti-ezrin
(3C12) IgG followed by 5- or 10-nm
gold goat anti-rabbit or anti-mouse
IgG conjugates as described in
Methods. Bars, 0.1 µm.



(Figure 9). Thus in rats treated with SA and PAN, the
ezrin remaining in the insoluble fraction was signif-
icantly decreased.

Since activated ezrin, cross-links actin filaments to
the PM with concomitant C-terminal threonine
(T567) phosphorylation (40), we examined whether
the above treatments alter the level of threonine phos-
phorylated ezrin. Phosphorylated ezrin was present
only in Ppt in all experimental groups; however, the
level of phosphorylated ezrin was reduced dramatical-
ly in SA-treated (∼90%) and PAN-treated (∼80%)
glomeruli (Figure 9). These results suggest that SA and
PAN treatments lead to dephosphorylation of ezrin
and its dissociation from the actin cytoskeleton. Based
on these results, together with those from coim-
munoprecipitation assays, we conclude that the patho-
logical changes found in GECs of all three experimen-
tal groups are associated with disruption of
PC/NHERF2/ezrin complexes and dissociation of PC
from the actin cytoskeleton.

Discussion
We have shown recently that the biochemical properties
of the ectodomain of PC are responsible for keeping the
filtration slits open between adjacent foot processes (14)
and that the cytoplasmic domain of PC associates with
the actin cytoskeleton through complex formation with
ezrin (15), an ERM protein. These observations sug-
gested that PC may contribute to foot process forma-
tion and maintenance through association with the
actin cytoskeleton. In the present study, we have shown
that NHERF2, a PDZ domain-containing protein, inter-
acts directly with PC, and that PC, NHERF2, and ezrin
colocalize in GECs and form a multimeric protein com-
plex. We further report the striking finding that treat-

ments that affect foot process organization of GECs dis-
rupt the PC/NHERF2/ezrin/actin cytoskeleton associ-
ation.

NHERF2, also called E3KARP, was initially identified
by two-hybrid screening using the C-terminal, cyto-
plasmic tail of NHE3 (28). Two isotypes of NHERF,
NHERF1 (EBP50) and NHERF2 (E3KARP), have been
identified, which have 48% amino acid sequence iden-
tity and two PDZ domains and an ERM-binding region
in common (28, 34). Both NHERF1 and NHERF2 are
thought to be regulators of NHE3 because they are
required for the cAMP-dependent inhibition of NHE3.

Studies of the molecular interactions of proteins with
PDZ domains have shown that distinct PDZ domains
interact with specific C-termini carrying the consensus
sequence X(S/T)X(V/L/I) (31). NHERF2 interacts
through its PDZ domains with the last four C-terminal
residues of several proteins, including the β2-adrener-
gic receptor (41), the cystic fibrosis transmembrane
conductance regulator (CFTR) (23), phospholipase C-
β3 (42), and NHE3 (36). In all cases the interaction is
believed to link membrane proteins with the actin
cytoskeleton through ezrin (29).

In this study we identified the NHERF2-binding site
on PC as the C-terminal PDZ-binding motif DTHL, the
last four C-terminal residues of PC, because deletion of
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Figure 6
PC, NHERF2, and ezrin form a coprecipitable complex in rat
glomeruli. (a) Immunoprecipitation was carried out on normal
glomerular lysates with polyclonal anti-NHERF2 (lane 3) or control
(lane 2) serum followed by immunoblotting with monoclonal anti-
PC (5A). PC is seen in NHERF2 precipitates. Lane 1: 10 µg glomeru-
lar lysate. (b) A similar immunoprecipitation was carried out with
anti-PC mAbs (1A + 5A) followed by blotting with polyclonal anti-
ezrin, anti-NHERF1, or anti-NHERF2. Both NHERF2 and ezrin copre-
cipitate with PC, but NHERF1 is not detected (lane 3). Neither PC
nor NHERF2 are detected in control serum precipitates (lane 2).
Lane 1: 10 µg glomerular lysate. The experiment was performed twice
with comparable results.

Figure 7
Morphologic alterations seen in PAN-treated kidney. (a) Portion of
a glomerular capillary from a normal, untreated rat showing the typ-
ical organization of the foot processes (fp) of the glomerular epithe-
lium. (b) Portion of a capillary from a PAN nephrotic rat showing dis-
ruption of the foot process organization of GECs (Ep) and loss of the
filtration slits between foot processes. BM, basement membrane; En,
endothelium. Bar, 0.5 µm.



DTHL prevented its interaction with NHERF2. Results
of GST pull-down assays using fragments of NHERF2
showed that only PDZ2 interacts with the PC tail.

We have also shown that NHERF2 colocalizes and
interacts with PC in GECs in situ. NHERF1 can also
associate with PC in vitro, but it does not colocalize with
PC in the kidney in vivo. NHERF1 is expressed mainly in
proximal tubules (32) where it interacts with NHE3 (43).
Thus both NHERF proteins are found in the kidney, but

they are expressed in different cell types and hence are
presumably involved in separate cellular functions.

Our findings demonstrate that PC and NHERF2
form a multimeric complex with ezrin in vivo and that
these proteins are present at the apical PM of GECs. In
analogy to the interactions of NHERF with CFTR,
NHE3, and the β2-adrenergic receptor (29, 30), our
findings suggest that NHERF2 acts as a scaffold to
connect PC to the cytoskeleton through association
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Figure 9
Dissociation of PC/NHERF2/ezrin complexes from the cytoskeleton in glomeruli from SA- and PAN-treated rats. (a) Immunoblot of normal, PS-
, SA-, or PAN-treated (10d) rats. In normal glomeruli, PC, NHERF2, and ezrin distribute in all three fractions — that is, Triton X-100 soluble (TXS),
RIPA soluble (RIPA), and RIPA insoluble (Ppt). In SA- and PAN-, but not PS-treated glomeruli, there is a significant increase in the amount of PC,
NHERF2, and ezrin found in the Triton X-100 soluble (TXS) fraction. Actin is also distributed in all three fractions, but its pattern of distribution
is unchanged among these experimental groups. C-terminal threonine phosphorylated ezrin [ezrin, pTyr(567)] is present only in the insoluble pre-
cipitate (Ppt) (lanes 3, 6, 9, and 12) under all conditions. The level of phosphorylated ezrin is significantly reduced in SA- and PAN-treated
glomeruli. Isolated glomeruli from normal, PS-, SA-, and PAN-treated (10d) rats were solubilized sequentially with 0.5% Triton X-100 and RIPA
lysis buffer and separated into Triton X-100–soluble (TXS), RIPA-soluble (RIPA), and RIPA-insoluble fractions (Ppt). Equal volumes of these frac-
tions were immunoblotted with appropriate Ab’s. The arrowhead indicates the position of desialylated PC (lane 7). The experiment was performed
twice with comparable results. (b) Quantification of protein bands shown in a was done by densitometry as described in Methods.

Figure 8
Disruption of PC/NHERF2/ezrin complexes in glomeruli from PAN-, SA-, and PS-treated rats. (a) Immunoprecipitation with anti-PC followed
by immunoblotting for NHERF2 and ezrin as for Figure 6. The amount of ezrin and NHERF2 that coprecipitates with PC is reduced signifi-
cantly in SA-treated (lane 5) and PS-treated (lane 6), but not in PAN-treated, glomeruli (lanes 3 and 4) compared with normal controls (lane
2). The amount of ezrin and NHERF2 that coprecipitates is restored to normal after heparin (Hep) perfusion of PS-treated rats (lane 7). Lane
1: 10 µg glomerular lysate. (b) When immunoprecipitation is carried out with anti-ezrin followed by immunoblotting for NHERF2 and PC, a
similar reduction is seen in the amount of PC that coprecipitates with ezrin in SA (lane 5) and PS (lane 6) treated rats but not in PAN nephrot-
ic rats (lanes 3 and 4). No change is seen in the amount of NHERF2 coprecipitated (bottom panel). Glomerular lysates from normal, PAN 3-
d, and PAN10d, SA- and PS-treated rats were immunoprecipitated with anti-PC (1A + 5A) mAb (a) or polyclonal anti-ezrin (b) followed by
immunoblotting as in Figure 6. Lane 1: 10 µg control lysate. Arrowheads indicate desialylated PC, which has a slower mobility than intact PC
(lane 5). The arrow indicates IgG heavy chain. The experiment was performed twice with comparable results.



with ezrin as diagramed in Figure 10. In the normal
glomerulus (Figure 10a), PC binds to PDZ2 of
NHERF2 through its C-terminus, NHERF2 binds to
the N-terminal half of unmasked ezrin through its C-
terminal ERM-binding region (36), and C-terminal
threonine phosphorylated ezrin links the complex
with the actin cytoskeleton through its C-terminal
actin binding site (40). This model is supported by our
findings indicating that a significant portion of PC
and ezrin cosediment with actin following mild deter-
gent extraction, whereas both proteins are found in
the soluble fraction after depolymerization of fila-
mentous actin (15). Thus NHERF2 and ezrin serve as
intermediates linking PC to the cortical actin
cytoskeleton. The association of PC with a cytoskele-
tal complex could serve to anchor PC to specific
microdomains of the apical membrane or determine
its residence time at the cell surface.

We further show here that dissociation of PC from
the actin cytoskeleton occurs in pathological condi-
tions associated with changes in GEC shape. In PS-
treated rats (Figure 10b), the PC-NHERF2 interaction
is uncoupled in response to neutralization of the extra-
cellular domain. In PAN-treated rats (Figure 10c), the
ezrin-actin interaction is uncoupled with a concomi-

tant decrease in phosphorylated ezrin. In SA-treated
rats (Figure 10d), phosphorylated ezrin is also reduced
and both the PC-NHERF2 and ezrin-actin interactions
are disrupted due to removal of sialic acid.

In PAN rats the morphologic alterations of GECs are
associated with a reduction in the sialic acid content of
PC to one-third of normal (44), and neutralization of
the glomerular surface charge in normal rats by perfu-
sion of PS or removal of sialic acid by SA digestion
causes a narrowing of the filtration slits, effacement of
the foot processes (8, 9, 11, 45), and redistribution and
tyrosine phosphorylation of the junctional protein,
ZO-1 (10, 16). These findings lead us to propose a
mechanism through which the loss of the negative
charge at the surface of GECs, carried for the most part
by PC, changes the conformation of PC and transduces
an intracellular signal that affects the PC-cytoskeleton
connection and alters GEC morphology.

Quite recently, it has been found that deletion of the
PC gene in the mouse results in neonatal lethality and
failure to form foot processes in the homozygote (46),
which is in keeping with our conclusion that association
of PC with the cytoskeleton through adaptor proteins is
essential for normal development of foot processes.
Mutations in several other human and murine genes,
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Figure 10
Models for the sites of disruption of the
PC/NHERF2/ezrin complex with the actin
cytoskeleton in pathological conditions associated
with changes in foot process organization. (a) Nor-
mal glomerulus. PC binds to the second PDZ
domain (PDZ2) of NHERF2 through its C-terminal
PDZ-binding motif along the apical region of GECs.
NHERF2 binds to the N-terminus of phosphorylat-
ed (unmasked) ezrin through its C-terminal ERM-
binding region. Unmasked phosphorylated (P)
ezrin links the complex to the actin cytoskeleton
through its C-terminal actin-binding site. (b) Prot-
amine sulfate (PS) treatment. Neutralization of the
negative charge on the extracellular domain of PC
by PS disrupts the binding of the cytoplasmic tail of
PC to NHERF2. (c) PAN (10d) treatment. The
PC/NHERF2/ezrin complex remains intact, but
ezrin dissociates from the actin cytoskeleton with a
concomitant decrease in the level of phosphorylat-
ed ezrin. (d) Sialidase (SA) treatment. When sialic
acid is removed from PC by SA digestion, the com-
plex is disrupted in two places: PC dissociates from
NHERF2 and ezrin dissociates from the actin
cytoskeleton with a concomitant reduction in the
level of phosphorylated ezrin.



including nephrin, CD2AP, podocin, α-actinin4, α3β1
integrin, and laminin β2, also lead to disruption of
podocyte architecture and the nephrotic syndrome.
Mutations in the nephrin gene, a component of the slit
diaphragm that attaches neighboring foot processes to
one another, occur in humans with congenital nephrot-
ic syndrome (Finnish type), where there is also failure to
form foot processes and massive proteinuria (47). A sim-
ilar phenotype is seen in mice with knockout of CD2AP,
which may link nephrin to the actin cytoskeleton (48).
Interestingly, deletion of α3 integrin, an adhesion mole-
cule that attaches the foot processes to the GBM and its
potential binding partner in the GBM, laminin β2, also
results in changes in foot processes and proteinuria (49,
50). Genetic analysis of families with proteinuria leading
to glomerulosclerosis has identified several other mutat-
ed proteins involved in cytoskeletal–basement mem-
brane (α-actinin4) and cytoskeleton-PM (podocin) inter-
actions in GECs (51, 52). Presumably all these mutations
result in defective maturation of glomeruli.

Alterations in the organization of foot processes and
proteinuria can also be induced by in vivo infusion of
mAb’s against several membrane proteins of GECs,
including those against nephrin 5-1-6 (53), podoplanin
(54), and aminopeptidase A (55). Thus targeting by
gene disruption or Ab injection of molecules responsi-
ble for maintaining the cytoskeleton and cell shape,
particularly those that affect the relationship between
neighboring foot processes and the foot processes and
the GBM, result in major changes in the structure and
function of GECs. The precise mechanisms involved
have not been established except in the case of PC.

Rearrangement of GEC organization is often associat-
ed with increased glomerular permeability and protein-
uria. It should be remembered, however, that in humans
with nephrotic syndrome, as well as rats with PAN
nephrosis, foot process changes go hand in hand with
changes in intercellular junctions (16, 37) and the GBM.
There is thinning of the GBM (56) and disruption of the
anionic sites (57) composed of heparan sulfate proteo-
glycans in the GBM (58). Moreover, the effects of PS and
SA treatments are not restricted to GECs, as they also
result in neutralization of anionic sites and removal of
sialic acid from the GBM as well as from the GEC sur-
face. Thus there is a close interplay between GEC shape,
junctional organization, and integrity of the GBM.

Our demonstration that the cytoplasmic domain of
PC is linked to the actin cytoskeleton through
NHERF/ezrin complexes, taken together with our pre-
vious work showing the extracellular domain con-
tributes to the anti-adhesion function of PC, indicates
that PC is a major player in maintaining foot process
structure in vivo. Further investigations are required to
determine what signal(s) are involved in the mainte-
nance or disruption of the PC/NHERF2/ezrin complex
in GECs and should shed light on the molecular mech-
anisms responsible for the changes in foot process
structure characteristic of the nephrotic syndrome.

PC is expressed not only in GECs but also in vascular

endothelia; however, ezrin is not present in either peritu-
bular capillaries or in the glomerular endothelium. Other
members of the ERM family such as moesin, which is
known to be expressed in endothelial cells (59), may be
involved in PC-cytoskeletal association in these cells.
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