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Background: Excess VEGF-A down-regulates nephrin causing glomerular disease. Nephrin interacts with VEGFR2 in vivo.
Results: Nephrin-VEGFR2 interaction is direct, modulated by tyrosine phosphorylation, the VEGR2-nephrin complex involves
Nck and actin, and VEGF-A signaling via this complex decreases cell size.

Conclusion: This interaction links extracellular VEGF-A to slit diaphragms and the podocyte actin cytoskeleton.
Significance: Our findings provide a molecular mechanism for VEGF-induced glomerular disease.

The transmembrane protein nephrin is an essential compo-
nent of slit diaphragms, the specialized cell junctions that link
podocyte foot processes. Podocytes are epithelial cells that sur-
round the glomerular capillaries in the kidney and are necessary
for the organ-filtering function. Nephrin signaling complex
transduces extracellular cues to the podocyte cytoskeleton and
regulates podocyte shape and function. Vascular endothelial
growth factor A (VEGF-A) is a required growth factor produced
and secreted by podocytes. Accumulating evidence suggests a
cross-talk between VEGF-A and nephrin signaling pathways.
We previously showed that in vivo nephrin associates with
VEGF receptor-2 (VEGFR2), the signaling receptor for VEGF-A.
In the present work, we characterized the interaction between
nephrin and VEGFR2 in cultured cells and in vitro. We demon-
strate that nephrin-VEGFR2 interaction is direct using mass
spectrometry, immunoprecipitation, GST-binding assays, and
blot overlay experiments. This interaction occurs through
VEGFR2 and nephrin cytoplasmic domains. Nephrin-VEGFR2
interaction is modulated by tyrosine phosphorylation of both
cytoplasmic domains. Furthermore, the nephrin-VEGFR2 com-
plex involves Nck and actin. VEGF-A signaling via this complex
results in decreased cell size. We provide evidence that this mul-
tiprotein interaction occurs in cultured podocytes. We propose
that the nephrin-VEGFR2 complex acts as a key mediator to
transduce local VEGF-A signals to the podocyte actin cytoskel-
eton, regulating the foot process structure and glomerular filter
integrity.

Plasma ultrafiltration in the glomeruli is an essential kidney
function. The glomerular filtration barrier consists of fenes-
trated endothelium, glomerular basement membrane, and slit
diaphragms of the podocytes. Podocytes are specialized epithe-
lial cells characterized by interdigitating foot processes linked
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by modified adherens junctions called slit diaphragms (1, 2). Slit
diaphragms are composed of a backbone of nephrin molecules
from adjacent foot processes that associate in cis and trans and
form a zipper-like structure and interacting proteins, including
FAT1, nephl, podocin. and P-cadherin (3-5).

Null mutations in the nephrin gene (NPHS1) cause congen-
ital nephrotic syndrome of the Finnish type, a rare autosomal
recessive disorder defined by massive albuminuria, hypoalbu-
minemia, dyslipidemia and edema (6). Kidney biopsies of
infants with congenital nephrotic syndrome of the Finnish type
reveal podocyte foot process effacement and absence of slit dia-
phragms (7). Nephrin is also down-regulated in acquired glo-
merular diseases associated with proteinuria and foot process
effacement (8, 9). Phosphorylation of conserved tyrosine resi-
dues in the nephrin cytoplasmic domain (Tyr-1191, Tyr-1208,
and Tyr-1232) by the Src kinase Fyn enables the binding and
phosphorylation of cytoplasmic kinase PI3K and Nck adaptor
proteins (10 —14). Phosphorylated Nck interacts with neuronal
Wiskott-Aldrich syndrome protein and stimulates the Arp2/3
complex, thereby regulating podocyte actin organization (15,
16). Podocyte-specific ablation of Nck2 in Nck1-deficient mice
leads to massive proteinuria and lack of podocyte foot processes
in newborn mice (17). Thus, nephrin provides permeability
barrier for glomerular filtration, and contributes, via its intra-
cellular signaling, to maintain the dynamic integrity of the
podocyte architecture.

VEGF-A? is an essential growth factor produced and
secreted by podocytes throughout life (18). Most VEGE-A sig-
nals are transduced by VEGFR2 (previously called Flk-1 in
mice, and KDR in humans), a member of the receptor tyrosine
kinase family (19). Homozygous deletion of VEGFR2 in mice is
embryonic lethal, due to failure of vasculogenesis, whereas
heterozygotes are normal (20). Binding of VEGF-A induces
conformational changes in VEGFR2, dimerization, and auto-
phosphorylation on tyrosine residues Tyr-1175, Tyr-1214, and
others (21). Phosphorylated Tyr-1175 activates the MAPK

2 The abbreviations used are: VEGF-A, vascular endothelial growth factor A;
VEGFR2, VEGF receptor-2; CD, cytoplasmic domain; VEGF, 45, recombinant
rVEGF,¢s; WB, Western blot.

JOURNAL OF BIOLOGICAL CHEMISTRY 39933



VEGFR?2 Interacts with Nephrin

pathway via phospholipase C vy (22) and is essential for vascular
development during embryogenesis (23). Phosphorylation of
VEGEFR2 Tyr-1214 is required for the recruitment of Nck and
Fyn and their phosphorylation, leading to actin polymerization,
stress fiber formation, and endothelial cell migration (24).

We and others (25, 26) showed that VEGFR?2 is expressed in
podocytes in vivo by transmission electron microscopy, sup-
porting previous reports demonstrating that VEGF-A signaling
via VEGFR?2 regulates podocyte survival and slit diaphragm
interactions (27, 28). VEGF-A is increased in congenital
nephrotic syndrome of the Finnish type and in acquired glo-
merular diseases associated with nephrin down-regulation,
such as diabetic nephropathy (7, 29, 30). Our studies also
showed that podocyte-specific VEGF, ., gain of function during
development causes nephrotic syndrome in mice (31) and in
adult mice, leads to proteinuria, podocyte effacement, and loss
of slit diaphragms (25). Moreover, reversible VEGFR2 phos-
phorylation, down-regulation of nephrin, and co-immunopre-
cipitation of VEGFR2 and nephrin are associated with this phe-
notype, demonstrating a cross-talk between VEGF-A and
nephrin signaling pathways in vivo (25).

The present study was designed to evaluate whether
VEGFR2-nephrin interaction is direct using in vitro
approaches. Our data demonstrate a direct interaction between
the cytoplasmic domains of VEGFR2 and nephrin, which is
modulated by phosphorylation. Moreover, we show that the
VEGFR2-nephrin complex involves Nck and actin. We demon-
strate that VEGF stimulation of this complex results in signifi-
cant cell shape change in transfected cells, consistent with the
foot process effacement phenotype observed previously in vivo
(30, 31). We propose that the VEGFR2-nephrin complex trans-
duces local VEGEF-A signals to the podocyte actin cytoskeleton,
thereby regulating cell shape and function.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Antibody sources were purchased
as follows: FLAG, Myc, a-actin (Sigma); GST, VEGFR2, and
Nck (Santa Cruz Biotechnology); Nck (BD Transduction Labo-
ratories); nephrin and HRP-conjugated anti-guinea pig
(Fitzgerald Industries International); phosphotyrosine (Upstate
Biotechnology); phospho-VEGFR2 (Tyr-1175) (Cell Signaling);
and HRP anti-mouse and HRP anti-rabbit light chain (Jackson
ImmunoResearch Laboratories). Rabbit polyclonal anti-neph-
rin and anti-phospho-nephrin antibodies were reported previ-
ously (13, 14). Heparin, recombinant mouse y-interferon, anti-
FLAG M2 affinity gel, and FLAG peptide were purchased from
Sigma. Lipofectamine 2000, isopropylthio-b-p-galactoside,
Cell Tracker®, and rhodamine phalloidin were obtained from
Invitrogen. Protease inhibitor mixture and protein A-agarose
beads were from Roche Diagnostics. Protein A/G-agarose was
obtained from Pierce, and glutathione-Sepharose 4B beads
were from GE Healthcare. pGEX4T-1 vector and ECL were
from Amersham Biosciences, and BL21 and TBK1 Escherichia
coli were from Stratagene. The mVEGEF-A ELISA kit was from
R&D Systems.

Eukaryotic Expression Constructs—Mammalian expression
plasmids encoding mouse nephrin-Myc and FLAG-tagged
Nckl have been described previously (32, 33). Full-length
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mouse VEGFR2 ¢cDNA was a gift of Dr. Lucia Pattarini (Inter-
national Center for Genetic Engineering and Biotechnology).
The cDNA-encoding mouse VEGFR2 open reading frame was
subcloned into Kpnl and Apal sites of pcDNA 3.1. A FLAG
epitope tag was placed at the 3’-end of the open reading frame
using a standard PCR-based cloning technique. The FLAG-
tagged mouse VEGFR2 cytoplasmic domain (VR2-CD) con-
struct, corresponding to the last 561 amino acids of mouse
VEGFR?2 protein, as well as two fragments of it, VR2-162 encod-
ing 162 amino acids (between 2353-2838 bp) and VR2-399
encoding the last 399 amino acids (between 28394035 bp),
were generated by PCR from FLAG-tagged VEGFR2 and sub-
cloned into pcDNA3.1. The VR2-CD, VR2-162, and VR2-399
were detected as ~75-kDa, ~18-kDa, and ~60-kDa proteins,
respectively, when analyzed by SDS-PAGE under reducing
conditions. Restriction digestion and DNA sequencing were
used to validate all constructs.

Transient Transfection—CQOS-7 cells were transfected with
mammalian expression plasmids (5-10 ug) using Lipo-
fectamine 2000, following the manufacturer’s instructions.
Where indicated, cells were cultured in the presence of 50 um
pervanadate for 30 min prior to harvesting, or cells were serum-
starved and incubated with heparin (50 units/ml) for 1 h, with
or without recombinant VEGF, . (50 ng/ml) for 30 min. Trans-
fected cells were harvested with IP lysis buffer.

Generation of Podocyte Cell Line—Podocin-rtTA:tet-O-
VEGF mice (25) were bred with H-2Kb-tsA58 mice (34, Immor-
tomouse®, The Jackson Laboratory, Bar Harbor, ME) to gener-
ate a conditionally immortalized podocyte cell line that
overexpresses VEGF,4, in a doxycycline-regulated manner.
Glomeruli were isolated from triple transgenic mice by stand-
ard serial sieving under sterile conditions (25, 34, 35), plated on
collagen I-coated dishes, and cultured in RPMI 1640 medium
(Invitrogen) with 10% FBS, 100 units/ml penicillin/streptomy-
cin, and 100 units/ml recombinant mouse y-interferon at 33 °C
(permissive conditions). Following 5 days of primary culture,
cells were trypsinized and passed through a 33-gauge needle to
remove remaining glomerular cores. Cells were replated and
propagated at 33 °C in medium containing 100 units/ml y-in-
terferon and subjected to dilution cloning. Clones were selected
on the basis of their expression of podocyte-specific proteins
(see Fig. 14), morphology, and doxycycline-regulated VEGF
overexpression. Podocyte clones were propagated on collagen
I-coated plates at 33 °C in RPMI 1640 supplemented with 10%
FBS, 100 units/ml penicillin/streptomycin and in the presence
of recombinant mouse y-interferon (10 units/ml). Removal of
y-interferon and temperature switch to 37 °C inactivated the
SV40 T antigen (see Fig. 1C) and induced podocytes to differ-
entiate over =7 days.

Co-immunoprecipitation—Transiently transfected COS-7
cells or immortalized podocytes were lysed in IP lysis buffer
containing 1% Triton X-100, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 150 mm NaCl, 10 mm Tris, pH 7.4, 1 mm EDTA,
50 mm NaF, and protease inhibitor mixture. After preclearing
with protein A-agarose beads or with protein A/G-agarose, 0.5
mg of COS-7 cells or 1 mg of podocyte lysates were incubated
with the appropriate antibody overnight at 4 °C under gentle
rocking. Immune complexes were captured by adding protein
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A-agarose or A/G-agarose beads for 4 h at 4 °C. After washing
with IP lysis buffer, bound proteins were eluted in Laemmli buffer,
and immunoprecipitated proteins were analyzed by Western blot-
ting. Endogenous Nck was immunoprecipitated from 1.5-mg
podocyte lysates by overnight incubation with anti-Nck at 4 °C.
Immune complexes were incubated with protein A-agarose for
3 h, washed with IP lysis buffer, and eluted as above.

Immunoblot Analysis—Cell lysates (10 ug) or immunopre-
cipitates (10—40 ul) were resolved by 8% or 4-10% gradient
SDS-PAGE under reducing conditions, transferred to nitrocel-
lulose, incubated in blocking buffer (150 mm NaCl, 20 mm Tris,
5% (w/v) powdered milk, 0.1% Tween) and incubated with the
following primary antibodies: rabbit anti-nephrin (1:1000) (34),
or guinea-pig anti-nephrin (1:500), anti-VEGFR2 (1:300), anti-
FLAG (1:2000), anti-GST (1:1000), anti-Nck (1:1000), anti-Myc
(1:1000), anti-a-actin (1:5000), anti-phosphotyrosine (1:1000),
anti-phospho-Tyr-1175 VEGFR2 (1:500), and anti-phospho-
nephrin (1:1000) (36) antibodies. Subsequently, primary anti-
body binding was detected with HRP-conjugated anti-mouse
(1:10,000), anti-rabbit (1:10,000 light chain), or anti-guinea pig
(1:2000) secondary antibodies, as appropriate, and proteins
were visualized with ECL. Densitometric analysis was per-
formed using NIH Image] software.

Bacterial Fusion Protein Expression—Plasmids encoding a
GST-CD-nephrin fusion protein, which includes the entire CD
of mouse nephrin, and GST-CD-nephrin tyrosine (Tyr) residue
point mutants (Y1191F, Y1208F, Y1191F/Y1208F, and Y1191F/
Y1208F/Y1232F) were generated by PCR and cloned in frame
into a pGEX4T-1 vector, as described previously (36). Fusion
proteins were expressed in Escherichia coli BL21 and TKB1 at
37 °C and induced with 1 mm isopropylthio-B-p-galactoside.
GST-tagged fusion proteins were purified using batch purifica-
tion on glutathione-Sepharose 4B beads, following the manu-
facturer protocol.

GST-binding Assay—HEK cells were transfected with FLAG-
tagged expression constructs. After 48 h, cells were washed and
harvested in modified radioimmune precipitation assay buffer
(50 mm Tris, pH 7.4, 200 mm NaCl, 1% Triton X-100, 0.25%
deoxycholic acid, 1 mm EDTA, and 1 mm EGTA and protease
inhibitors). Lysates were centrifuged, and the supernatant was
incubated with anti-FLAG M2 affinity gel for 1 h under rotation
at 4 °C. FLAG-tagged proteins were eluted from the resin by
competition with FLAG peptide. Coomassie Blue staining and
Western blot analysis confirmed the purity of FLAG-tagged
proteins. Purified VEGFR2 FLAG-tagged proteins (1 ug) were
incubated with 1 ug of purified GST-tagged fusion proteins in
500 ul of PBS for 2 h at 4 °C under rotation. The beads were
collected by centrifugation and were washed five times with
PBS. Bound proteins were eluted by boiling in Laemmli buffer,
resolved by SDS-PAGE, transferred to nitrocellulose mem-
branes, immunoblotted with anti-FLAG and anti-GST anti-
bodies, and detected by ECL as described above.

Blot Overlay Assay—Purified GST-CD-nephrin (2-10 ug)
and 10 pg of GST (control) was separated by SDS-PAGE and
transferred to nitrocellulose membranes. After incubation with
blocking buffer (5% (w/v) powdered milk, 0.1% Tween in PBS),
membranes were probed with 0.3 ug/ml purified FLAG-tagged
VEGFR? in blocking buffer overnight at 4 °C. After extensive

NOVEMBER 18,2011+ VOLUME 286+NUMBER 46

VEGFR?2 Interacts with Nephrin

washing with blocking buffer, membranes were incubated with
anti-FLAG antibody, followed by HRP-conjugated secondary
antibody, and detected by ECL. As a positive control, 5 pug of
lysate of COS-7 cells transfected with VEGFR2 was loaded in
the same nitrocellulose membranes and immunoblotted with
anti-FLAG antibody.

Mass Spectrometry Analysis—Lysates from COS-7 cells
transfected with full-length VEGFR2 and nephrin constructs
were subjected to immunoprecipitation with anti-nephrin anti-
body and resolved by SDS-PAGE. The gel was stained with
Coomassie Blue, and bands at ~180 kDa were excised. These
proteins were subject to in situ enzymatic digestion as
described previously (37). The final peptide solutions were ana-
lyzed by LC-MS/MS (Thermo Scientific LTQ-Orbitrap XL
mass spectrometer) at the W. M. Keck Foundation mass spec-
trometry facility at Yale University. Proteins were searched
using Mascot Distiller and the Mascot search algorithm (38).

Immunocytochemistry—To examine the changes in cell mor-
phology upon differentiation, podocytes were labeled live with
Cell Tracker® following the manufacturer’s instructions. Then,
podocytes were fixed with 4% paraformaldehyde and incubated
with rhodamine phalloidin. COS-7 cells transfected with
VEGEFR?2, nephrin, or with both proteins were serum-starved
and incubated with or without recombinant VEGF,.; (50
ng/ml) for 30 min, fixed, and stained with rhodamine phalloi-
din. Images were obtained using confocal microscopy (FV300,
Olympus). COS-7 cell area was measured using NIH Image]
software freehand area selection, on images obtained at X120
magnification (X40 optics, X3 digital) and expressed as
mean * S.E. um? (n = 15 + 2.4 cells/experimental condition).
For immunocytochemistry, differentiated mouse podocytes
were grown on collagen I-coated glass coverslips, washed with
PBS, and fixed with 4% paraformaldehyde for 10 min at room
temperature, blocked with 2% donkey serum, 2% BSA, and 0.2%
gelatin in PBS for 30 min, and incubated with anti-VEGFR2 and
anti-nephrin antibodies overnight at 4 °C. Then, cells were
incubated with Cy2 donkey anti-rabbit IgG and Cy3 donkey
anti-guinea pig IgG, respectively. Nuclei were stained with
Hoechst 33342 (Molecular Probes, Invitrogen). Cells were
mounted with Vectashield (Vector Laboratories, Burlingame,
CA) and examined by confocal microscopy.

ELISA—Podocyte VEGF-A was measured by ELISA in whole
cell lysate and in conditioned medium from differentiated
podocytes after 48 h induction with doxycycline (1 ug/ml) or
vehicle and serum starvation for 8 h prior to analysis. Data were
normalized for total protein concentration and expressed as %
change from baseline.

Statistical Analysis—All experiments were performed at
least three times. In ELISA experiments, readings from dupli-
cate samples from three independent experiments were aver-
aged, and data were expressed as mean * S.E. Data were ana-
lyzed using unpaired ¢ test or one-way analysis of variance as
appropriate. Statistical significance was deemed as p < 0.05.

RESULTS

VEGFR2 and Nephrin Interact in Vitro and in Differentiated
Podocytes—An inducible, immortalized mouse podocyte cell
line was generated from pod-rtTA:Vegf,s, mice, harboring the
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FIGURE 1. Inducible mouse podocyte cell line expressing nephrin and VEGFR2. A, Western blot (WB) of WT-1, nephrin, podocin, and VEGFR2 protein
expression in differentiated murine podocytes cells. B, differentiated podocytes (37 °C) show typical cell shape, with extensive protrusions and F-actin fila-
ments, as compared with undiffentiated podocytes (33 °C), Cell tracker® (green), rhodamin phalloidin (red). C, WB shows that SV40 large T antigen (Ag) is

expressed only by undifferentiated podocytes (33 °C).

Vegf s, transgene under a tetracycline-regulated promoter,
using described methods (25, 42). This immortalized podocyte
cell line expressed WT-1, nephrin, podocin, and VEGFR2 (Fig.
1A). Temperature switch from 33 to 37 °C induced podocyte
differentiation, evidenced by cell morphology change and loss
of SV40 expression (Fig. 1, B and C). Doxycycline induction of
differentiated podocytes for 48 h resulted in a significant
increase in cell-bound and secreted endogenous VEGEF-A,
detected by ELISA (67 = 9.4% and 72 * 20% above baseline,
respectively, p < 0.05, n = 4).

To evaluate VEGFR2 interaction with nephrin, VEGFR2 was
immunoprecipitated from cultured podocyte lysates, and the
immunoprecipitates were probed by Western blot with the cor-
responding antibodies (Fig. 2A4). Reciprocal co-immunopre-
cipitation experiments confirmed that endogenous VEGFR2
and nephrin associate in cultured podocytes. Immunocyto-
chemistry showed that endogenous VEGFR2 and nephrin
localized to the same compartments in cultured podocytes (Fig.
2B). This interaction was confirmed in COS-7 cells using an
alternative approach. COS-7 cells were transiently co-trans-
fected with Myc-tagged full-length nephrin and FLAG-tagged
full-length VEGFR2 constructs. Nephrin and VEGFR2 co-im-
munoprecipitated by anti-VEGFR2 or anti-FLAG antibodies
and was detected with anti-nephrin or anti-Myc antibodies
(Fig. 2C); reciprocal experiments verified the findings. No inter-
action was found in cells lysate incubated with control IgG. In
addition, VEGFR2-nephrin interaction was further confirmed
using an independent method, mass spectrometry. COS-7 cells
were transfected with full-length VEGFR2 and nephrin and
immunoprecipitated with anti-nephrin antibody, and the elu-
ate was resolved by SDS-PAGE. Bands at ~180 kDa were
excised and subjected to in situ enzymatic digestion followed by
mass spectrometry analysis. Three peptides from the cytoplas-
mic domain of mouse VEGFR2 (TGYLSIVMDPDELPLDER,
FGNLSTYLR, and GAFGQVIEADAFGIDK) were identified in
the nephrin immunoprecipitate (Fig. 2D). Taken together,
these findings demonstrate an interaction between VEGFR2
and nephrin in cultured podocytes and in vitro.

Nephrin Binds VEGFR2 Directly via Its Cytoplasmic Domain—
Nephrin is a key component of a transmembrane protein com-
plex at the podocyte plasma membrane, which plays structural
and signaling roles (4, 5). Nephrin cytoplasmic domain has been
shown to associate with several proteins, including Neph1 (36),
podocin (39), CD2AP (40), and Nck (11, 14, 17), suggesting that
nephrin participates in a number of intracellular signaling
transduction pathways. To test whether the VEGFR2-nephrin
interaction is direct and mediated through the CD of nephrin,
purified nephrin cytoplasmic domain (GST-CD-nephrin) was
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incubated with purified Flag-VEGFR?2 full-length in vitro, as
described under “Experimental Procedures.” The GST-binding
assay showed that the cytoplasmic domain of nephrin binds
VEGEFR? in vitro, indicating a direct interaction (Fig. 34). The
purity of the GST construct was confirmed by Coomassie Blue
staining (Fig. 3B).

To further define whether this association is direct, we used
overlay blot assays. Purified GST-CD-nephrin (2—-10 ug) was
resolved by SDS-PAGE and transferred to nitrocellulose mem-
branes, and membranes were overlaid with purified FLAG-
VEGER?2, followed by immunoblotting with anti-FLAG anti-
body. Full-length FLAG-VEGFR2 bound specifically to GST-
CD-nephrin in a concentration-dependent manner, but not to
GST-control (Fig. 3C). Together, these findings demonstrate
that nephrin binds to VEGFR2 directly through its cytoplasmic
domain.

Cytoplasmic Domains of VEGFR2 and Nephrin Interact—To
evaluate which VEGFR2 domain interacts with nephrin, we
generated a series of FLAG-tagged constructs encoding three
protein domains as follows: the VEGFR2 cytoplasmic domain
(CD-VEGFR2, 561 amino acids), its proximal fragment
(VEGFR2-162, 162 amino acids), and its distal fragment
(VEGFR2-399, 399 amino acids) (Fig. 44). Each FLAG-tagged
VEGFR2 fragment was transiently co-transfected with full-
length nephrin into COS-7 cells and immunoprecipitated with
anti-FLAG antibody. Nephrin co-immunoprecipitated with
VEGFR2 cytoplasmic domain (CD-VEGFR2) and both of its
fragments, VEGFR2-162 and VEGFR2-399 (Fig. 4B). Reverse
co-IP experiments performed with anti-Myc antibody, fol-
lowed by immunoblotting with anti-FLAG antibody confirmed
nephrin association with both VEGFR2 cytoplasmic domains
(Fig. 4C). Quantitation of immunoprecipitate/lysate ratios
showed similar association, Fig. 4, B and C, n = 3). These data
suggested that at least two sequences of VEGFR2 cytoplasmic
domain interact with nephrin. GST-binding assays were per-
formed to evaluate this possibility. Purified FLAG-VEGFR2-
162 or VEGFR2-399 proteins were incubated with purified
GST-CD-nephrin, resolved by SDS-PAGE, and examined by
Western blotting. In agreement with the previous co-IP data,
nephrin cytoplasmic domain associated with VEGFR2-162 and
with VEGFR2-399 (Fig. 4D).

Nephrin Tyrosine Phosphorylation Modulates VEGFR2-
Nephrin Interaction—Nephrin has nine tyrosine residues in its
intracellular domains. Verma et al. (13) demonstrated that Fyn
binds directly to the nephrin cytoplasmic domain via its SH2
domain and phosphorylates the cytoplasmic domain of nephrin
both in vitro and in vivo. To assess whether VEGFR2-nephrin
interaction requires tyrosine phosphorylation of nephrin cyto-
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FIGURE 2. Endogenous and transfected VEGFR2 and nephrin interact in culture cells. A, endogenous nephrin-VEGFR2 co-IP from differentiated podocyte
cell lysate. Anti-VEGFR2 and anti-nephrin antibodies were used, followed by WB with reciprocal antibody (upper blots); negative control is rabbit IgG, and
inputs of each IP are shown (lower blots). B, immunolocalization of VEGFR2 (green) and nephrin (red) in differentiated podocytes. Nuclei were stained with
Hoechst 33342 (blue), and merge image shows co-localization (yellow). Scale bar, 20 wm. C, nephrin-VEGFR2 co-IP from COS-7 cells transfected with full-length
FLAG-VEGFR2 and Myc-tagged nephrin, using anti-VEGFR2, anti-FLAG, anti-nephrin, and anti-Myc antibodies (upper blots), inputs for each IP experiment
(lower blots), no binding was found with control IgG. Co-IP and immunocytochemistry experiments showed that VEGFR2 and nephrin interact and co-localize
in vitro. Experiments were repeated at least three times. D, COS-7 cells transfected with full-length VEGFR2, and nephrin were subjected to nephrin IP and
resolved by SDS-PAGE. Bands at ~180 kDa were digested with trypsin, the resulting peptides were analyzed by LC-MS/MS. Peptides corresponding to amino
acids 794-814, 841-856, and 919-927 of mouse VEGFR2 cytoplasmic domain were identified. kDa, molecular mass.

= [ oond .
A = B £ C ‘E
=4 _ a S
= )
i 2 g 4 2 GST-CD-Nephrin 2
S a g Q R ————
o o o Q Q e 2ug 5pg 10pug O
§ = = 5 5 kDa:
> 3 3 O O 180 -
kDa: WB: kDa: WB:
180 -
Flag | - Flag
GST-CD-Ne- 50 14 —

60 -
csT -

Coomassie blue

FIGURE 3. Direct interaction between VEGFR2 and nephrin cytoplasmic domains. A, GST-binding assay demonstrates direct association between VEGFR2
and cytoplasmic domain of nephrin. Purified recombinant GST-CD-nephrin was incubated in vitro with purified full-length FLAG-VEGFR2, resolved, and
immunoblotted with anti-FLAG antibody. Positive control, lysate of COS-7 cells transfected with VEGFR2. B, representative Coomassie Blue gel of GST-control
and GST-CD-nephrin in BL21 bacteria. C, overlay assay shows that nephrin binds VEGFR2 directly through its cytoplasmic domain. Increasing amount of
purified GST-CD-nephrin (Ne) was resolved, probed with purified FLAG-VEGFR2, and immunoblotted with anti-FLAG antibody. Positive control is as described
inA.
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sine phosphorylation-dependent manner (ratio TBK:BL21 =  with purified recombinant GST-CD-nephrin or GST-CD-
1.8 = 0.2, p < 0.05, n = 4) (Fig. 5A). When phosphorylated nephrin mutated in one, two, or both YDXV motifs, replacing
purified GST-CD-nephrin was incubated with the purified tyrosine for phenylalanine to mimic unphosphorylated tyro-
FLAG-VEGFR2 cytoplasmic domain proximal 162 amino acids ~ sine, expressed in TKB1 (Fig. 5D). We observed that the asso-
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ciation between VEGFR2 and CD-nephrin was increased in Tyr-1191 and Tyr-1208 are involved in VEGFR2-nephrin
Y1191F mutant (Y1191F:CD-nephrin 1.7 = 0.02, p < 0.05,n = interaction and that although Tyr-1208 phosphorylation
4) and decreased in Y1208F mutant (Y1208F:CD-nephrin 0.4 = increases nephrin-VEGFR2 interaction, Tyr-1191 phosphor-
0.1; p < 0.05, n = 4) (Fig. 5, E and F). These data suggest that ylation does the opposite. The purity of GST-CD-nephrin
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full-length FLAG-VEGFR2 and nephrin and were then exposed
to recombinant VEGF, 45 (rVEGEF, ;) in the presence of hepa-
rin, which enhances VEGF-induced VEGFR2 activation (41).
When COS-7 lysate was immunoprecipitated with anti-
VEGFR2 antibody, nephrin co-immunoprecipitated with
VEGEFR2, both in the presence and in the absence of rVEGF, .

and mutants in TKB1 bacteria are shown by Coomassie Blue
gel (Fig. 5G).

Tyrosine Phosphorylation of VEGER2 Decreases Interaction
with Nephrin—To examine whether autophosphorylation of
VEGEFR2 upon ligand binding modulates its interaction with
nephrin, COS-7 cells were transiently transfected both with
ACEVON
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lated with heparin (50 units/ml) or heparin+rVEGF, 45 (50 ng/ml) for 30 min. rVEGF, 45 induced VEGFR2 phosphorylation and decreased nephrin-VEGFR2
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Interestingly, we found that the quantity of VEGFR2-bound altered when both proteins were phosphorylated. COS-7 cells
nephrin was reduced when cells had been exposed to the ligand  transiently transfected with full-length VEGFR2 and nephrin
(IP rVEGF, 45:control = 0.46 = 0.05, p < 0.05, n = 8; Fig. 6A).  were exposed to pervanadate, a tyrosine phosphatase inhibitor,
Because co-IP experiments showed that VEGFR2/CD-nephrin  for 30 min. Immunoprecipitation experiments with anti-
interaction is increased when CD-nephrin is tyrosine-phos- VEGFR2 or anti-nephrin/Myc antibodies were performed.
phorylated and decreased when VEGFR2 is tyrosine phosphory-  Notably, in the presence of pervanadate, the amount of co-
lated, we next asked whether VEGFR2-nephrin interaction was  immunoprecipitated nephrin, and VEGFR2 was decreased
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(pervanadate:control = 0.48 = 0.07, p < 0.05, n = 5;and 0.47 =
0.03, p < 0.05, n = 6; Fig. 6B). This result is consistent with the
finding that the Tyr-1191 residue is inhibitory. In the absence of
pervanadate, we observed that VEGFR?2 has baseline phosphor-
ylation, but nephrin phosphorylation was not detected (Fig.
6B). Together, these results suggest that VEGFR2-nephrin
interaction is not fully phosphorylation-dependent but is mod-
ulated by tyrosine phosphorylation such that VEGFR2 tyrosine
phosphorylation decreases the association with nephrin.

VEGFR2-Nephrin and Nck Form a Signaling Complex That
Binds Actin—Several groups demonstrated that upon nephrin
phosphorylation on Tyr-1191, Tyr-1208, and Tyr-1232, the
cytoplasmic domain of nephrin interacts with Nck, inducing
the assembly of actin filaments (17, 36). VEGFR2 cytoplasmic
domain interaction with Nck was shown to depend on Tyr-
1214-VEGFR2 phosphorylation, triggering actin polymeriza-
tion and stress fiber formation (24). To determine whether Nck
is part of a signaling complex with VEGFR2-nephrin, COS-7
cells were transfected with full-length Nck, nephrin, and
VEGEFR?2. Cell lysates were immunoprecipitated with anti-Nck
antibody, followed by Western blot with anti-nephrin or anti-
VEGFR? antibodies. As shown in Fig. 74, Nck associates with
both nephrin and VEGFR2, and co-immunoprecipitation of the
three proteins can be attained with antibodies to each. More-
over, we observed that these three endogenous proteins assem-
ble as a complex also in cultured podocytes (Fig. 7B). Further-
more, the VEGFR2-nephrin-Nck complex appeared to engage
endogenous «-actin, both in transfected COS-7 cells and in
podocytes (Fig. 7, A and B).

When COS-7 cells were transfected with nephrin and
VEGFR2-162 or VEGFR2-399 constructs, endogenous Nck and
a-actin immunoprecipitated with Myc-nephrin and with both
FLAG-VEGEFR2 fragments (Fig. 7C). We also observed that Nck
and a-actin co-immunoprecipitated with anti-FLAG antibody
in COS-7 cells transfected only with VEGFR2-399 construct
(Fig. 7D). In contrast, in COS-7 cells transfected only with
VEGFR2-162, a-actin co-immunoprecipitated with VEGFR2-
162, but Nck did not (Fig. 7D). Together, these data imply that
endogenous Nck associates with nephrin and also interacts
with the terminal portion of the cytosolic domain of VEGFR2
(VEGFR2-399) to form a complex. In this setting, a-actin asso-
ciates with nephrin and with VEGFR2 cytosolic domains,
whereas a-actin interaction with VEGFR2-162 appears to be
independent of Nck.

VEGFR2-Nephrin Interaction Transduces Extracellular
VEGEF-A Signals to Actin Cytoskeleton—To examine the func-
tional significance of VEGFR2-nephrin interaction at the cellu-
lar level, we examined the effect of VEGF-A on cell shape.
COS-7 cells transfected with Myc-nephrin, FLAG-VEGFR?2, or
with both constructs were serum-starved, exposed to 50 ng/ml
rVEGEF, ¢, or vehicle for 30 min, fixed, stained with rhodamine
phalloidin, and examined by confocal microscopy (Fig. 8, A-F).
VEGF, ¢;-induced changes in the shape of cells expressing
VEGFR2 and nephrin, whereas cells exposed to vehicle or
expressing nephrin or VEGFR2 only remained unaltered (Fig. 8,
A-D). Morphometric analysis revealed that VEGF, .5 induced a
significant decrease in cell area in COS-7 cells expressing
VEGFR2 and a more pronounced cell size reduction in those
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expressing nephrin+VEGFR?2 (Fig. 8, G and H). These data sug-
gest that in cells expressing nephrin and VEGFR2, VEGF-A
extracellular signals modulate cell shape via VEGFR2-nephrin.

DISCUSSION

VEGE-A signals mediated by VEGFR2 are essential for the
integrity of the glomerular filtration barrier. Although exces-
sive VEGEF-A causes podocyte effacement and proteinuria lead-
ing to kidney damage, the autocrine molecular mechanism
mediating VEGF-induced podocyte effacement has not been
defined. Nephrin signaling plays a central role in controlling
podocyte slit diaphragm structure and function. Thus, gene
defects in this pathway lead to disease, but the extracellular cues
that modulate this pathway remain elusive. We showed previ-
ously that VEGFR2-nephrin association links VEGF and neph-
rin signaling pathways in vivo (25). In the present study, we
explored how VEGFR2 and nephrin interact, and whether the
VEGFR2-nephrin complex regulates podocyte shape.

This study demonstrates a direct interaction between
VEGFR2 and nephrin in cultured cells and in vitro. Nephrin-
VEGFR?2 interaction was identified by co-immunoprecipitation
in podocytes and in COS-7 cells transfected with the corre-
sponding plasmids and was confirmed by mass spectrometry.
VEGFR2 direct interaction with the nephrin cytoplasmic
domain was demonstrated by GST-binding assay and con-
firmed by overlay assay. Because nephrin expression in the kid-
ney is restricted to podocytes, these data strongly implicate a
role for VEGFR?2 signaling in this cell type. One report failed to
detect VEGFR2 in podocytes and a glomerular phenotype in
VEGEFR2 floxed mice carrying nephrin-Cre (43), but Cre
expression in podocytes was not quantitated to assess whether
VEGFR?2 ablation was complete. The lack of phenotype may be
due to partial VEGFR2 knockdown, given that VEGFR2
heterozygotes are normal (20). Our group and others detected
podocyte VEGFR2 expression in vivo by immunoelectron
microscopy and co-immunoprecipitation (25, 26). Collectively,
our data identify VEGFR2 as a novel component of the slit dia-
phragm signaling complex and further support our previous
studies indicating that VEGF-A signaling plays a cell autono-
mous role in the control of podocyte shape and function (25).

Nephrin intracellular domain interacts with several proteins,
including Nephl, podocin, CD2AP, p85, the regulatory subunit
of PI3K, Nck, B-arrestin-2, and PKCa. These interactions scaf-
fold and mediate nephrin signaling to the actin cytoskeleton
and regulate podocyte survival, endocytosis, and metabolism
(12,39, 40, 44— 46). Here, we show that VEGFR2-nephrin inter-
action occurs in the presence or absence of tyrosine phosphor-
ylation of both proteins. However, VEGF stimulation and neph-
rin phosphorylation decrease VEGFR2-nephrin interaction in
intact cells. Phosphorylation of the YDXV motifs of nephrin
intracellular domain by Fyn enables the recruitment of adaptor
protein Nck and enhances nephrin association with other slit
diaphragm proteins (14, 16, 17). Similarly, VEGFR2 Tyr-1214
autophosphorylation triggers the recruitment and phosphoryl-
ation of Nck and Fyn (24), which form a complex, leading to
actin polymerization, stress fiber formation, and endothelial
cell migration (24, 47). We found that Nck associates with both
nephrin and VEGFR2 in podocytes and transfected cells. Previ-
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change. A, COS-7 cells transfected with FLAG-VEGFR2, Myc-nephrin, or both
constructs (Ne+VR2) were exposed to vehicle or rVEGF, 45 for 30 min, fixed,
and stained with rhodamine-phalloidin. VEGF, 45 induced cell shape change
only in expressing nephrin+VEGFR2 cells. B, morphometric analysis of cell
area showed a decrease in cell size in VEGFR2-expressing cells (yellow bar),
and a more pronounced decrease in cell size in nephrin+VEGFR2-expressing
cells (red bar). Cell area (um?) expressed as mean + S.E,, 15 + 2.4 cells/exper-
imental condition. Asterisks indicate p < 0.05 versus vehicle; #, p < 0.05
Ne+VR2 versus VEGFR2 alone. C, FLAG and Myc WB from COS-7 cells trans-
fected with VEGFR2 (lane 1), nephrin (lane 2), and nephrin+VEGFR2 (lane 3),
actin is shown as loading control.

ous reports demonstrated a direct interaction between Nck and
nephrin (14). We confirmed that Nck binds to the VEGFR2
cytoplasmic domain that includes only Tyr-1214 (24). In addi-
tion, our data suggest that VEGFR2 cytoplasmic domain and
Nck bind nephrin independently. Together, these findings indi-
cate that VEGFR2, nephrin and Nck form a multiprotein com-
plex in podocytes, which is modulated by VEGF-induced
phosphorylation.

The actin cytoskeleton plays an essential role in the mainte-
nance of podocyte shape and function. Several proteins that
interact with nephrin intracellular domain are involved in the
regulation of the actin cytoskeleton, including Nck and CD2AP
(3, 13, 15). Nck SH3 domains bind neuronal when nephrin is
phosphorylated by Fyn (13, 15). Neuronal Wiskott-Aldrich syn-
drome protein activates the Arp2/3 complex and regulates
podocyte actin dynamics (15, 16, 48). We determined that actin
is a component of the VEGFR2-nephrin-Nck complex, linking
VEGE-A signals to the podocyte cytoskeleton. Moreover, we
showed that VEGF-A signaling via VEGFR2-nephrin complex
induces changes in cell shape, resulting in decreased cell area
(Fig. 8). Consistent with these findings, VEGF-A signaling
induces changes in endothelial cell morphology in vitro and in
vivo (49, 50). Podocytes generate contractile forces via non-
muscle myosins, a-actinin-4, and actin interaction, which are
thought to allow shape adjustments in response to dynamic
glomerular capillary pressure changes (3, 51). Mutations in
these proteins in mice and humans also result in podocyte
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FIGURE 9. Model of VEGFR2-nephrin interaction in podocytes. A, in control
conditions, VEGFR2 interacts directly with nephrin and forms a complex with
Nck and actin. B, upon VEGF-A binding, nephrin-VEGFR2 interaction
decreases and induces changes in shape and size in cultured cells.

effacement (52). VEGF-induced cell shape change involving
nephrin-VEGFR2 is reminiscent of VEGF-induced foot process
effacement observed previously in vivo (25, 31). Collectively,
our findings provide a molecular mechanism for the observa-
tion that induction of podocyte VEGF,,, overexpression in
mice increases podocyte VEGFR2 phosphorylation and down-
regulates nephrin, causing podocyte foot process effacement
and proteinuria (25, 31). Moreover, increased VEGF-A, podo-
cyte effacement and nephrin down-regulation have been dem-
onstrated in mice and humans with diabetic nephropathy by
our group and others (29, 30).

The mechanism of VEGF-induced nephrin down-regulation
has not been defined. Upon VEGF-A binding, VEGFR2 auto-
phosphorylation at Tyr-1175 mediates PLC+y binding, leading
to PKC activation (19, 21, 22). Interestingly, PKCa mediates the
effect of hyperglycemia on nephrin-B-arrestin2 interaction,
increasing nephrin endocytosis in podocytes (45, 46). PKCa
negatively regulates VEGF signaling and endothelial nitric
oxide synthase phosphorylation in endothelial cells (53).
Together, these findings raise the possibility that VEGFR?2 sig-
naling may play an important role in the regulation of nephrin
endocytosis via PKCa.

In summary, the present studies demonstrate a direct inter-
action between the slit diaphragm protein nephrin and
VEGEFR2, the signaling receptor for VEGF-A. We show that the
VEGFR2-nephrin interaction is modulated by tyrosine phos-
phorylation and that the VEGR2-nephrin complex involves
Nck and actin. Moreover, VEGF-A signaling via this complex
results in decreased cell size. These findings identify a novel
signaling pathway that links extracellular VEGF-A signals
directly to the slit diaphragm and to the podocyte actin cyto-
skeleton (Fig. 9). We propose that this pathway is necessary to
maintain the dynamic functional integrity of the slit diaphragm
and plays a key role in the molecular mechanism of podocyte
foot process effacement.
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