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Neuropilin-1 (NRP1) is a receptor for vascular endothelial growth factor (VEGF) and plays an impor-
tant role in mediating cell motility. However, the NRP1 signaling pathways important for cell motility are
poorly understood. Here we report that p130Cas tyrosine phosphorylation is stimulated by hepatocyte
growth factor and platelet-derived growth factor in U87MG glioma cells and VEGF in endothelial cells and
is dependent on NRP1 via its intracellular domain. In endothelial cells, NRP1 silencing reduced, but did
not prevent, VEGF receptor 2 (VEGFR2) phosphorylation, while expression of a mutant form of NRP1
lacking the intracellular domain (NRP1�C) did not affect receptor phosphorylation in U87MG cells
or human umbilical vein endothelial cells (HUVECs). In HUVECs, NRP1 was also required for
VEGF-induced phosphorylation of proline-rich tyrosine kinase 2, which was necessary for p130Cas phos-
phorylation. Importantly, knockdown of NRP1 or p130Cas or expression of either NRP1�C or a non-
tyrosine-phosphorylatable substrate domain mutant protein (p130Cas15F) was sufficient to inhibit growth
factor-mediated migration of glioma and endothelial cells. These data demonstrate for the first time the
importance of the NRP1 intracellular domain in mediating a specific signaling pathway downstream of
several receptor tyrosine kinases and identify a critical role for a novel NRP1-p130Cas pathway in the
regulation of chemotaxis.

Neuropilin-1 (NRP1) is a coreceptor for vascular endothe-
lial growth factor (VEGF) in endothelial cells and is essential
for embryonic angiogenesis and vascular development (10, 29).
Though the precise cellular functions of NRP1 have yet to be
elucidated, there is a growing body of evidence supporting a
key role for NRP1 in the migration of both endothelial and
tumor cells (9, 11, 15, 19). NRP1 is thought to act as a core-
ceptor for VEGF by forming complexes with the VEGF re-
ceptor tyrosine kinase (RTK) VEGFR2. Complexation be-
tween NRP1 and VEGFR2 enhances VEGF binding, and
inhibition of complex formation is associated with reduced
VEGFR2 phosphorylation, intracellular signaling, mitogene-
sis, cell migration, and angiogenesis (16, 18, 28, 34, 35). How-
ever, the precise role of NRP1 in VEGF signaling remains
unclear. Recent evidence indicates that NRP1 also regulates
tumor and vascular cell functions stimulated by other growth
factors, such as hepatocyte growth factor (HGF) and platelet-
derived growth factor (PDGF). Overexpression of NRP1 pro-
motes tumor progression by potentiating the effect of the
HGF/c-Met pathway, and tumor cell invasion mediated by the

HGF/c-Met pathway is dependent on NRP1 through an asso-
ciation with c-Met (11, 15). Furthermore, NRP1 and NRP2 can
bind HGF and mediate HGF stimulation of endothelial cell
migration and proliferation (30). A recent report showed that
NRP1 is also required for tumor cell-derived PDGF-medi-
ated migration of smooth muscle cells (2). While these re-
sults indicate that NRP1 is required for optimal growth
factor signaling important for cell motility, it remains un-
clear whether NRP1 is critical for specific signaling events
induced by growth factors and what those key NRP1-medi-
ated signaling events are.

The 44-amino-acid intracellular domain of NRP1 lacks a
defined signaling function but contains the carboxy-terminal
consensus PDZ (postsynaptic density 95, disk large, zona oc-
cludens 1) domain binding motif SEA, which associates with
the PDZ domain protein synectin, also called neuropilin-inter-
acting protein 1 (NIP-1), or RGS-GAIP-interacting protein 1
(GIPC1) (3). The NRP1 intracellular domain, through its as-
sociation with synectin, has been implicated in NRP1-mediated
migration, VEGF-mediated vesicular trafficking, and NRP1/
VEGFR2 complex formation (20, 25, 34). Furthermore, ex-
pression of an NRP1 mutant form lacking the C-terminal SEA
residues or knockdown of synectin disrupted vessel formation
in zebrafish embryos, phenocopying the effects of NRP1
knockdown (33).

Recently, we reported that NRP1 is modified by the ad-
dition of chondroitin sulfate and that overexpression of a
nonmodifiable mutant (S612A) form of NRP1 leads to in-
creased invasion of U87MG glioma cells, which is depen-
dent on the adapter protein p130Cas (9). Here, we investi-
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gated the role of NRP1 in p130Cas signaling in chemotactic
responses to growth factors. We show that NRP1 is essential
for tyrosine phosphorylation of p130Cas in response to HGF
and PDGF in U87MG glioma cells and VEGF in endothelial
cells. In addition, expression of an NRP1 mutant form lack-
ing the intracellular domain (NRP1�C) indicated that this
domain is crucial for NRP1-mediated RTK signaling. Fur-
thermore, knockdown of either NRP1 or p130Cas or expres-
sion of NRP1�C or a mutant form of p130Cas deficient in all
15 tyrosines of the “YXXP” motif within the substrate do-
main (SD) (p130Cas15F) inhibited the growth factor-medi-
ated migration of glioma and endothelial cells. These results
indicate that NRP1 plays a central role in growth factor

signaling via p130Cas, thus identifying a novel mechanism
regulating cell motility.

MATERIALS AND METHODS

Cell culture. U87MG cells (a kind gift of P. Parker) were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% (vol/vol) fetal calf
serum (FCS) supplemented with penicillin-streptomycin (1:100; P4333; Sigma).
Human umbilical vein endothelial cells (HUVECs) were purchased from TCS
CellWorks (Buckingham, United Kingdom) and cultured in endothelial basal
medium (EBM; Cambrex BioScience Ltd., Nottingham, United Kingdom) sup-
plemented with gentamicin-ampicillin, epidermal growth factor (EGF), bovine
brain extract (Singlequots; Cambrex), and 10% FCS. HUVECs used in experi-
ments were no more than passage 6.

FIG. 1. Growth factor-stimulated tyrosine phosphorylation of p130Cas is mediated via NRP1 in glioma and endothelial cells. (A) U87MG
cells were transfected with 25 nM siRNA targeting NRP1 (siNRP1) or 25 nM control scrambled siRNA (siScr). At 48 h posttransfection,
cells were incubated in serum-free medium (SFM) for �18 h prior to treatment with the SFM vehicle control (C) or treated with 25 ng/ml
HGF (H) or 50 ng/ml PDGF-BB (P) for 5 min. Cell lysates were then prepared, blotted, and probed with the indicated antibodies. The
positions of chondroitin sulfate-glycosylated NRP1 (NRP1-CS; 250 kDa) and unmodified NRP1 (130 kDa) in U87MG cells are indicated.
(B) HUVECs were transfected with 200 nM siNRP1 or 200 nM siScr. At 48 h after transfection, cells were switched to EBM containing 0.5%
(vol/vol) serum and incubated overnight. Cells were then treated for 10 min with the SFM vehicle control (C) or with 25 ng/ml VEGF-A (V).
Cell lysates were then prepared, blotted, and probed with the indicated antibodies. (C) Confluent HUVECs were preincubated for 30 min
with SFM plus 100 �M EG0086 (peptide antagonist), 5 �g/ml NRP1 blocking antibody (Ab), or the vehicle (control) and then stimulated
with 25 ng/ml VEGF-A (V) or with no further treatment (C) for 10 min. Cell lysates were then prepared, blotted, and probed with the
indicated antibodies. (D and E) U87MG cells and HUVECs were treated as described for panels A and B and probed with the indicated
antibodies. The blots shown here and in all subsequent figures are representative of at least three separate experiments. In panels A, B, and
C, quantitation of p130Cas phosphorylation was performed by densitometry using ImageJ. In each panel, data from three independent
experiments are presented as relative units (RU) of p130Cas phosphorylation (means � SEM) normalized to total p130Cas. *, P � 0.05; **,
P � 0.01 (compared to ligand-stimulated siScr or the control); #, P � 0.05 (compared to the control [C]).
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Antibodies, reagents, and small interfering RNAs (siRNAs). Antibodies to the
NRP1 carboxy terminus (C-19), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; V-18), and synectin (C-20) were from Santa Cruz Inc. (Heidelberg,
Germany). NRP1 blocking antibody (catalog no. AF566) and NRP1 extracellular
domain antibody (catalog no. AF3870) were from R&D Systems (Abingdon,
United Kingdom). Proline-rich tyrosine kinase 2 (PYK2), phospho-PYK2
(Y402), ERK, phospho-ERK (T202/Y204), AKT, phospho-AKT (S473), and
phospho-p130Cas (Y410) antibodies were from Cell Signaling Technology Inc.
(Danvers, MA). p130Cas monoclonal antibody was from BD Transduction Labs
(Oxford, United Kingdom). Alexa Fluor 486–donkey anti-goat antibody, Alexa
Fluor 546–donkey anti-rabbit antibody, and Alexa Fluor 555-phalloidin were
from Invitrogen (Paisley, United Kingdom). EG00086 was designed and synthe-
sized as described previously (13) and by Bachem Inc. (Weil am Rhein, Ger-
many) with �90% purity. Full details of the biological characterization of
EG00086 are described elsewhere (13). PF573228 was purchased from Tocris
Bioscience (Bristol, United Kingdom). Recombinant HGF, PDGF-BB, and
VEGF-A165 were from R&D Systems (Abingdon, United Kingdom). Control
siRNA 1 (catalog no. AM4635) was purchased from Applied Biosystems (War-
rington, United Kingdom). Target sequences for siRNAs were as follows: NRP1
siRNA, 5�-GGAUUUUCCAUACGUUAUtt-3�; p130Cas siRNA, 5�-GGUCGA
CAGUGGUGUGUAUtt-3�; p130Cas#2 siRNA, 5�-GGAUGGAGGACUAUG
ACUAtt-3�; PYK2 siRNA, 5�-CAGGAGAACUUAAAGCCCAtt-3�; synectin
(GIPC1) siRNA, 5�-AGGACAAAAGGAACCCGGtt-3�; FAK siRNA, 5�-GAU
GUUGGUUUAAAGCGAUtt-3�.

siRNA transfection. U87MG cells at 60% confluence were transfected with
Lipofectamine 2000 (Invitrogen) using a 25 nM final concentration of siRNA.
HUVECs at �70% confluence were transfected with Oligofectamine Reagent
(Invitrogen) and 200 nM siRNA as described previously (8).

Ad construction and infection. NRP1�C cDNA was generated from wild-
type (WT) NRP1 by the insertion of a stop codon (TAC to TAG) after the
transmembrane region (amino acid residue 880) using the QuikChange mu-
tagenesis kit (Stratagene, Cheshire, United Kingdom). p130Cas15F cDNA was
generated from p130Cas by mutating all 15 tyrosines within the consensus
motif YXXP of the SD of p130Cas to phenylalanine. Adenoviruses (Ad)
expressing NRP1, NRP1�C, p130Cas, and p130Cas15F were generated using
the GATEWAY vector (pAd/CMV/V5-DEST; Invitrogen), and Ad were pro-
duced by transfection into host HEK293A cells (Invitrogen). The viral par-

ticles were purified by cesium chloride centrifugation, virus titers were de-
termined by immunoassay (QuickTiter Adenovirus Titer Immunoassay kit;
Cell Biolabs, San Diego, CA), and Ad were stored at �20°C. U87MG cells or
HUVECs were infected with Ad expressing either green fluorescent protein
(Ad.GFP), NRP1 (Ad.NRP1), or NRP1�C (Ad.NRP1�C) at a multiplicity of
infection (MOI) of 10. U87MG cells or HUVECs were infected with Ad
expressing either LacZ (Ad.LacZ), p130Cas (Ad.p130Cas), or p130Cas15F

(Ad.p130Cas15F) at an MOI of 250.
Immunoblotting and enzyme-linked immunosorbent assay (ELISA). For im-

munoblotting, cells were lysed in a solution containing 50 mM Tris-HCl (pH
7.5), 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, complete protease
inhibitor (Roche), and phosphatase inhibitors I and II (Sigma) and analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 4 to 12%
Bis-Tris gels (NuPAGE; Invitrogen), followed by electrotransfer onto Invitro-
lon polyvinylidene difluoride membranes (Invitrogen). Membranes were
blocked with 5% (wt/vol) nonfat dry milk and 0.1% (vol/vol) Tween 20 in
Tris-buffered saline for 1 h at room temperature before being probed with the
primary antibody by overnight incubation at 4°C, followed by incubation for
1 h at room temperature with a horseradish peroxidase-linked secondary
antibody (Santa Cruz) and detection using ECL plus reagents (GE Health-
care, Little Chalfont, United Kingdom) in accordance with the manufactur-
er’s protocol. Immunoblots were quantified by scanning films with a calibra-
tion strip and analyzed by densitometry using ImageJ (U.S. National
Institutes of Health; http://rsb.info.nih.gov/ij/). ELISA kits for measurement
of total PDGFR	 (catalog no. DYC385-2), total phosphotyrosine PDGFR	
(catalog no. DYC1767-2), total VEGFR2 (catalog no. 7340), and VEGFR2
phosphotyrosine 1175 (catalog no. 7335) were purchased from R&D Systems,
and assays were performed in accordance with the manufacturer’s protocol.

Immunofluorescence and confocal imaging. For immunofluorescent staining,
cells were fixed in 100% methanol (�20°C) for 2 min and then rehydrated in
phosphate-buffered saline (PBS) for 30 min. Antibody incubations were per-
formed overnight at 4°C in 1% (wt/vol) bovine serum albumin–0.1% (vol/vol)
Tween 20 in PBS. Confocal imaging was performed using a Leica SPE2 upright
microscope running Leica LAS software using sequential imaging capture (Leica
Microsystems, Milton Keynes, United Kingdom). Colocalization was quantified
using Volocity 4.1 imaging software (Improvision, Perkin-Elmer, Cambridge,
United Kingdom). Images were processed so that voxels with identical x and y

FIG. 2. The NRP1 intracellular domain is required for growth factor-stimulated tyrosine phosphorylation of p130Cas. (A) U87MG cells (�80%
confluent) were infected with Ad.GFP, Ad.NRP1, or Ad.NRP1�C at an MOI of 10. At 48 h after infection, cells were incubated in SFM for �18
h prior to treatment with HGF and PDGF as described in the legend to Fig. 1. (B) Confluent HUVECs were infected as detailed for panel A, and
48 h after infection, cells were switched to EBM containing 0.5% (vol/vol) serum and incubated overnight. HUVECs were treated with SFM vehicle
control (C) or with 25 ng/ml VEGF-A (V). Cell lysates were then prepared, blotted, and probed with the indicated antibodies, and p130Cas

phosphorylation was quantified. *, P � 0.05 (compared to Ad.GFP plus VEGF, HGF, or PDGF); #, P � 0.05 (compared to the control [C]).
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coordinates from both the NRP1 channel and the phospho-p130Cas channel were
considered to be colocalized.

Transwell chemotactic migration assay. Transwell cell culture inserts made of
transparent, low-pore-density polyethylene terephthalate with an 8-�m pore size
(Falcon; BD Biosciences, Oxford, United Kingdom) were inserted into a 24-well
plate. Serum-free medium (SFM) with or without the indicated growth factors or
the vehicle was placed in the bottom chamber, and cells in suspension (1.5 

105/well in serum-free EBM or serum-free DMEM for HUVECs and U87MG,
respectively) were added to the top chamber and incubated at 37°C for 4 h
(HUVECs) or 6 h (U87MG). Cells that had not migrated or had only adhered
to the upper side of the membrane were removed before the membrane was fixed
and stained with a Reastain Quik-Diff kit (IBG Immucor Ltd., West Sussex,
United Kingdom) using the manufacturer’s protocol and mounted on a glass
slide. Cells that had migrated to the lower side of the membrane were counted
in four random fields per well at 
20 magnification using an indexed eyepiece
graticule.

Statistical analysis. The data displayed on the graphs are means, with error
bars representing the standard error of the mean (SEM). Statistical analysis was
performed by two-way analysis of variance with a Bonferroni posttest. A P value
of �0.05 was considered significant.

RESULTS AND DISCUSSION

Tyrosine phosphorylation of p130Cas is known to play an
important role in cell motility (5), but relatively little is known
about the extracellular factors and receptors which mediate
this pathway or the mechanisms involved (1, 7, 22). We re-
cently showed that NRP1 overexpression leads to an increase
in tyrosine phosphorylation of p130Cas, which was required for
cell motility (9), raising the possibility that NRP1 could be an
important endogenous mediator of p130Cas signaling in cell
migration. This was examined by testing the effects of three
potent chemotactic factors on the levels of tyrosine-phosphor-
ylated p130Cas in endothelial and tumor cells. Treatment of
U87MG cells with HGF (25 ng/ml) or PDGF (50 ng/ml) or of
HUVECs with VEGF (25 ng/ml) strongly increased p130Cas

tyrosine phosphorylation, which was markedly reduced when
cells were treated with siRNA to NRP1 (Fig. 1A and B). In

FIG. 3. The cytosolic domain of NRP1 is not required for RTK phosphorylation. (A) HUVECs were transfected and treated as described
in the legend to Fig. 1B. Cell lysates were then prepared, and total VEGFR2 and phospho-VEGFR2 (pY1175) levels were measured by
ELISA. (B) U87MG cells were transfected and treated with PDGF-BB as described in the legend to Fig. 1A. Cell lysates were prepared,
and total PDGFR	 and phospho-PDGFR	 (total tyrosine) levels were measured by ELISA. For panels A and B, data from three
independent experiments are presented as relative phosphorylation units (RU) (means � SEM) normalized to the total receptor level. *,
P � 0.05 (compared with VEGF-treated siScr). (C) U87MG cells were transfected and treated with HGF as described in the legend to Fig.
1A. Cell lysates were then prepared, blotted, and probed with the antibodies for total c-Met and phospho-c-Met (Tyr1234/1235). (D, E, and
F) Cell lysates from Fig. 2A and B were prepared, blotted, and probed with the indicated antibodies. Phosphorylation was quantified as
described in the legend to Fig. 1. There were no significant differences in growth factor-stimulated receptor phosphorylation between any
of the virus treatments in each panel.
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addition, treatment of HUVECs with either an NRP1-blocking
antibody or a peptide antagonist, both of which inhibit VEGF
binding to NRP1, also inhibited tyrosine phosphorylation of
p130Cas (Fig. 1C). In addition, inhibition of p130Cas tyrosine
phosphorylation by NRP1 knockdown was selective, since
growth factor-mediated phosphorylation of ERK and AKT,
two signaling molecules with well-established roles in regulat-
ing cell migration, was unaffected by treatment with NRP1
siRNA (Fig. 1D and E).

We next examined whether the NRP1 intracellular domain
is required for growth factor stimulation of p130Cas tyrosine
phosphorylation. To address this question, we generated Ad
expressing either WT NRP1 (Ad.NRP1) or NRP1 lacking the
entire C-terminal intracellular domain (Ad.NRP1�C) and
used them to infect both U87MG cells and HUVECs. As
shown in Fig. 2A and B, expression of Ad.NRP1�C decreased
induction of p130Cas tyrosine phosphorylation in response to
VEGF, HGF, and PDGF. Overexpression of Ad.NRP1 also
resulted in some attenuation of VEGF-induced p130Cas phos-
phorylation in HUVECs, but the effect of Ad.NRP1�C was
much greater (Fig. 2B). Using immunofluorescence micros-
copy, we could detect Ad.NRP1�C expression on the cell

membrane, indicating that the effect of this mutant was un-
likely to be due to incorrect processing or mislocalization (data
not shown).

These findings raised the possibility that NRP1 may function
by mediating RTK phosphorylation and activation. Previous
studies indicate that in endothelial cells, NRP1 is required for
optimal VEGFR2 phosphorylation (12, 18), and HGF receptor
(c-Met) phosphorylation has been shown to be partially de-
pendent on NRP1 expression (30). NRP1 knockdown caused a
significant but partial decrease in VEGF-induced VEGFR2
tyrosine 1175 phosphorylation in HUVECs (Fig. 3A), while in
U87MG cells, we found no difference in the level of either
PDGFR	 or c-Met tyrosine phosphorylation between control
and NRP1 siRNA-treated cells (Fig. 3B and C). One explana-
tion for these results is that in endothelial cells, NRP1 might
mediate p130Cas tyrosine phosphorylation at least in part
through regulation of VEGFR2 tyrosine phosphorylation.
However, this does not account for NRP1-dependent p130Cas

tyrosine phosphorylation in response to HGF and PDGF. An
alternative explanation is that NRP1 mediates a specific
p130Cas signaling pathway which is dependent on its intracel-
lular domain. To address this, we looked at the levels of RTK

FIG. 4. Requirement of PYK2 for stimulation of p130Cas tyrosine phosphorylation. (A) U87MG cells were transfected with 25 nM siRNA
targeting FAK (siFAK) or 25 nM siScr, and cells were treated as described in the legend to Fig. 1A. (B) HUVECs were transfected with 200 nM
siFAK or 200 nM siScr, and cells were treated as described in the legend to Fig. 1B. (C) U87MG cells were transfected with 25 nM siRNA targeting
PYK2 (siPYK2) or 25 nM siScr, and cells were treated as described in the legend to Fig. 1A. (D) HUVECs were transfected with 200 nM siPYK2
or 200 nM siScr, and cells were treated as described in the legend to Fig. 1B. Cell lysates were then prepared, blotted, and probed with the indicated
antibodies. In panels C and D, p130Cas phosphorylation was quantified as described in the legend to Fig. 1. *, P � 0.01 (compared to siScr); #,
P � 0.05 (compared to the control [C]). All of the samples in each film were run in the same gel, and blots were performed on the same membrane;
samples on either side of the dashed lines in panel D were not adjacent but separated by lanes that were removed using computer software.
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tyrosine phosphorylation in sample lysates from Fig. 2. As
shown in Fig. 3D to F, the expression of neither Ad.NRP1 nor
Ad.NRP1�C had any significant effect on ligand-stimulated
phosphorylation of VEGFR2, c-Met, or PDGFR	. These re-
sults provide direct evidence that the NRP1 intracellular do-
main is required for a specific signaling event downstream and
independent of RTK activation.

In addition, we examined the role of synectin in growth
factor-mediated p130Cas tyrosine phosphorylation. Synectin
has been implicated in NRP1-mediated migration in response
to EGF in endothelial cells overexpressing a chimeric
EGF-NRP1 receptor (34), but analysis of synectin-deficient

mice showed that growth factor-stimulated migration of ve-
nous endothelial cells was not impaired (4). Treatment of both
U87MG cells and HUVECs with siRNA to synectin markedly
reduced synectin expression but had no effect on growth fac-
tor-induced tyrosine phosphorylation of p130Cas (data not
shown). Our results suggest the involvement of an unidentified
NRP1-associating protein(s) required for signaling to p130Cas,
a possibility that warrants further work.

Although Src directly phosphorylates p130Cas at focal adhe-
sions within a macromolecular complex requiring focal adhe-
sion kinase (FAK) (5, 26), we detected no changes in the level
of tyrosine phosphorylation of Src or FAK in U87MG cells

FIG. 5. VEGF-mediated tyrosine phosphorylation of PYK2 is dependent on NRP1 expression and the ability to bind VEGF. (A) HUVECs were
transfected with 200 nM siNRP1 or 200 nM siScr and then treated as described in the legend to Fig. 1B. (B) Confluent HUVECs were preincubated for
30 min with 100 �M EG00086 (peptide antagonist), 5 �g/ml NRP1 blocking antibody (Ab), or the vehicle (water, control) and then stimulated � 25 ng/ml
VEGF for 10 min. Cell lysates were then prepared, blotted, and probed with the indicated antibodies. PYK2 phosphorylation was quantified as described
in the legend to Fig. 1 and normalized to the total PYK2 level. *, P � 0.05 (compared to siScr and the control).

FIG. 6. FAK inhibition does not affect growth factor stimulation of p130Cas phosphorylation. (A) Confluent HUVECs were preincubated for
30 min with 0.5 or 5 �M PF573228 or the vehicle (0.05% [vol/vol] DMSO) (veh). Cells were then treated as described in the legend to Fig. 1B.
(B) U87MG cells were pretreated for 30 min with the vehicle alone or with PF573228 at 50 nM or 5 �M. Cells were then treated as described in
the legend to Fig. 1A. Cell lysates were then prepared, blotted, and probed with the indicated antibodies. The blots shown are representative of
at least three independent experiments.
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expressing S612A NRP1 (9). Furthermore, NRP1 siRNA had
no effect on growth factor-stimulated FAK autophosphoryla-
tion (Y397) (data not shown), and FAK siRNA treatment had
no effect on ligand-stimulated p130Cas tyrosine phosphor-
ylation (Fig. 4A and B). A recent report showed that the
FAK-related kinase PYK2 mediates endothelin-1 signaling via
p130Cas (23), and therefore we investigated whether PYK2 is
required for growth factor-induced p130Cas phosphorylation.
siRNA knockdown of PYK2 in U87MG cells and HUVECs
strongly inhibited p130Cas phosphorylation induced by HGF,
PDGF, and VEGF (Fig. 4C and D). Furthermore, either in-
hibition of VEGF binding to NRP1 or NRP1 knockdown in
HUVECs reduced VEGF-induced PYK2 tyrosine phosphory-
lation (Fig. 5A and B). In contrast, treatment of U87MG cells
with NRP1 siRNA had no effect on PYK2 phosphorylation
(data not shown). Pharmacological inhibition with the potent
FAK family inhibitor PF573228 at concentrations which spe-
cifically block FAK kinase activity (27) had no effect on ligand-
stimulated p130Cas tyrosine phosphorylation (Fig. 6A and B).
However, when we used PF573228 at a concentration which
inhibits both FAK and PYK2 activities (27), we detected a
dramatic decrease in VEGF-mediated p130Cas tyrosine phos-
phorylation, while we saw no effect on the response to HGF

and PDGF in U87MG cells (Fig. 6A and B). These results
suggest that PYK2 is an upstream kinase required for VEGF-
induced tyrosine phosphorylation of p130Cas. In contrast, al-
though PYK2 expression is important for HGF- and PDGF-
induced p130Cas tyrosine phosphorylation, PYK2 activity is
not. Therefore, NRP1 signaling to p130Cas is most likely me-
diated through another tyrosine kinase in U87MG cells.

Recent reports have described tyrosine-phosphorylated
p130Cas as being present in focal adhesion complexes, whereas
NRP1 is present predominantly at the plasma membrane and
in cytosolic vesicles (6, 9). Using immunofluorescence confocal
microscopy, we examined the distribution of NRP1 and ty-
rosine-phosphorylated p130Cas in both HUVECs and U87MG
cells. Under basal, unstimulated conditions, tyrosine-phosphor-
ylated p130Cas was localized in focal adhesions with little stain-
ing evident at the plasma membrane, whereas NRP1 was
present at the plasma membrane and in the cytosol but absent
from focal adhesion-like structures (Fig. 7A and B). In both
HUVECs and U87MG cells, growth factor stimulation re-
sulted in a large increase in the colocalization of NRP1 with
tyrosine-phosphorylated p130Cas at the plasma membrane
(Fig. 7A and B). These data further support the role of NRP1
as an important mediator of signaling via p130Cas tyrosine

FIG. 7. Growth factor-mediated increase in colocalization of NRP1 and tyrosine-phosphorylated p130Cas. (A) HUVECs were seeded onto glass
coverslips and incubated in 0.5% FCS in EBM for �18 h prior to treatment with the SFM vehicle control or with 25 ng/ml VEGF. (B) U87MG
cells were seeded onto glass coverslips and incubated in SFM for �18 h prior to treatment with the SFM vehicle control or with 25 ng/ml HGF
or 50 ng/ml PDGF-BB for 5 min. Confocal imaging was performed as described in Materials and Methods, with NRP1 staining in green and
phospho-p130Cas (Y410) staining in red. Merged images show costaining of NRP1 and phospho-p130Cas Y410 in yellow and are representative of
at least three separate experiments. Quantification of NRP1 and phospho-p130Cas colocalization (as described in Materials and Methods) is shown
in the graphs and represents data from three independent experiments expressed as colocalization in the number of voxels (means � SEM). *,
P � 0.05 (compared to the SFM control).
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phosphorylation, which involves growth factor-stimulated re-
cruitment of p130Cas to the plasma membrane, where it colo-
calizes with NRP1. p130Cas is reported to associate with PYK2
and FAK (5, 23), and we confirmed that p130Cas forms com-
plexes with these kinases in HUVECs and U87MG cells, as
demonstrated by coimmunoprecipitation, but p130Cas coim-
munoprecipitation with PYK2 and FAK was not affected by
growth factor stimulation or NRP1 siRNA (data not shown).
Furthermore, we were unable to coimmunoprecipitate NRP1
with p130Cas, FAK, or PYK2, though this may simply reflect a
weak or transient interaction or possibly limitations of our
reagents in coimmunoprecipitation assays. Although the exact
nature of a constitutive PYK2-p130Cas-FAK complex is un-
clear, our results point to a critical role for PYK2 in the
tyrosine phosphorylation of p130Cas. In endothelial cells,
PYK2 kinase activity is upstream of p130Cas, while in U87MG
cells, PYK2 may act as a scaffold for the recruitment of other
signaling molecules necessary for p130Cas tyrosine phosphor-
ylation.

Though p130Cas has been implicated in signaling required
for cell motility, little is known about the role of p130Cas either
in endothelial cell migration stimulated by VEGF or in tumor
cell migration in response to HGF and PDGF. We therefore
examined ligand-mediated chemotactic migration in both
U87MG cells and HUVECs. Knockdown of p130Cas expres-
sion in U87MG cells and HUVECs using siRNA significantly
reduced HGF- and VEGF-mediated chemotactic migration,
respectively. In addition, both U87MG cells and HUVECs
treated with siRNA to NRP1 exhibited a significant reduction
in ligand-stimulated chemotactic migration (Fig. 8A and B).
Surprisingly, p130Cas knockdown did not significantly reduce
PDGF-mediated migration of U87MG cells. We hypothesized
that PDGF is capable of promoting migration in the absence of
p130Cas due to the mesenchymal-to-amoeboid transition ob-
served in invading U87MG cells upon p130Cas silencing as we
previously reported (9). It is well established that many human
tumor cells have the capacity to switch their mode of motility
when challenged by changes in their intracellular or extracel-

lular environment (24). Although most studies on tumor cell
plasticity have been performed using three-dimensional matri-
ces, human neutrophils, which exhibit an amoeboid mode of
motility (32), are capable of migrating in two dimensions along
a PDGF-mediated chemotactic gradient (31). As shown in Fig.
9A, we confirmed with the use of an additional siRNA that
p130Cas silencing leads to a dramatic mesenchymal-to-amoe-
boid transition of U87MG cells when adhering to tissue culture
plastic. In contrast, we did not observe a morphological change
in HUVECs treated with p130Cas siRNA (Fig. 9B), indicating
that HUVECs do not possess the same morphological plastic-
ity. Interestingly, as described above, HGF-mediated migra-
tion was significantly reduced in amoeboid U87MG cells, in-
dicating that HGF is insufficient to mediate chemotaxis using
this mode of motility in these cells. Indeed, there is a recent
report showing that HGF treatment induces the opposite, an
amoeboid-to-mesenchymal transition of two-dimensionally mi-
grating HeLa cells (17). Furthermore, in agreement with the
results of our migration studies (Fig. 8A), treatment of
U87MG cells with NRP1 siRNA did not cause a mesenchymal-
to-amoeboid transition (Fig. 9A).

Given these observations, we evaluated the role of p130Cas

tyrosine phosphorylation in mediating growth factor-induced
chemotactic migration by Ad expression of WT p130Cas

(Ad.p130Cas) or a mutant form of p130Cas (Ad.p130Cas15F)
containing Y/F mutations in all 15 YXXP consensus motifs
within the p130Cas SD. These YXXP motifs represent poten-
tial SH2 domain binding sites, and previous studies have shown
that complete deletion of the p130Cas SD inhibits the assembly
of docking proteins, leading to loss of cell migration (14).
Furthermore, a recent report showed that expression of the
p130Cas15F mutant form in human pancreatic tumor cells led to
a decrease in EGF-mediated p130Cas tyrosine phosphorylation
and cell migration (21). Expression of either Ad.p130Cas or
Ad.p130Cas15F in U87MG cells did not result in a mesenchy-
mal-to-amoeboid transition in cell morphology (Fig. 9C). In-
fection of U87MG cells and HUVECs with Ad.p130Cas15F

markedly reduced HGF, PDGF, and VEGF stimulation of

FIG. 8. Requirement of NRP1 and p130Cas for HGF, PDGF, and VEGF stimulation of chemotactic migration of U87MG cells and HUVECs.
(A) U87MG cells were transfected with 25 nM siNRP1, 25 nM sip130Cas, or 25 nM siScr for 48 h. Cell migration in response to 25 ng/ml HGF
or 50 ng/ml PDGF-BB was then determined in a Transwell migration assay as described in Materials and Methods. (B) HUVECs were transfected
with 200 nM siNRP1, 200 nM sip130Cas, or 200 nM siScr for 48 h, and cell migration in response to 25 ng/ml VEGF-A was determined as described
for panel A. Values (n � 3) are means � SEM, expressed as the number of cells migrating per field; �, P � 0.05; ��, P � 0.01 (compared to siScr).
Insets show representative blots of siRNA-mediated knockdown of NRP1 and p130Cas.
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p130Cas tyrosine phosphorylation, indicating a dominant neg-
ative effect of the p130Cas15F protein (Fig. 10A and B). Inter-
estingly, expression of Ad.p130Cas in HUVECs led to an in-
crease in basal and VEGF-induced tyrosine phosphorylation,
which was not observed in U87MG cells (Fig. 10A and B).
In agreement with an important role for p130Cas tyrosine
phosphorylation in chemotactic migration, expression of

Ad.p130Cas15F significantly reduced growth factor-mediated
migration in both cell types (Fig. 10C and D). Furthermore,
expression of Ad.p130Cas had no effect on migration, indicating
that p130Cas tyrosine phosphorylation is necessary but not suf-
ficient for migration. These results show that p130Cas tyrosine
phosphorylation is required for mediating chemotactic migra-
tion and point to an important role for p130Cas in maintaining

FIG. 9. p130Cas regulates U87MG cell plasticity. (A) U87MG cells were transfected with 25 nM sip130Cas, 25 nM sip130Cas#2, or 25 nM siScr
for 48 h. Cells were incubated for 18 h in SFM, and pictures were obtained using a Zeiss Axiovert 200 inverted microscope. The inset shows levels
of p130Cas knockdown. (B) HUVECs were transfected with 200 nM sip130Cas or 200 nM siScr for 48 h. Cells were incubated for 18 h in 0.5%
(vol/vol) serum, and pictures were obtained as described for panel A. (C) U87MG cells were infected with Ad.LacZ, Ad.p130Cas, or Ad.p130Cas15F.
At 48 h after infection, cells were incubated in SFM for �18 h and pictures were obtained as before.
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the mesenchymal morphology of U87MG cells, which may be
dependent on protein expression and/or basal phosphoryla-
tion.

We next examined the role of the NRP1 intracellular
domain in growth factor-mediated chemotactic migration.
Ad.NRP1�C expression in U87MG cells significantly inhib-
ited migration induced by either HGF or PDGF (Fig. 11A).
Similarly, in HUVECs, VEGF-induced chemotactic migra-
tion was strongly inhibited by the expression of
Ad.NRP1�C, whereas Ad.NRP1 had no significant effect on
endothelial cell migration compared to the control, Ad.GFP

(Fig. 11B). It is interesting that in HUVECs, expression of
Ad.NRP1�C caused a greater reduction of VEGF-stimu-
lated migration than treatment with NRP1 siRNA. This
most probably results from a dominant negative effect of
Ad.NRP1�C resulting from the sequestration of NRP1,
NRP2, and VEGFR2 in nonfunctional complexes. These
results are consistent with the inhibitory effects of
Ad.NRP1�C on p130Cas tyrosine phosphorylation (Fig. 2A
and B) and further establish the role of the NRP1 intracel-
lular domain in regulating RTK-mediated signaling and mi-
gration.

FIG. 10. p130Cas tyrosine phosphorylation is required for chemotactic migration of U87MG cells and HUVECs. (A and B) U87MG cells and
HUVECs were infected with Ad.LacZ, Ad.p130Cas, and Ad.p130Cas15F and treated 48 h later with HGF, PDGF, and VEGF as described in the
legend to Fig. 2. Data from three independent experiments are presented as relative units (RU) of p130Cas phosphorylation (means � SEM)
normalized to GAPDH. *, P � 0.01 (compared to Ad.p130Cas plus growth factor); #, P � 0.01 (compared to the control [C]). (C and D) Cells
were infected as described for panels A and B, and 48 h later, migration stimulated by HGF and PDGF in U87MG cells and by VEGF in HUVECs
was assayed as described in the legend to Fig. 8. Values (n � 3) are means � SEM, expressed as the number of cells migrating per field. *, P �
0.01 (compared to Ad.p130Cas plus growth factor); #, P � 0.01 (compared to the control [C]).
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In addition to VEGF signaling through NRP1/VEGFR2 re-
ceptor complexes in endothelial cells, NRP1 has been reported
to associate with the c-Met receptor and HGF has been re-
ported to be an NRP1 ligand in tumor cells (15, 30). Similarly,
tumor cell-derived PDGF has been reported to be a ligand for
NRP1 expressed on smooth muscle cells (2). However, these
studies are based on coimmunoprecipitation experiments and
lack data on binding kinetics and affinity. We were unable to
observe any association between NRP1 and either c-Met or
PDGFR	 (data not shown). The role of NRP1 in regulating
RTK signaling in various cell types is still emerging, and the
specific pathways involved have yet to be fully elucidated. We
do, however, find that NRP1 has a specific role in regulating
RTK-mediated tyrosine phosphorylation of p130Cas, since
NRP1 knockdown did not significantly affect other major RTK
signal transduction pathways (Fig. 1D and E). Furthermore,
our results indicate that VEGF binding to NRP1 mediates
VEGFR2 phosphorylation (Fig. 3A) and is critical for tyrosine
phosphorylation of p130Cas (Fig. 1C). Therefore, in endothe-
lial cells, NRP1 plays a dual role in both regulation of
VEGFR2 phosphorylation and p130Cas phosphorylation. Li-
gand stimulation of p130Cas tyrosine phosphorylation requires
expression of RTKs, because knockdown of VEGFR2 in
HUVECs and c-Met in U87MG cells inhibited p130Cas ty-
rosine phosphorylation (data not shown). Since NRP1 knock-
down reduced VEGFR2 phosphorylation at Y1175 by �50%
(Fig. 3A), it is plausible that the differential effect of NRP1
knockdown on VEGF-stimulated p130Cas phosphorylation
compared with other VEGFR2-mediated signaling pathways is
a consequence of p130Cas tyrosine phosphorylation requiring a
higher level of VEGFR2 activation. In contrast, ERK and
AKT activation is unaffected by attenuation of VEGFR2 ac-
tivity since they may have a lower threshold receptor activity.
Given that the NRP1 intracellular domain is important for
RTK signaling through p130Cas, we propose that NRP1 par-
ticipates in protein-protein interactions which result in activa-
tion and/or recruitment of specific signaling components, in-
cluding p130Cas and PYK2, to an NRP1/RTK complex.

This is the first study clearly establishing a role for NRP1 in
a specific cell signaling pathway. Moreover, the finding that
growth factor stimulation of p130Cas tyrosine phosphorylation
requires the NRP1 intracellular domain strongly suggests that
this region directly mediates intracellular signaling leading to
p130Cas tyrosine phosphorylation, presumably through pro-
tein-protein interactions with an as-yet-unidentified cytosolic
binding partner. In addition, we have shown that PYK2 ex-
pression is required for p130Cas tyrosine phosphorylation in
response to PDGF, HGF, and VEGF and that in endothelial
cells, PYK2 phosphorylation is dependent upon NRP1. To-
gether, these results indicate that NRP1 regulates endothelial
and tumor cell chemotactic migration through a novel p130Cas

pathway, which has implications for the mechanisms involved
in angiogenesis and tumor metastasis.
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