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Neuropilin 1 (NRP1), a non-tyrosine kinase receptor for vascular
endothelial growth factor and class 3 Semaphorins, is highly
expressed in many human tumour cell lines, but its function
is poorly understood. Here, we describe the expression of a
new chondroitin sulphate-modified NRP1 (NRP1-CS) in human
tumour cell lines. Expression of a non-modifiable NRP1 mutant
(S612A) in U87MG human glioma cells results in enhanced
invasion in three dimensions (3D), whereas wild-type NRP1 has
no effect. Furthermore, the S612A NRP1 cells show a significant
increase in p130Cas tyrosine phosphorylation compared with
control and wild-type NRP1 cells. Silencing of p130Cas in S612A
NRP1 cells resulted in a loss of increased invasive phenotype.
Interestingly, p130Cas silencing does not inhibit basal
3D invasion, but leads to a mesenchymal to amoeboid transition.
Biopsies from both low- and high-grade human gliomas show
strong expression of NRP1, and little expression of NRP1-CS. Our
data establish distinct roles for NRP1 and NRP1-CS in modulating
a new NRP1-p130Cas signalling pathway contributing to
glioblastoma cell invasion in 3D.
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INTRODUCTION
Neuropilin 1 (NRP1) acts as a co-receptor for Semaphorin 3A
(SEMA3A) and vascular endothelial growth factor (VEGF). In
neuronal cells, NRP1 regulates axon guidance, in part, by acting
as a co-receptor with Plexin-A1 and SEMA3A (He & Tessier-
Lavigne, 1997). NRP1 is a receptor for VEGF in endothelial cells
and is essential for embryonic angiogenesis and vascular
development (Soker et al, 1998; Gu et al, 2003). NRP1 is
overexpressed in several types of cancer cells and human
tumours, and increased expression is associated with poor patient
prognosis (Osada et al, 2004; Bielenberg et al, 2006). These results
have led to several groups trying to identify new therapeutic
approaches for the inhibition of NRP1 (Cheng et al, 2004; Jia et al,
2006; Pan et al, 2007).

Recent findings suggest that NRP1 in endothelial and vascular
smooth muscle cells (SMCs) can be post-translationally modified
by the addition of glycosaminoglycans (GAGs; Shintani et al,
2006). GAGs are principal structural components of proteoglycans
and important components of the extracellular matrix, participat-
ing in the regulation of cell proliferation, differentiation, and
cell–cell and cell–matrix interactions (Kjellen & Lindahl, 1991).
Deregulated expression of GAGs occurs in several cancers and
correlates with clinical prognosis in several malignant neoplasms
(Theocharis et al, 2006), stimulating research in the development
of new therapeutic drugs targeting GAGs (Yip et al, 2006).

Here, we report the existence of two populations of NRP1 in
diverse human tumour cell lines. One comprises an N-linked
glycosylated core protein, and the other is a high molecular
weight species modified by the addition of chondroitin sulphate
GAG (NRP1-CS) to a single conserved serine residue (Ser 612).
Surprisingly, overexpression of the S612A NRP1 mutant but not
wild-type NRP1 in the human malignant glioma cell line
(U87MG) leads to enhanced cell invasion in a three-dimensional
(3D) matrix. Furthermore, S612A NRP1 cells show markedly
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increased levels of tyrosine phosphorylated p130Cas, an adaptor
molecule implicated in invasive signalling in several cell types
(Defilippi et al, 2006). Finally, biopsies from both low- and
high-grade human gliomas show strong expression of NRP1 and
little expression of NRP1-CS, suggesting that the highly invasive
nature of these tumours is established, in part, by reduction in the
expression of NRP1-CS.

RESULTS AND DISCUSSION
Silencing of NRP1 in A549 lung carcinoma cells by using short
interfering RNA decreased expression of a band corresponding
to the predicted molecular weight of NRP1 (130 kDa), but
also inhibited expression of a high molecular weight band
recognized by the NRP1 antibody and unaffected by treatment
with a scrambled siRNA (Fig 1A). A similar co-migrating high
molecular weight band was expressed in several other human
tumour cells, including ACHN, MDA-MB-231, Skov-3, A549 and
U87MG (Fig 1B).

Treatment of A549 cells with tunicamycin, an inhibitor of
N-linked glycosylation, caused a decrease in the apparent molecular
weight of 130 kDa NRP1, but only modestly reduced the size of
the high molecular weight species. These results indicated that
although both NRP1 species contain N-linked oligosaccharide
groups, modification of the high molecular weight NRP1 was not
primarily due to N-linked glycosylation (Fig 2A). One type of post-
translational modification known to produce high molecular
weight molecules is the addition of GAGs, containing chondroitin
sulphate, dermatan sulphate or heparin/heparan sulphate, to
specific serine residues within the consensus motif, SG (Bourdon
et al, 1987). We addressed whether NRP1 is modified by the
addition of a GAG in human tumour cells by treating A549 cells in
culture with chondroitinase ABC (ChABC) and heparinase/
heparitinase, enzymes that cleave the respective GAGs from
membrane surface proteoglycans. Treatment with ChABC alone
completely removed the higher molecular weight band with a
concomitant increase in the levels of 130 kDa NRP1, whereas
heparinase/heparitinase treatment caused no reduction in the
high molecular weight band (Fig 2B). Therefore, we conclude
that NRP1 in A549 cells exists in two distinct populations:
an N-glycosylated non-GAG-modified form (NRP1) and a
chondroitin sulphate GAG-modified form (NRP1-CS).

To determine which serine residues were modified by the
addition of chondroitin sulphate to NRP1, all seven extracellular
serine residues in the species conserved SG consensus sequences
were mutated to alanine. Transfection of these mutants into
porcine aortic endothelial (PAE) cells, which do not express
endogenous NRP1 ( Jia et al, 2006), showed that only the S612A
mutant was not CS-GAG modified. Interestingly, mutation of
Ser 240 and Ser 432 caused a partial reduction in the level of
NRP1-CS, suggesting that these sites might also contribute to
CS-GAG modification (Fig 2C). Nevertheless, these results show
that Ser 612 is the principal site of modification and that mutation
of this site results in the complete loss of CS-GAG NRP1
modification. Furthermore, the SG motif corresponding to
Ser 612 is highly conserved between vertebrate species (Fig 2D).
Modification of NRP1 by both chondroitin sulphate and heparin
sulphate GAGs on Ser 612 in SMCs and endothelial cells was
recently reported (Shintani et al, 2006). However, our results
indicate that NRP1 is modified by the addition of chondroitin
sulphate alone, in both tumour cells (Fig 2B) and SMCs (C.P.-M.,
P.F. & I.C.M., unpublished data). This difference could be due to
the extremely sensitive nature of ChABC activity to slight changes
in pH and temperature (Tester et al, 2007). In addition, we are
unaware of any reports of a specific serine that can be modified by
the addition of both chondroitin sulphate and heparin sulphate
in vivo. Indeed, other GAG-modified proteins (for example,
syndecan 1) contain distinct sites of unambiguous attach-
ment mediated by structural elements within the core protein
(Kokenyesi & Bernfield, 1994).

High levels of expression of NRP1 have been correlated with
increased invasiveness of several human cancers and tumour cell
lines (Bachelder et al, 2002; Hansel et al, 2004), but the role of
NRP1 in tumour cell invasion remains unclear. The role of NRP1
and NRP1-CS in invasion was investigated by using the highly
invasive human malignant glioma cell line U87MG (Stan et al,
1999), which expresses relatively equal amounts of endogenous
NRP1 and NRP1-CS (Fig 1B).

Initially, we examined the cellular distributions of NRP1 and
chondroitin sulphate in U87MG cells by immunofluorescent
staining for both NRP1 and chondroitin sulphate. NRP1 and
chondroitin sulphate were localized in both overlapping and
distinct areas on the cell membrane, and both were enriched in
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areas of cell–cell contact and on the leading edge of lamellipodia,
suggesting that NRP1 and chondroitin sulphate partly colocalize
(data not shown). We went on to stably overexpress wild-
type NRP1 and S612A NRP1 in U87MG cells by retroviral
infection, which resulted in a homogeneous pattern of expression
(supplementary Fig 1A online). S612A NRP1 U87MG cells
expressed almost entirely unmodified NRP1 relative to NRP1-CS,
whereas wild-type NRP1 U87MG cells predominantly expressed
the modified NRP1-CS (supplementary Fig 1B online).

The invasiveness of NRP1-overexpressing U87MG cells was
examined by allowing cells to invade through a 3D collagen
matrix, representative of the in vivo environment experienced
by malignant tumour cells (Sahai, 2005). Surprisingly, although
wild-type NRP1 cells showed no significant effect on invasion
compared with the control, S612A NRP1 cells showed a
significant increase in invasion of about 50% (Fig 3A,B). By
contrast, expression of S612A NRP1 caused a small but
reproducible inhibition of cell proliferation, whereas wild-type
NRP1 had no significant effect on proliferation (supplementary

Fig 2 online). Interestingly, global removal of cell surface
CS-GAGs in U87MG cells by incubation with ChABC markedly
decreased invasion (data not shown), consistent with reports
describing a role for CS-GAGs in tumour cell invasion (Denholm
et al, 2001; Yip et al, 2006). These findings emphasize that
CS-GAG modification of specific surface molecules can have distinct
effects on tumour cell invasion, which might be masked by global
changes in proteoglycan modifications. For example, heparan
sulphate GAG modification of the proteoglycan syndecan 1 was
found to have a negative effect on invasiveness (Liu et al, 1998).

Given that Ser 612 lies within the linker region between the
MAM and b2 extracellular domains (Fig 2D), we considered
whether GAG modification at this site might affect VEGF-A165

or SEMA3A binding to NRP1. Measurement of high-affinity
125I-VEGF-A165 binding revealed that only wild-type NRP1
U87MG cells showed increased (around 50%) VEGF-A165

binding. Although we detected an increase in binding for SEMA3A
in both wild-type and S612A cell lines compared with the control,
we could not detect any significant difference between wild-type
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and S612A NRP1-expressing cell lines as determined by FACS
analysis (supplementary Fig 3A,B online). These data indicate that
the increased invasiveness of the S612A cells does not result from
increased VEGF-A165 of SEMA3A binding to NRP1. In agreement,
Shintani et al (2006) showed that in both SMCs and endothelial

cells expression of S612A NRP1 significantly reduced the
level of VEGF-A165 binding compared with wild-type NRP1.
Furthermore, a recent report shows that overexpression of
wild-type NRP1 promotes glioma progression in vivo through a
VEGF-A165-independent pathway that is dependent on HGF/c-Met
signalling (HGF for hepatocyte growth factor; Hu et al, 2007).

Next, we investigated the effects of S612A NRP1 expression on
signalling pathways known to mediate invasion (Sahai, 2005).
Western blots showed that there were equal amounts of total and
phosphorylated ERK (extracellular-signal-regulated kinase) 1/2
and AKT present in the control, wild-type NRP1 and S612A
NRP1 cell lines (supplementary Fig 4A online). Similarly, we
found no detectable differences in the expression of total protein
and levels of phosphorylation of Src (Tyr 416) or FAK (Tyr 397)
in the control, wild-type NRP1 and S612A NRP1 cell lines
(supplementary Fig 4B online).

p130Cas is an adaptor protein involved in cytoskeleton
reorganization, which can be both tyrosine and serine/tyrosine
phosphorylated. Increased p130Cas tyrosine phosphorylation is
associated with increased cell invasion (Defilippi et al, 2006) and
results in the recruitment of effector proteins into multimolecular
complexes necessary for intracellular signalling. Surprisingly,
S612A NRP1 cells showed a fourfold increase in p130Cas
Tyr 249 phosphorylation compared with control and wild-type
NRP1 cells. This effect was not due to an increase in the total level
of p130Cas; indeed, we consistently found some reduction in total
p130Cas in the S612A NRP1 cell line (Fig 4A,B). To determine
whether p130Cas was required for S612A NRP1-mediated
increased invasion, we inhibited the expression of p130Cas by
using siRNA (Fig 5A). Treatment with p130Cas siRNA reduced
invasion of the S612A NRP1 cells to the level observed in control
cells treated with either scrambled or p130Cas siRNA (Fig 5B).
Consistent with our findings, two recent reports describe both
a SRC-independent pathway leading to increased p130Cas
phosphorylation (Ambrogio et al, 2005), and FAK-mediated cell
invasion, which is not dependent on p130Cas (Natarajan et al,
2006). Interestingly, a recent report describes NRP1 association
with b1 integrin modulating pancreatic cancer cell growth,
survival and invasion (Fukasawa et al, 2007). Given the
involvement of p130Cas in the integrin signalling machinery
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(Defilippi et al, 2006), it is plausible that NRP1 could signal to
p130Cas through an integrin-mediated pathway. Therefore, we
examined the effect of b1 integrin silencing in the control and
S612A NRP1-expressing cell lines. Interestingly, although we
achieved a strong knockdown of b1 integrin subunit expression,
we could detect no significant effect on invasion in either the
control or S612A-expressing cell lines (supplementary Fig 5A,B).

Control and S612A NRP1 cell lines show a classical elongated
(mesenchymal) phenotype (Sahai & Marshall, 2003; Wolf et al,
2003) when invading through collagen I (Fig 5C). However,
p130Cas knockdown caused distinct morphological changes in
both cell lines, including a rounding of the cell body and a loss of

filopodia-type extensions (Fig 5C), similar to the more rounded
(amoeboid) morphology observed when mesenchymal invasion is
blocked with protease inhibitors (Wolf et al, 2003). This transition
from mesenchymal to amoeboid invasion had no significant effect
on the amount of invasion observed in the control cells (Fig 5B),
indicating that the S612A NRP1 invasive phenotype might be
mediated through modification of signalling pathways regulating
the mesenchymal mode of invasion.

To determine whether there exists a pathophysiological
relevance to increased invasion caused by the expression of
S612A NRP1, we probed several biopsies of human gliomas for
the expression of NRP1. Although several samples showed strong
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expression of NRP1 in both low- and high-grade gliomas, we
detected little expression of NRP1-CS in all samples (Fig 6A,B).
These data suggest that the highly invasive nature of these tumours
is established, in part, by maintaining a low NRP1-CS to NRP1
expression ratio.

Our findings show that CS-GAG modification of NRP1
regulates cell signalling involved in invasion, and suggest
that the balance between chondroitin sulphate-modified and
unmodified NRP1 might be important for determining invasive
potential. Recently, it has been suggested that inhibition of NRP1
does not reduce tumour cell proliferation or growth directly,
but acts primarily through an anti-angiogenic mode of action,
partly through inhibition of VEGF-mediated functions in endo-
thelial cells ( Jia et al, 2006; Pan et al, 2007). However, no studies
have examined the role of NRP1 in tumour metastatic spread. The
results presented here indicate that NRP1 regulates tumour cell
invasion and might therefore be involved in the mechanisms
underlying tumour metastasis.

METHODS
Cell culture. A549 and U87MG cells were cultured in DMEM
containing 10% FCS supplemented with Pen/Strep (1:100; P4333;

Sigma). PAE cells and PAE cells expressing NRP1 (PAE/NRP1)
were grown in Ham’s F12 medium containing 10% FCS.
PAE/NRP1 cells were routinely grown in 25 mg/ml hygromycin B
to maintain the expression of the transgene. For cell signalling
assays, cells were grown on collagen I-coated plates and
shifted to DMEM medium containing 1% FCS for 18 h before
collecting cells.
Transfections, plasmids and siRNA. A549, PAE and U87MG cells
were transfected with Lipofectamine 2000 (Invitrogen). Briefly, the
cells were plated at 60% confluence and transfected on the
following day using 1 mg plasmid DNA or 25 nM final concentra-
tion of siRNA. pcDNA 3.1(þ )wild-type NRP1 was generated by
subcloning the full-length open reading frame of NRP1 (Origene,
Cambridge Bioscience, Cambridge, UK) into pcDNA 3.1(þ ).
pcDNA 3.1(þ ) S612A NRP1 was generated by using the
Quickchange II site-directed mutagenesis kit (Stratagene, La Jolla,
CA, USA) according to the manufacturer’s instructions. Both wild-
type NRP1 and S612A NRP1 coding sequences were subcloned
into pBabe puro (a gift from E. Sahai, LRI, Cancer Research UK,
UK) through the SnaBI site. p130Cas siRNA 50-GGUCGACA
GUGGUGUGUAU-30 and b1 integrin siRNA 50-GAACA
GAUCUGAUGAAUGA-30 were purchased from Dharmacon
(Lafayette, CO, USA).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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information online. (A) Low- and high-grade glioma. (B) High-grade

glioblastoma multiforme (GBM). Upper panel is a lower exposure of
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