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Neuropilins are highly conserved 
single pass transmembrane proteins 

specific to vertebrates. They were origi-
nally identified as adhesion molecules 
in the nervous system, but were subse-
quently rediscovered as the ligand bind-
ing subunit of the class 3 semaphorin 
receptor in neurons and then as blood 
vessel receptors for the vascular endothe-
lial growth factor VEGF. More recently 
they have also been implicated as media-
tors of the T-cell immune response and 
as key prognostic markers in several 
types of cancer. Because neuropilins 
bind multiple ligands and associate with 
several different types of co-receptors, 
they variably promote cell adhesion, 
repulsion or attraction. Which response 
they ultimately invoke is decided by the 
cellular and even subcellular context the 
neuropilins find themselves in. Here, we 
review how the developmental functions 
of the neuropilins are influenced by such 
different contexts.

Introduction

Neuropilins are single pass transmem-
brane proteins that are conserved in the 
vertebrate lineage. There are two neuropi-
lins, neuropilin 1 (NRP1) and neuropilin 
2 (NRP2), and they are 44% similar at 
the amino acid level.1 NRP1 and NRP2 
have an identical domain structure, com-
prised of a large N-terminal extracellular 
domain (835 amino acid residues [aa] for 
NRP1, 844 aa for NRP2), a short mem-
brane-spanning domain (23 aa for NRP1, 
25 for NRP2) and a small cytoplasmic 
domain (44 aa for NRP1, 42 for NRP2). 

The extracellular domain contains two 
complement-binding homology domains, 
termed a1 and a2, two coagulation factor 
V/VIII homology domains, termed b1 and 
b2, and a meprin domain, termed c (Fig. 
1A). The a- and b-domains are crucial for 
ligand binding, whilst the c domain and 
transmembrane domain promote recep-
tor dimerisation; the intracellular domain 
contains a motif that binds PDZ-domain 
containing proteins (Fig. 1A). Owing 
to this complex domain structure, neu-
ropilins can engage in many different 
types of signaling pathway to control cell 
migration.

Neuropilins Associate with  
Plexins to Mediate Semaphorin 

Signaling

There are presently seven class 3 sema-
phorins known, termed SEMA3A-G.2 
Amongst the different neuropilin func-
tions, the mechanism of SEMA3-mediated 
repulsion of axonal growth has been stud-
ied in most detail.1 Thus, growth cone  
collapse is initiated when SEMA3 proteins 
bind to neuropilin that is in a complex with 
a signal-transducing transmembrane pro-
tein of the A-type plexin family (Fig. 1B). 
Whereas the A-type plexins (PLXNA) 
recruit a neuropilin as the ligand bind-
ing subunit for SEMA3 proteins, other 
plexins such as plexin D1 (PXND1) bind 
semaphorins directly.2 Plexins are able to 
activate several different intracellular sig-
nal transduction pathways that control 
cytoskeletal dynamics; for example, they 
act via RHO and RAS to modulate actin 
dynamics and via CDK5 to inhibit the 
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neuropilin/plexin signaling in some types 
of neurons to activate the focal adhesion 
kinase FAK and therefore promote focal 
adhesion disassembly.6

Neuropilins and Plexins  
Cooperate to Confer Specificity  

to Semaphorin Signaling

SEMA3C can bind both neuropilins,7 
but other SEMA3 family members pref-
erentially bind NRP1 or NRP2. The best-
studied examples of preferential neuropilin 
binding are provided by SEMA3A and 
SEMA3F during axon guidance. Thus, 
axons expressing NRP1 primarily respond 
to SEMA3A, whereas those expressing 
NRP2 preferentially react to SEMA3F.8-12 
Importantly, both neuropilin pathways 
often cooperate to control the behavior 
of axons. For example, SEMA3A/NRP1 
controls the timing of axon invasion into 
the limb as well as fasciculation, whilst 
SEMA3F/NRP2 guides a subset of motor 
axons within the ventral limb.13 Just as 
SEMA3 proteins prefer to bind specific 
neuropilins, the neuropilins preferentially 
associate with specific plexins. In par-
ticular, PLXNA4 appears to be the pre-
ferred co-receptor for NRP1 to mediate 
SEMA3A responses, and PLXNA3 the 
preferred NRP2 co-receptor for SEMA3F 
signaling.14-16 For example, axon prun-
ing in the infrapyramidal tract is medi-
ated by SEMA3F, NRP2 and PLXNA3 
whilst the visceromotor branch of the 
facial nerve (FVM) relies on SEMA3A, 
NRP1 and PLXNA4, to organize its  
axons.10-12,17,18 The axons of the bran-
chiomotor component of the facial nerve 
(FBM) are similarly affected when either 
SEMA3A/NRP1/PLXNA4 or SEMA3F/
NRP2/PLXNA3 are lost. Because the 
FBM axons are most disorganized in 
mutants lacking semaphorin signaling 
through both neuropilins or both plex-
ins, it is likely that the SEMA3A and 
SEMA3F pathways operate in parallel in 
this nerve.17,23 Despite the usual prefer-
ence of NRP1 for PLXNA4 and NRP2 
for PLXNA3, these pairings are not 
obligatory: Even though trochlear axons 
are guided by SEMA3F/NRP2, and not 
SEMA3A/NRP1 signaling,10,11 PLXNA4 
can compensate for loss of PLXNA3; the 
loss of both plexins is therefore required 

tyrosine kinases can phosphorylate plexins 
to regulate intracellular signaling down-
stream of semaphorins.5 Finally, the adhe-
sion molecule L1-CAM cooperates with 

interaction of CRMP with tubulin, and 
they can also activate intracellular kinases, 
such as SRC, PI3K and MAPK.2-4 Adding 
a further level of complexity, several 

Figure 1. Neuropilin signalling in neuronal cell migration. (A) Neuropilin organisation and ligand 
binding. SEMA3-binding requires the a1/a2 domain and VEGF165-binding the b1/b2 domain; the 
b1/b2 domain also contains a binding site for heparan sulfate and the adhesion domain. The three 
last amino acid residues of the cytoplasmic domain (SEA) confer binding to the PDZ domain-
containing protein GIPC1/synectin. (B) SEMA3 proteins bind to neuropilins, which interact with 
plexins to control axon and dendrite extension, except SEMA3E, which interacts directly with 
PLXND1 (right hand side). In most neurons, SEMA3 signals are repulsive (top right), but in some 
types of neurons, repulsion is converted to attraction (bottom right), for example when NRP2 
interacts with the NRP1/PLXNA complex to mediate SEMA3B signalling, or when NRP1interacts 
with PLXND1 to mediate SEMA3E signalling. SEMA3D acts as a repulsive signal through NRP1 in 
association with an as yet unidentified co-receptor, but as an attractive signal when both NRP1 
and NRP2 are present. A high intracellular cGMP concentration in the dendrites of some types of 
neurons converts a repulsive SEMA3A response into an attractive one (left hand side). (C) Within 
the CNS, neuropilins guide tangentially migrating neurons or their progenitors along axons 
(yellow), other neurons (grey) or unknown substrates, perhaps blood vessels (red), which all have 
been implicated as sources of SEMA3 proteins. VEGF164 rather than SEMA3 attracts the NRP1- 
expressing cell bodies of FBM neurons. The neuron type and the source of the attractive or 
repulsive NRP ligand are shown below the schematic. Abbreviations: FBM, facial branchiomotor 
neurons; LOT, lateral olfactory tract neurons; GE, ganglionic eminence; OB, olfactory bulb.
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proliferation.25,33 However, when acting in 
trans, NRP1 may also induce endothelial 
cell proliferation.32

Observations on the patterning of FBM 
neurons have provided the first and so far 
only demonstration that NRP1 serves as 
a VEGF receptor to control cell migra-
tion in vivo. FBM neurons are born in the 
ventricular zone of a hindbrain segment 
termed rhombomere (r) 4, but move their 
cell bodies caudally towards the pial sur-
face of r6 to form the paired facial motor 
nuclei. During their migration, FBM neu-
rons first move tangentially, i.e., orthogo-
nally to the brain surface. However, once 
they reach r6, they change their behav-
ior to adopt a radial mode of migration 
towards the pial surface of the brain. FBM 
neurons express Nrp1 and Nrp2, and their 
semaphorin ligands are expressed in their 
environment.33 Analysis of knockout mice 
established that semaphorin signaling 
through NRP1 and NRP2 cooperatively 
controls the patterning of FBM axons (see 
above). Strikingly, VEGF164 (the murine 
equivalent of human VEGF165) and 
NRP1, rather than SEMA3 proteins, are 
important to guide the tangential migra-
tion of FBM cell bodies.33 During cell 
body guidance, VEGF164 appears to pro-
vide a chemoattractive signal for FBM cell 
bodies, as Vegfa is expressed in cells along 
the migration path and a stripe juxtaposed 
to the site of facial motor nucleus forma-
tion near the pial surface of r6; moreover, 
VEGF164-coated heparin beads attract 
FBM neurons in a hindbrain explant 
model (Fig. 1C).

VEGF164 versus SEMA3A  
in Neuropilin-Mediated Cell  

Migration

Based on findings in cultured PAE and neu-
ral progenitor cells, it was initially thought 
that SEMA3A competes with VEGF165 
for binding to NRP1 and thereby inhibits 
cell migration.34,35 However, biochemical 
studies subsequently demonstrated that 
SEMA3A and VEGF165 associate with 
distinct domains of NRP1, and that they 
therefore do not compete with each other 
for binding to NRP1.36 Moreover, the 
analysis of FBM patterning suggested that 
NRP1 displays context-dependent ligand 
selectivity, as the cell bodies and axons of 

SEMA3E is the only class 3 semaphorin 
that does not bind to a neuropilin, but 
directly to a plexin, PLXND1.24 However, 
NRP1 can convert SEMA3E/PLXND1-
mediated repulsion into attraction, as in 
the case of subiculo-mammillary neuron 
axons, which project from the hippocam-
pus to the hypothalamus.23

VEGF Isoforms  
in Neuropilin-Mediated Cell  

Migration

Alternative splicing of the mRNA encod-
ing VEGF-A gives rise to a collection of 
isoforms, which differ by the presence or 
absence of specific domains that confer 
heparin sulfate and neuropilin binding in 
vitro. NRP1 binds VEGF165 and NRP2 
binds both VEGF165 and the smaller 
VEGF145.25,26 

VEGF121 is generally believed not 
to bind NRP1, but a recent report has 
contested this idea.27 The role of NRP1 
in VEGF signaling was originally stud-
ied in porcine cells derived from aortic 
endothelium (PAE). These cells lack 
expression of both NRP1 and the main 
endothelial VEGF receptor, the tyrosine 
kinase VEGFR2 (also known as KDR or 
FLK1); they can therefore be engineered 
to selectively express NRP1, VEGFR2 or 
both together.25 In this model of blood 
vessel endothelium, NRP1 enhances 
VEGR2-mediated chemoattraction 
toward VEGF165, but NRP1 itself does 
not promote chemotaxis in PAE cells.25 
In contrast, NRP1 may signal through its 
cytoplasmic tail in primary human umbil-
ical vein endothelial cells.28 

The precise mechanism of NRP1 action 
in vascular endothelium is not yet clear. 
Several hypotheses suggest that NRP1 
interacts with VEGFR2 in cis to promote 
VEGF signaling. Thus, it has been sug-
gested that NRP1 enhances the affinity 
of VEGF165 for VEGFR2,29 and that it 
enhances VEGF165 signaling by promot-
ing VEGFR2 clustering30 or VEGFR2 
endocytosis.31 Alternatively, or addition-
ally, NRP1 may act on endothelium from 
a non-endothelial cell type in trans, as 
described for tumour cells30 and hae-
matopoietic cells.32 In most cases, NRP1 
has been implicated in enhancing VEGF-
stimulated cell migration, rather than 

to phenocopy the defect caused by loss of 
SEMA3F.14

Repulsion versus Attraction

Whilst SEMA3 proteins are best known 
for their role as axon repellents, they act as 
chemoattractants in other circumstances 
(Fig. 1B). This was first shown for cortical 
pyramidal neurons, in which SEMA3A is 
a chemoattractant for apical dendrites, but 
a chemorepellent for axons.19 SEMA3F can 
also be attractive, as demonstrated for cer-
ebellar granule cell axons.20 In both types 
of positive guidance events, raised intrac-
ellular cyclic GMP levels are thought to 
switch the repellent semaphorin signal 
into an attractive one (Fig. 1B). In the 
case of cortical apical dendrites, elevated 
cyclic GMP levels were attributed to the 
asymmetric localisation of soluble guany-
late cyclase in dendrites versus axons.19

Different mechanisms for convert-
ing repulsive to attractive signals oper-
ate for other class 3 semaphorins (Fig. 
1B). In zebrafish, NRP2 can convert 
NRP1-induced chemorepulsion into 
chemoattraction. Thus, SEMA3D repels 
NRP1-expressing axons of the medial 
longitudinal fasciculus, but attracts 
axons that form the anterior commissure, 
which express both NRP1 and NRP2.21 
SEMA3D binds NRP1, but it is not yet 
known if SEMA3D also binds NRP2 
independently of NRP1, or if NRP1 
and NRP2 form repulsive heterodimers. 
SEMA3B also possesses dual functionality, 
as it repels commissural axons that connect 
the two olfactory bulbs in the mouse, but 
attracts commissural axons that connect 
the temporal lobes. Instead of recruiting 
a plexin into the receptor complex, NRP2 
mediates this response by interacting with 
the cell adhesion molecule NrCAM, and 
the switch in attractive versus repulsive sig-
naling by SEMA3B is mediated by FAK/
SRC signaling.22 Finally, SEMA3E serves 
either as an attractive or repulsive cue for 
PLXND1-expressing axons depending on 
the presence of NRP1. Thus, Sema3E acts 
as a repellent for two types of axons that 
contain PLXND1, but not NRP1: the cor-
ticofugal axons, which connect the cortex 
and brainstem, and the striatonigral axons, 
which connect the striatum to the sub-
stantia nigra.23 This is possible, because 
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sympathetic neurons. GnRH neurons are 
born in the olfactory placode and migrate 
along olfactory nerves first into the fore-
brain and then into the hypothalamus, 
where they stimulate gonadotropin release 
from the pituitary gland into the circula-
tion.42 Adult Nrp2-null mice have fewer 
GnRH neurons in the hypothalamus, 
and this is accompanied by infertility.43 
Because Sema3f- and Nrp2-null mice have 
defasciculated olfactory nerves,44,45the 
GnRH defect is at least in part due to 
abnormal cell migration on a defective 
axonal substrate. However, GnRH neu-
rons themselves also express NRP2, and 
they are repelled by SEMA3F in vitro.43 
This raises the possibility that SEMA3F/
NRP2 signaling may play a second, more 
direct role in GnRH neuron guidance. 
Finally, GnRH neurons express NRP1 
and respond to VEGF164 and SEMA3A 
in vitro,43 and loss of SEMA3A results 
in guidance errors of subsets of olfactory 
axons.46 However, the physiological signif-
icance of NRP1 signaling in GnRH pat-
terning has not yet been investigated.

Neuropilins in Neural Crest Cell 
Migration

SEMA3C does not appear to play an 
obvious role in axon guidance or neu-
ronal migration. Rather, it patterns neural 
crest cells (NCCs) in the cardiac outflow 
tract, a cell population that does not give 
rise to neurons, but instead promotes 
outflow tract septation into an arterial 
and venous compartment.47,48 SEMA3C 
binds to either NRP1 or NRP2 in vitro.7 
Accordingly, outflow tract development 
is normal in mice lacking semaphorin-
signaling through either NRP1 or NRP2, 
but loss of semaphorin-signaling through 
both receptors severely disrupts out-
flow tract development with lethal con-
sequence.49 It has been suggested that 
SEMA3C affects cardiac NCCs that 
express PLXNA2, PLXND1 and neuropi-
lins.47,50 In contrast, others have reported 
that SEMA3C acts in outflow tract 
endothelium through a receptor composed 
of a neuropilin and PLXND1.51 As neuro-
pilins may also complex with PLXNA2 to 
guide cardiac NCCs through the pharyn-
geal arches before they reach the outflow 
tract,47 the best current model from all 

layer.39 Thus, SEMA3F was proposed to 
guide NRP2-expressing interneurons into 
the intermediate zone, whilst SEMA3A 
is thought to guide NRP1-expressing 
interneurons into the subplate, cortical 
plate and marginal zone. However, the 
functional requirement for semaphorin/
neuropilin signaling in this sorting pro-
cess has not yet been established in vivo. 
It would also be interesting to investigate 
if neuropilin-binding VEGF isoforms 
contribute to interneuron patterning, as 
observed in the case of FBM neurons.

LOT neurons migrate in the opposite 
direction of cortical interneurons: they 
are born in the embryonic neocortex, but 
migrate tangentially along the brain sur-
face towards the GE. When they reach 
the interface of the neocortex and GE, 
they change direction and spread later-
ally along the boundary to form guidepost 
cells for lateral olfactory tract axons. In 
Sema3f- and Nrp2-null mutants, many 
LOT neurons are found in their normal 
position, but others continue to migrate 
towards the GE.40 Because the mantle 
layer of the GE expresses SEMA3F, it 
seems likely that semaphorin signal-
ing helps to create a repulsive border for 
NRP2-expressing neurons at the GE/neo-
cortical boundary.40 A role for SEMA3A 
or NRP1 in LOT migration has not yet 
been described.

Neuropilin-mediated signaling also 
guides the migration of cortical neurons 
from their birthplace in the ventricular 
zone along radial glial fibers to the super-
ficial cortical layers. Thus, SEMA3A acts 
as an essential chemoattractant for these 
neurons, and they therefore settle prema-
turely in deep cortical layers after knock-
down of NRP1; PLXNA2 and PLXNA4 
are thought to serve as co-receptors for 
NRP1 in this process.41 This radial migra-
tion defect precedes the previously discov-
ered defect in apical dendrite extension 
from cortical neurons, but may be causally 
related (see above).41

Finally, neuronal progenitors born out-
side the central nervous system (CNS) 
also use semaphorin/neuropilin signaling 
to position themselves in strategic places, 
for example the gonadotropic releasing 
hormone (GnRH)-neurons that regulate 
reproductive behavior, and the neural 
crest cell (NCC) precursors of sensory and 

FBM neurons selectively respond to either 
VEGF164 or SEMA3A.33 The analysis 
of blood vessel formation and axon guid-
ance in developing mouse limbs further 
supports the idea of ligand selectivity: 
Whereas VEGF164 is essential for blood 
vessel growth, SEMA3A controls axon 
behavior in the limb, but not vice versa.37 
Accordingly, only the simultaneous loss of 
both VEGF164 and SEMA3A phenocopied 
the neurovascular limb defects caused by 
loss of NRP1.37 Whilst these findings sug-
gest that NRP1-expressing cell types in 
vivo preferentially respond to either one 
or the other NRP1 ligand, it is presently 
not understood how this ligand selectivity 
is controlled. Possibilities include the dif-
ferential expression of NRP1 co-receptors 
(i.e., plexins versus VEGF tyrosine kinase 
receptors) or a difference in extracellular 
co-factors (for example, different heparan 
sulfate proteoglycans).

Semaphorins  
in Neuropilin-Mediated Neuronal 

Migration

Even though VEGF164 is the important 
ligand in NRP1-mediated FBM cell body 
guidance, semaphorin signaling through 
neuropilins appears to contribute more 
commonly to the guidance of tangen-
tially migrating neurons, as demonstrated 
for the precursors of GABAergic cortical 
interneurons and the lateral olfactory tract 
(LOT) neurons. Cortical interneuron pro-
genitors are essential regulators of cortical 
activity. They are born in the ganglionic 
eminence (GE) of the subpallium, but 
leave their birthplace to migrate around 
the striatum into the cortex in a mecha-
nism that is thought to require repulsive 
SEMA3 signaling through both neuropi-
lins.38 In support of this idea, SEMA3A 
and SEMA3F are normally expressed in 
the developing striatum and repel corti-
cal interneurons in vitro, and an excessive 
number of neurons enters the striatum in 
Nrp2-null mutants, because the neurons 
fail to respond to repulsive SEMA3F sig-
nals. However, Nrp1-null mice have not 
yet been examined for defects in cortical 
interneuron migration.

Semaphorin signaling has also been 
implicated in the positioning of interneu-
rons within their correct neocortical 
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Outlook

We know now that many different types of 
neurons, neuronal progenitors and NCCs 
use neuropilin signaling to position their 
cell bodies or their cellular processes in 
the developing embryo. We are also begin-
ning to understand how the clash between 
opposing semaphorin and VEGF signals is 
controlled at the cellular level, and we are 
uncovering the mechanisms that govern 
co-receptor choice and the activation of 
downstream signaling pathways. Future 
focus will most likely be directed on the 
role of neuropilins as regulators of endocy-
tosis for several different cell surface recep-
tors. Thus, intriguing new data suggest 
that the cytoplasmic NRP1 domain binds 
the protein GIPC (also known as synec-
tin) to link neuropilin-containing vesicles 
to the transport machinery via myosin 
6.58 This pathway may control the intra-
cellular distribution of at least two NRP1 
co-receptors, VEGFR2 and PLXND1,31,59 
but it additionally provides an interface to 
integrins.60 The idea that neuropilins con-
trol the function not only of L1-CAM, but 
also integrins has brought us full circle to 
the original discovery of neuropilin as an 
adhesion molecule. So neuropilin, let me 
know, how do you decide if a cell should 
stay or go?
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