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Invasive growth

Semaphorins are a large family of secreted and trans-
membrane signaling proteins that regulate axonal
guidance in the developing nervous system. Recent
studies suggest that semaphorin receptors also act in
such diverse processes as lymphocyte activation, con-
trol of vascular endothelial cell motility, and lung
branching morphogenesis. Here, we describe the cur-
rent knowledge of the intracellular signaling pathways
employed by these molecules, focusing on several can-
didate molecules that help reorganize the cytoskeleton
or alter patterns of intracellular transport during neu-
ronal outgrowth. We then consider other cellular
events, occurring outside of the nervous system, that
are mediated by these semaphorins, their receptors,
and associated molecules.

Semaphorins in axon guidance
The shapes of neurons are the most varied and elabo-
rate of all cells. The distal tip of growing neuritic
processes, the growth cone, distinguishes between mul-
tiple pathways and synaptic targets during develop-
ment and regeneration. As in other cell types, morpho-
logical changes and motility in neurons are closely
related to reorganization of cytoskeletal proteins. The
growth cone’s high sensitivity to small gradients of
attractive and repulsive signals in the environment, and
its ability to rapidly rearrange its morphology — and
that of its associated axon — in response to even a sin-
gle filopodial contact, suggest that it contains a pow-
erful signal amplification system.

The semaphorins are among the best-studied axonal
guidance molecules and appear to play key roles in
these cellular events. To date, more than 20 different
semaphorins have been identified (1). They fall into
eight groups on the basis of domain organization and
species of origin, but all semaphorins contain a con-
served, 500-amino-acid-length “Sema” domain at their
amino-terminus. This domain is also present in the
plexin (Plex) family and in the Met oncoprotein.
Sema3A, a prototypical class 3, secreted semaphorin, is
a potent inhibitor of axonal outgrowth from a specific
subset of neurons, including spinal motoneurons and

neurons in the embryonic dorsal root ganglion (DRG)
and sympathetic ganglion (2–5). The binding of
Sema3A to DRG growth cones rapidly induces actin
depolymerization and growth cone collapse, a cellular
response associated with the chemorepulsion of neu-
rites. However, semaphorins can provide both repulsive
and attractive cues. For instance, in cortical neurons,
where Sema3A provides a repulsive signal, Sema3C acts
as an attractive guidance signal (see ref. 5 for review).
Moreover, the effect of semaphorin signaling can be
altered by changes in neuronal physiology, as seen in
Xenopus spinal neurons, where Sema3A-induced repul-
sion can be changed to attraction by an analogue of
guanosine 3′,5′-monophosphate.

Functional receptor complexes for semaphorins
Cell surface receptors for semaphorins have been iden-
tified as the members of two distinct transmembrane
receptor families, neuropilin (NP) and Plex. NP-1 and
NP-2 were identified by their ability to bind the secret-
ed class 3 semaphorins (2, 3, 6). In particular, Sema3A
signaling is mediated by a receptor complex involving
NP-1, whereas Sema3F signaling occurs through NP-2
(2, 3, 5), and heteromeric NP-1/NP-2 complexes are
thought to serve as functional receptors for Sema3C.

Semaphorin receptors belonging to the more recent-
ly identified Plex family carry a conserved Sema
domain, suggesting that these receptors and their lig-
ands derive from a common evolutionary ancestor with
homophilic binding properties (5, 7). Among inverte-
brates, semaphorins and their receptors are perhaps
best studied in Drosophila, where PlexA and Sema1a have
been shown to interact genetically. Biochemical stud-
ies show that the Drosophila Sema-1a and Sema-1b pro-
teins bind with high affinity to Plex-A (5). Vertebrates
express at least nine Plex family members, including
the functional receptors for classes 1, 4, and 7 trans-
membrane semaphorins (8, 9). Plex-C1, also known as
VESPR, has been identified as a cellular receptor for a
class 5 semaphorin expressed by poxvirus. At least two
vertebrate plexins act directly as semaphorin receptors
(9). Plex-B1 binds Sema4D (CD100), and Plex-C1
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(VESPR) binds Sema7A, consistent with the observa-
tion that Sema7A is the host semaphorin that shares
the greatest sequence similarity to viral semaphorins.
The class 3 semaphorins, including Sema3A, Sema3C,
and Sema3F, bind directly to NPs but do not bind to
Plex family members. Nonetheless, NP-1 and Plex-A1
form a complex with enhanced affinity for Sema3A (8,
9). Plex proteins are now thought to constitute a sig-
naling moiety in a receptor complex for the class 3 sem-
aphorins, where NPs provide the ligand-binding sites.

Recent data suggest that Plex-A1 is subject to autoin-
hibition mediated by its intrinsic Sema domain (10).
Sema-deleted Plex-A1 is constitutively active, producing
cell contraction, growth cone collapse, and inhibition of
neurite outgrowth. This Sema domain of Plex-A1 phys-
ically associates with the remainder of the Plex-A1
ectodomain and can act in trans to reverse constitutive
activation. Both the Sema portion and the remainder of
the ectodomain of Plex-A1 associate with NP-1 in a
Sema3A-independent fashion. Hence, it appears that
Plex-A1 is autoinhibited by its Sema domain but that
Sema3A/NP-1 releases this inhibition.

Semaphorin-induced intracellular signaling
Although the molecular mechanisms by which the
semaphorins exert their effects remain to be clarified,
several intracellular molecules, including the small
GTPase Rac1, the collapsin (Sema3A) response medi-
ator protein (CRMP), and Lin-11, Isl-1, and Mec-3
(LIM) kinase, have been implicated as mediators of
semaphorin signaling. Candidate mediators have been
found by searching for intracellular molecules that
interact with the cytoplasmic domain of transmem-
brane semaphorins, NPs, or Plex proteins. One such
protein, NIP, interacts with the NP-1 cytoplasmic
domain, as was originally shown using yeast two-
hybrid screening (11). In addition, NIP has been
shown to be identical to GIPC, a protein that binds the
heteromeric G protein Gαi3-RGS, and the same pro-
tein was previously identified as SEMCAP-1, which
binds the cytoplasmic domain of Sema4C, a trans-
membrane semaphorin. Based on these various func-
tions, it seems possible that NIP serves to regulate the
efficacy of a Sema3A receptor complex by inducing
NP-1 clustering. Alternatively, it has been suggested
that this protein provides a link between Sema3A- and
G protein–signaling cascades. However, it is interest-
ing to note that the intracellular region of NP-1, to
which NIP binds, is not essential for Sema3A-induced
growth cone collapse (5).

Growth cone collapse is crucial for the formation of
normal patterns of innervation by developing neu-
rons. This process is accompanied by a rapid reorgan-
ization of the actin filaments normally present in
lamellipodia and filopodia, suggesting that growth
cone NP-1/Plex complexes interact with signaling
molecules to regulate actin polymerization or cross-
linking. The Rho family of monomeric GTPases
includes Rho, Rac, and Cdc42, three well-known reg-
ulators of the actin cytoskeleton of non-neuronal
cells. In DRG neurons, introduction of a dominant

negative Rac (N17) mutant blocks Sema3A-mediated
growth cone collapse (12), suggesting that Rac1 acts
as a downstream molecule of an NP-1/Plex receptor.
Indeed, Plex-B1 binds directly to activated Rac1 (13,
14), and Plex proteins can modulate the activity of
small GTPases of this family (15). However, because
Rac does not interact directly with Plex-A2 (14, 15),
which (along with NP-1) helps form a functional
receptor for Sema3A, it appears that some unknown
mediator links this cytoskeleton-regulatory protein
with the intracellular domain of Plex-A1 or Plex-A2.

LIM kinase, which is known in other contexts to medi-
ate some of the effects of Rho kinase activation, appears
to be directly involved in actin filament depolymeriza-
tion during Sema3A-induced retraction of lamellipodia
and filopodia. LIM kinase is a cytosolic serine/threonine
kinase that phosphorylates and inactivates the actin-
depolymerizing factor cofilin. Both P21-activated
kinase (PAK) and Rho kinases phosphorylate threonine-
508 of LIM kinase and activate the kinase. Sema3A
sequentially induces phosphorylation and dephospho-
rylation of cofilin at growth cones of DRG neurons. A
synthetic cell-permeable peptide containing a cofilin
phosphorylation site has been shown to suppress
Sema3A-induced growth cone collapse by inhibiting
LIM kinase. Likewise, a dominant negative LIM kinase,
which cannot be activated by PAK or Rho, suppresses
the collapsing activity of Sema3A. Phosphorylation of
cofilin by LIM kinase thus may be a critical signaling
event in Sema3A-induced growth cone collapse (16).

Intracellular modulation of semaphorin 
signaling by CRMP
The chicken CRMP-62 molecule (also known as
CRMP-2) was cloned based on its ability to activate
functional responses to partially purified Sema3A in
a heterologous, Xenopus oocyte–based expression sys-
tem. This intracellular protein is required for
Sema3A-induced growth cone collapse (17). When
introduced into DRG neurons, antibodies directed
against CRMP-2 block Sema3A-induced growth cone
collapse without altering basal outgrowth. CRMP-2
shares homology with Caenorhabditis elegans protein
UNC-33. When UNC-33 is absent, nematodes move in
an uncoordinated fashion, consistent with a defect in
neuronal development. Indeed, although neuronal
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Figure 1
A phylogenic tree, showing the relationships between the vertebrate and
invertebrate homologs of the CRMP, including the dihydropyrimidinase
(DHPs) and UNC-33. Ce, C. elegans; Dm, Drosophila melanogaster.



cell bodies are formed normally in these mutants,
axon outgrowth is aberrant, perhaps as a result of
abnormalities in the form and number of micro-
tubules (18). The phenotypes of unc-33 nematodes
thus suggest that CRMP might be involved in regula-
tion of microtubule as well as actin reorganization.

CRMPs and their related proteins, TOAD (turn on after
division), Ulip (UNC-33–like protein), and DRP (dihy-
dropyrimidinase-related protein), have been identified
independently by several other groups (19). This gene
family comprises at least five members in rodents (Figure
1), including the recently identified murine protein
CRMP-5 (20) and its rat homolog, the CRMP-3–associ-
ated molecule (CRAM) (21). Most of the CRMPs are
expressed predominantly in developing neurons (19),
although CRMP-2 is also found in significant quantities
in the lung (22). Interestingly, the C. elegans homologs of
CRMPs are expressed in muscle and hypodermis cells as
well as neurons, suggesting non-neuronal function of
CRMPs in nematodes as well (23).

CRMP is extensively phosphorylated on serine residues
(19, 24). The kinases involved, as well as the identity of the
phosphorylated residues and the functional conse-
quences of serine modification, are unknown, but
CRMP-2 has been recently shown to be phosphorylated
on threonine-555 by the Rho-associated coil-forming
protein kinase (ROCK) (also known as ROK; ref. 25).
Threonine phosphorylation of CRMP-2 occurs in chick
DRG during lysophosphatidic acid–induced (LPA-
induced) growth cone collapse, a process that can be
blocked using a dominant negative form of ROCK. Inter-
estingly, this modification is not detected during
Sema3A-induced growth cone collapse, which is insensi-
tive to the dominant negative ROCK mutant, thus estab-
lishing that growth cone collapse can occur through
ROCK-dependent and -independent pathways. Con-
versely, a dominant negative mutant form of Rac1 blocks
Sema3A-induced but not LPA-induced growth cone col-
lapse (12). Although CRMP-2’s role in Sema3A-induced
growth cone collapse is still ill-defined, these findings
suggest that phosphorylation of CRMP-2 is responsible
for a ligand-dependent growth cone collapse.

CRMP-2 is also associated with a dramatic morpho-
logical change in cultured hippocampal neurons (26),
where increased CRMP-2 immunoreactivity is detected

in the growth cone and distal parts of growing axons.
In cultures transfected with CRMP-2, a majority of
CRMP-2–expressing neurons bear supernumerary
axons of different numbers. CRMP-2 also induces
axonal sprouting from established dendrites. This
effect is not seen in cells overexpressing the
∆C548–CRMP-2 mutant, which lacks the crucial
ROCK recognition site required for threonine phos-
phorylation of CRMP-2.

Semaphorin-induced growth cone 
collapse and axoplasmic transport
The similarity between CRMP and UNC-33 and the
microtubule phenotypes of unc-33 mutant nematodes
initially suggested that Sema3A might have some
effects on the axoplasmic transport system, in which
microtubules are known to act. We have found that
Sema3A, at a comparable dose to that required for
growth cone collapse, augments antero- and retro-
grade axoplasmic transport of organelles (27). Sema3A
induces axoplasmic transport via NP-1, the same
receptor that mediates growth cone collapse. A recom-
binant soluble form of NP-1 has been shown to block
Sema3A-induced axoplasmic transport; a function-
blocking anti–NP-1 antibody has a similar effect (4).
This physiological response to Sema3A appears to
occur independently of growth cone collapse, since
pertussis toxin, which inactivates the αi and αo sub-
units of trimeric G proteins, blocks Sema3A-induced
growth cone collapse (5) but does not affect Sema3A-
induced axoplasmic transport. Hence, NP-1 appears to
initiate distinct signal transduction cascades, leading
to growth cone collapse or facilitating axoplasmic
transport (Figure 2). In the growth cone, these two 
NP-1–dependent responses occur simultaneous-
ly. Sema3A also accelerates endocytosis at sites of 
NP-1/Plex-A1–F-actin colocalization during growth
cone collapse, implying that this semaphorin can alter
membrane dynamics to promote vesicular trafficking,
as well as actin-cytoskeletal reorganization (4, 27, 28).

Non-neuronal functions of semaphorin signaling
Although semaphorins and their receptors are recog-
nized for their roles in axon guidance, they are also
expressed in various non-neuronal organs and tissues
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Figure 2
Schematic representation of possible signal transduction
pathways triggered by Sema3A. This semaphorin binds a
complex containing the receptor proteins Plex-A1 and NP-1,
as well as other, still poorly characterized signal transducing
molecules. In neurons, some of the downstream events,
including reorganization of the actin cytoskeleton and the
consequent collapse of the axonal growth cone, are also influ-
enced by pertussis toxin–sensitive (PTX-sensitive) G proteins.
The CRMP appears to be central to several of the cellular
responses to Sema3A.



such as the heart, bone, kidney, intestine, and lung
(2–5). These molecules are proposed to act in lung
development (22, 29), angiogenesis (30, 31),
hematopoiesis, and endocrine regulation. Their abili-
ty to mediate cell contraction (8), adhesion, and migra-
tion (31, 32), as well as growth and differentiation,
establishes intriguing parallels with the invasive
growth phenotype discussed in the other articles in
this Perspective series, especially in light of the con-
served Sema domain that is found not only in sema-
phorins and plexins, but also in Met, a well-known
inducer of invasive growth (see Comoglio and Tru-
solino, this series, ref. 33). In addition, one transmem-
brane semaphorin has been implicated in the regula-
tion of immune function (34).

CD100, a class 4 semaphorin widely expressed 
in the immune system
The 150-kDa transmembrane protein CD100/Sema4D,
a member of the class 4 semaphorin subfamily, is the only
semaphorin member known to be expressed by normal
immunocytes, such as T and B lymphocytes, natural
killer cells, monocytes, and neutrophils (35). The CD100
cytoplasmic tail carries one site for tyrosine phosphory-
lation and multiple sites for serine/threonine phospho-
rylation. In addition, CD100, like other transmembrane
semaphorins, can be processed to a soluble form that
may be bioactive in its own right. CD100 release appears
to be mediated by metalloproteinases (36). In T cells, only
soluble CD100 dimers are produced, suggesting that
CD100 dimerization is required for proteolysis.

CD100-deficient mice show severe impairment of B
cell development and blunted humoral immune
responses (34). In addition, antibody cross-linking of
CD100 provides a proliferative signal to T cells in the
presence of submitogenic doses of anti-CD3 or anti-
CD2 antibodies, suggesting that CD100 is involved in
T cell activation. This semaphorin is associated with
CD45, a cell surface protein tyrosine phosphatase
(PTP), which is a key molecule in T cell receptor acti-
vation. Interestingly, CD100-associated CD45 PTP
activity increases upon T cell activation. Plex-B1 has
been suggested to be a high-affinity receptor for
CD100 in neuronal cells (9), but it is unknown
whether it plays such a role in the immune system.
Recently, CD72, a negative regulator of B cell respon-
siveness, has been identified as a putative CD100
receptor on lymphocytes (34). CD100 stimulation
induces tyrosine dephosphorylation of CD72 and dis-
sociation of SHP-1 from CD72.

Semaphorins and their receptors 
in the vascular system
NP-1 is also a receptor for a specific isoform of VEGF,
VEGF165 (37). VEGF is an important factor in the early
development of the vascular system and also plays an
essential role in tumor cell survival and proliferation
and in angiogenesis during embryogenesis (31, 32).
VEGF binds to two receptor tyrosine kinases, KDR/
Flk-1 and Flt-1. Coexpression of NP-1 with KDR
enhances the binding of VEGF165 to KDR and promotes

VEGF165-mediated chemotaxis. Conversely, inhibition
of VEGF165 binding to NP-1 prevents its binding to
KDR and blocks its mitogenic activity for endothelial
cells. Remarkably, VEGF165 stimulates, whereas Sema3A
inhibits, the motility of vascular endothelial cells
expressing NP-1 (31). Furthermore, Sema3A and
VEGF165 compete for NP-1 binding sites. These findings
indicate convergence of two different factors, sema-
phorin and VEGF, on a single receptor, NP-1.

Like NP-1, NP-2 has been detected in various tumor
tissues (30, 32) and has been proposed to promote
tumor angiogenesis and progression. Complexes con-
taining VEGF receptor-1 and one or both of the NP
proteins may be part of a cell membrane–associated sig-
naling complex for VEGF or other factors.

Lung development and semaphorin signaling
To explore a functional aspect of this system in a non-
neuronal tissue, we have examined the expression of
the semaphorins and their receptors in mouse lung
development (22, 29). Lung development requires cell
proliferation, migration, acquisition of cell polarity,
branching morphogenesis, and differentiation to var-
ious fetal cell types. Various molecules, semaphorins
among them, have been reported to work in concert
to integrate the responses of epithelial cells and mes-
enchymal cells during lung development. Interesting-
ly, several small cell lung cancer cell lines exhibit
homozygous deletion in the chromosomal region
3p21.3, where the genes for Sema3B and Sema3F are
found (29), raising the possibility that a defect in sem-
aphorin signaling contributes to tumor progression
in this organ. A recent report showed that patients
with high CRMP-1–expressing lung carcinomas
exhibited lower lymph node metastasis and better
prognosis, and that transfection of CRMP-1 into lung
carcinoma cells induced loss of F-actin–positive
filopodia and decreased invasive ability in matrigel
(38). It is also notable that CRMP-2 is expressed in
lung epithelial cells and neuroendocrine cells (22),
further strengthening the notion that the establish-
ment or maintenance of normal pulmonary structure
requires several players usually associated with neu-
ronal growth and morphogenesis.

Histochemical observation of adult and fetal mouse
lungs revealed distinct spatiotemporal expression pat-
terns of class 3 semaphorins and their receptors (22,
29) (Figure 3). In early pulmonary development
(embryonic days 11–13), Sema3A is expressed mainly
in the distal mesenchymal tissue, whereas Sema3C is
expressed mainly in the large airway epithelium, and
Sema3F is weakly expressed in both epithelial and
mesenchymal cells. At this stage, expression of the
receptors NP-1 and NP-2 is clearly coordinated with
that of their ligands: NP-1 in the epithelium is prefer-
entially localized to the terminal buds, adjacent to the
mesenchyme where Sema3A is strongly expressed; 
NP-2 expression likewise largely overlaps with that of
Sema3C. Later in gestation and after birth, expression
of NP-1 is detected in distal alveolar epithelia, as well
as in mesenchymal and endothelial cells. In addition,
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Sema3A is expressed in the terminal epithelial and
mesenchymal tissues. Sema3C and Sema3F are also
expressed in the distal developing epithelia in the mid-
dle of the lung developing period. These expression
profiles suggest that the semaphorin signaling helps
direct alveolar development, including the tightly
apposed capillary network, consistent with evidence
that semaphorins can participate in angiogenesis in
normal and tumor tissues (2, 30, 32).

By day 15, NP-2 expression is prominent in the bron-
chiolar epithelium and overlaps with the distribution
of Sema3A. NP-2 is also expressed in mesenchymal tis-
sues and vessels of the lung throughout the fetal peri-
od. Plex-A1, an additional component thought to
form functional receptor complex with NPs for
Sema3A, is diffusely expressed in epithelial and mes-
enchymal tissues in the early lung developmental peri-
od and is strongly expressed in the terminal epitheli-
um. The Plex-A1 expression pattern is similar to that
of Sema3F and NP-1.

Functional assays support the model that sema-
phorins contribute to lung development. Class 3 sem-
aphorins show dual effects on branching morphogen-
esis of the cultured fetal lung tissues in early lung
development (22, 29). Exogenous Sema3A inhibits
branching morphogenesis, while Sema3C and Sema3F
enhance it. These effects are probably mediated
through NP-1 and NP-2 or both, since the Sema3A-
dependent blockade of branching morphogenesis can
be overcome by providing soluble NP-1. Likewise, the
effects of Sema3C and Sema3F are blocked by either
soluble NP-1 or NP-2, which contain the entire extra-
cellular domains of NP-1 and NP-2 and bind with high
affinity to the corresponding semaphorins.

The mechanisms of positive or negative effects of the
class 3 semaphorins on the branching morphogenesis
are unclear, but it has been established that Sema3A
fails to block branching morphogenesis in NP-1–defi-
cient mice (22). Differences in the morphogenetic
effects may be explained by localized expression or

receptor usage, or by cell type–specific differences in
proliferative or migration responses. Cross-talk or com-
petition with other receptors may also contribute to the
functional differences among semaphorins. Thus,
Sema3A competes with VEGF165 and inhibits the
motility of endothelial cells (31). Sema3C could act as
a competitive antagonist for Sema3A by binding to 
NP-1 (5). Sema3F immunoreactivity is detected in the
pseudopods and in the leading edge of cultured human
lung carcinoma cells, suggesting a role for this sema-
phorin in cell motility (32). Sema3C and Sema3F, but
not Sema3A, activate cell proliferation in cultured lung
epithelia by promoting progression into S-phase.

Thus the regulated expression of class 3 semaphorins
and their receptors in the pulmonary epithelial and
alveolar cells suggests a role for these proteins in airway
development, most likely in branching morphogenesis,
as is found in tissue culture studies. However, because
many factors, such as FGF-10, sonic hedgehog, and
retinoic acid, regulate lung branching morphogenesis,
further studies are required to explore interactions
between semaphorins and other signaling systems in
controlling this aspect of lung development.

Conclusions
Our knowledge of the roles of semaphorins and their
receptors remains far from complete, but it appears
that interactions among these molecules provide a
basis for finely tuned signaling and intercellular cross-
talk during organogenesis. Exploration of the mecha-
nisms by which they mediate such responses should
illuminate the central processes of cell growth, migra-
tion, and gain and loss of cell polarity during develop-
ment and tumorigenesis.
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