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Abstract. Axon guidance represents a key stage in the
formation of neuronal network. Axons are guided by a va-
riety of guidance factors, such as semaphorins, ephrins
and netrin. Plexins function as receptors for the repulsive
axonal guidance molecules semaphorins. Intracellular
domains of plexins are responsible for initiating cellular
signal transduction inducing axon repulsion. Recent ad-
vances have revealed molecular mechanisms for plexin-
mediated cytoskeletal reorganization, leading to repul-
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sive responses, and small GTPases play important roles 
in this signaling. Plexin-B1 activates Rho through Rho-
specific guanine nucleotide exchange factors, leading 
to neurite retraction. Plexin-B1 possesses an intrinsic 
GTPase-activating protein activity for R-Ras and induces
growth cone collapse through R-Ras inactivation. In this
review we survey current understanding of the signaling
mechanisms of plexins.
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Introduction

Neurons form a complex network to function properly.
Formation of this network includes many steps: neuronal
migration to proper regions, neurite outgrowth, forma-
tion of polarity, guidance of axons and dendrites to proper
targets, dendritic maturation and synapse formation with
appropriate partners. Among them, axon guidance is one
of the critical steps for the proper formation of a neuronal
network. During development of the nervous system, ax-
ons are guided to their proper targets by sensing a variety
of extracellular cues in the local environment. Neuronal
growth cones, located at the tip of the growing axon, are
highly motile structures that respond to guidance cues by
selectively altering the stability of the actin cytoskeleton
and microtubules.
Biochemical and genetic studies have revealed a variety
of families of axon guidance molecules, including
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netrins, slits, semaphorins and ephrins [1]. These guid-
ance molecules bind to their specific receptors expressed
in the growth cones of neurons and steer axons by reg-
ulating cytoskeletal reorganization in the growth cones.
Guidance molecules are expressed in various regions 
of the brain, and neurons expressing specific receptors
recognize these molecules and correctly project their ax-
ons to target cells according to the guiding map of guid-
ance molecules. Axon guidance molecules are catego-
rized into two groups, attractive and repulsive cues,
based on the direction of response: axons move toward
the source of attractive cues and avoid the source of re-
pulsive cues. Netrins are attractive guidance molecules,
while slits, semaphorins and ephrins belong to repulsive
cues. However, netrins and semaphorins are bifunctional
and can act as axon attractants. Receptors for these guid-
ance molecules have been also identified, and DCC and
UNC-5, robos, plexins and neuropilins, and Ephs are re-
ceptors for netrins, slits, semaphorins and ephrins, re-
spectively.



Semaphorins and plexins

Semaphorins are a large family of secreted or membrane-
bound proteins [2], which have been shown to regulate
axonal pathfinding during the development of the ner-
vous system [3, 4]. To date, more than 20 semaphorins
have been identified, and they are now classified into
eight subclasses on the basis of sequence similarity and
distinctive features [2]. Classes 1 and 2 are invertebrate
semaphorins, classes 3 through 7 are vertebrate sema-
phorins, and class V are viral-encoded semaphorins,
found in the genome of non-neurotrophic DNA viruses.
Among them, classes 1, 4, 5 and 6 are transmembrane
molecules, and class 7 is a membrane-associated form
through a glycosylphosphatidylinositol-anchor motif. On
the other hand, classes 2, 3 and V are secreted proteins. A
distinctive protein module of about 500 amino acids,
called the sema domain, characterizes all semaphorins,
and this domain is located in amino (N)-terminal regions.
Sema domains are also found in the extracellular regions
of plexins, semaphorin receptors. In contrast, the car-
boxyl (C) regions of semaphorins are more variable, and
some of them have immunoglobulin-like loops. Classes 3
and 4 semaphorins are homodimerized through cysteine
disulfide bonds, and dimerization appears to be critical
for their physiological function [5]. In the case of
Sema4D, membrane-bound Sema4D is proteolytically
cleaved into a soluble form, although it remains unclear
whether the transmembrane-type Sema4D requires con-
version into a soluble form to exert its functions [6]. The
function of semaphorins is mediated by plexins, and
mammalian plexins are classified into four subfamilies:
Plexin-A1–4, Plexin-B1–3, Plexin-C1 and Plexin-D1
[7]. Neuropilins, neuropilin-1 and neuropilin-2, are an-
other type of receptor and were initially identified as di-
rect binding receptors for class 3 semaphorins [8]. How-
ever, neuropilins have very short cytoplasmic tails, and
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they alone have no ability to transduce the signals 
of Sema3. Neuropilins form complexes with Plexin-As,
and associated Plexin-As are signaling moieties. Classifi-
cation of semaphorins and their receptors are listed 
in table 1.
Among class 3 semaphorins, Sema3A has been exten-
sively studied. Sema3A shows repulsive effects on axons
of dorsal root ganglion (DRG), sympathetic ganglion,
spinal motoneurons, cerebral cortical neurons and hip-
pocampal neurons [2]. Sema3A also inhibits migration of
neural crest cells at early developmental stages [7].
Sema3A binds to neuropilin-1/Plexin-A complex and in-
duces repulsive responses. On the other hand, Sema3F
binds to neuropilin-2/Plexin-A, and has been shown to in-
duce pruning of hippocampal mossy fibers [9]. In con-
trast to class 3 semaphorins, transmembrane-type
Sema6D directly binds to Plexin-A1 and inhibits endo-
cardial cell migration [10]. Interestingly, Sema6D pro-
vides reverse signaling, enhancing the migration of
Sema6D-expressing myocardial cells into the trabeculae
[11]. Among class 4 semaphorins, Sema4D/CD100 has
been extensively investigated [12]. Sema4D is a trans-
membrane protein and utilizes Plexin-B1 and CD72 as
receptors. Plexin-B1 is expressed in chick retinal gan-
glion neurons and hippocampal neurons, while Sema4D
is expressed in oligodendrocytes throughout the central
nervous system (CNS) white matter, with a peak during
the myelination period [13]. Sema4D induces growth
cone collapse in hippocampal neurons and neurite retrac-
tion in PC12 cells [14, 15]. Sema5A is also a transmem-
brane semaphorin, and Plexin-B3 is a specific and func-
tional receptor for Sema5A [16]. Sema5A is expressed in
oligodendrocytes and their precursors, and it induces
growth cone collapse of retinal ganglion cells, probably
through Plexin-B3 [17]. Sema7A was originally identi-
fied to bind to Plexin-C1 in vitro. In contrast to other
semaphorins, Sema7A has been shown to promote out-

Table 1. Specificity of semaphorin receptor interactions.

Classes Semaphorins Forms Receptors

1 Sema-1a, 1b transmembrane Plexin-A
2 Sema-2a secreted ?
3 Sema3A, B, C, D, E, F secreted neuropilin/Plexin-A

Sema3A secreted neuropilin-1/Plexin-A
Sema3F secreted neuropilin-2/Plexin-A
Sema3C secreted neuropilin /Plexin-D1
Sema3E secreted Plexin-D1

4 Sema4A transmembrare Tim-2
Sema4D transmembrane Plexin-B1, CD72

5 Sema5A transmembrane Plexin-B3
6 Sema6D transmembrane Plexin-A1
7 Sema7A GPI-anchor Plexin-C1, b1-integrin
V Sema VA secreted Plexin-C1

Semaphorins exist as secreted, transmembrane or GPI-anchored form shown above. Expression of Tim-2 and CD72, receptors for class 4
semaphorins, is restricted in hematopoietic cells.



growth of central and peripheral axons through integrin
activation independent of Plexin-C1 [18]. Plexin-D1 has
been shown to be expressed in vascular endothelial cells
and regulate proper blood vessel pathfinding probably
through Sema3C binding to neuropilins/Plexin-D1 [19,
20]. Therefore, semaphorins exert a variety of biological
functions through either direct binding to plexins or bind-
ing to neuropilin/plexins complexes.

Signaling pathways of Plexin-A

Guidance molecules, including semaphorins, direct
growth cone migration by regulating cytoskeletal reorga-
nization [1]. One of the key regulators of cytoskeletal dy-
namics in neurons is small GTPases of the Rho family
[21, 22]. Like other small GTPases, the Rho family GT-
Pases serve as molecular switches by cycling between an
inactive GDP-bound state and an active GTP-bound state,
and once activated, they can interact with their specific
effectors, leading to a variety of biological functions. Ac-
tivation of the Rho family GTPases requires GDP-GTP
exchange catalyzed by various guanine nucleotide ex-
change factors (GEFs) in response to a variety of extra-
cellular stimuli, and their activation is turned off by GT-
Pase-activating proteins (GAPs), which stimulate the in-
trinsic GTPase activities of the G proteins. Extracellular
stimuli regulate activities of Rho family GTPases through
control of either GEFs or GAPs. Presently, at least 20 ma-
malian Rho family GTPases have been identified: Rho
(A, B and C), Rac (1, 2 and 3), Cdc42, RhoD, RhoG,
RhoH/TTF, TC10 and Rnd (1, 2 and 3). Among them, the
functions of Rho, Rac and Cdc42 have been characterized
extensively, and they are known to induce stress fibers,
lamellipodia and filopodia in fibroblasts, respectively
[23]. In neurons, Rac and Cdc42 stimulate extension of
lamellipodia and filopodia at advancing growth cones,
respectively [24], whereas Rho triggers growth cone col-
lapse and neurite retraction [25]. In addition to these well-
characterized Rho family GTPases, other members, in-
cluding RhoG [26, 27], Rnd [28, 29] and TC10 [30], have
been shown to play important roles in neuronal network
formation.
Sema3A-induced growth cone collapse has been shown
to require Rac1 activity in DRG neurons and spinal mo-
toneurons [31, 32]. The active form of Rac1 directly
binds to Plexin-A1, and its binding site in the cytoplasmic
tail of Plexin-A1 is located in the region between C1 and
C2, which are highly conserved among all plexin families
[33]. Seam3A was shown to activate Rac1, but its activa-
tion mechanism is unclear. Requirement of Rac1 activity
for the Sema3A-mediated repulsive response is a surpris-
ing result because Rac1 is usually associated with mem-
brane protrusions as mentioned above. Concerning the
role of Rac1 in Sema3A signaling, it was reported that

Rac1 is required for Sema3A-mediated endocytosis of
the growth cone plasma membranes and reorganization
of F-acin in DRG neurons [34]. Endocytosis of plasma
membranes is supposed to be an important step for
growth cone collapse. Sema3A-induced Rac1 activation
may drive endocytosis of the plasma membranes instead
of membrane protrusions, resulting in growth cone col-
lapse.
As shown in figure 1, tyrosine phosphorylation is in-
volved in Sema3A signaling, and Fes/Fps tyrosine kinase
has been implicated in Sema3A-induced collapse [35].
Fes/Fps is a non-receptor-type tyrosine kinase and di-
rectly binds to the cytoplasmic region of Plexin-A1. In
the resting state, neuropilin associates with Plexin-A1
and blocks the binding of Fes/Fps to Plexin-A1. Sema3A
binding to neuropilin permits Fes/Fps to associate with
and phosphorylate Plexin-A1. This tyrosine phosphoryla-
tion stimulates repulsive action in the receptor. Collapsin
response mediator protein 2 (CRMP2) was originally
identified as an intracellular signaling molecule of
Sema3A [36]. CRAM was identified as another member
of CRMPs and was shown to associate with CRMP2,
forming a CRMP2/CRAM complex [37]. Fes/Fps also ty-
rosine-phosphorylates CRMP2/CRAM complex as well
as Plexin-A1. In addition to Fes/Fps, another kinase sig-
naling is involved in Sema3A-mediated repulsive re-
sponse. Fyn, a members of the Src family of tyrosine ki-
nases, associates with and phosphorylates Plexin-A2 in
response to Sema3A [38]. Furthermore, serine/threonine
kinase Cdk5 associates with Plexin-A2 and is activated
through Sema3A-mediated Fyn; activated Cdk5 phos-
phorylates CRMP2. Another Ser/Thr kinase, GSK3b,
also phosphorylates CRMP2, and the phosphorylation of
CRMP2 by both Cdk5 and GSK3b is essential for
Sema3A-induced growth cone collapse [39, 40]. The ac-
tivation of Fyn, Cdk5 and GSK3b is involved in Sema3A
signaling. CRMP2 binds to tubulin heterodimers, pro-
moting microtubule assembly [41]. It is plausible that
phosphorylation of CRMP2 regulates interaction of
CRMP2 with tubulin. Actually, phosphorylation of
CRMP2 by Rho-kinase has been shown to reduce associ-
ation of CRMP2 with tubulin [42]. Gdk5 and GSK3b
may thus participate in Sema3A signaling through regu-
lation of microtubule dynamics by phosphorylation of
CRMP2.
An increasing number of molecules interacting with in-
tracellular region of Plexin-A have been identified.
Among them, MICAL is a unique molecule. MICAL is a
flavoprotein oxidoreductase that binds to the C2 domain
of Plexin-A in Drosophila [43]. MICAL is involved in
Sema-1a-Plexin-A-mediated repulsive axon guidance in
Drosophila, and its oxidoreductase activity is required for
the action of MICAL. Recently, it was shown that
Sema3A stimulates synthesis of 12(S)-hydroxyeicosate-
traenoic acid (HETE); inhibition of this synthesis pre-
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vents Sema3A-induced growth cone collapse, and 12(S)-
HETE mimics Sema3A-induced collapse [44], suggest-
ing the involvement of redox reactions in Sema3A sig-
naling. Flavoprotein oxidoreductases catalyze the oxida-
tion of a variety of substrates and generate reactive
oxygen. Although the substrate of MICAL is not identi-
fied, redox regulation by MICAL may regulate the
Sema3A-induced repulsive response.

Rho family GTPases in Plexin-B signaling

Rho family GTPases are also thought to be required for
Plexin-B signaling. Three groups have shown that active
Rac1 directly binds to Plexin-B1, the Sema4D receptor,
in non-neuronal cells, while neither Rho nor Cdc42 bind
to the receptor [45–47]. The binding site of active Rac1
is the Cdc42/Rac interactive binding (CRIB)-like domain
located between C1 and C2 in the cytoplasmic tail of
Plexin-B1 [46]. However, receptor activation does not
show lamellipodia formation, a Rac activation pheno-
type, but instead induces stress fiber formation, a Rho ac-
tivation phenotype, in fibroblasts, suggesting that Plexin-
B1 action is mediated by Rho activation but not by Rac
activation [47]. In Drosophila, Plexin-B was shown to
suppress Rac activity by sequestering active Rac from its

downstream effector p21-activated kinase (PAK), induc-
ing repulsion [48]. Sequestration of active Rac by Plexin-
B1 from PAK was also reported in mammalian cells [49].
Inhibition of Rac-mediated PAK activation by Plexin-B
may suppress Rac-induced membrane protrusions, sup-
porting the repulsive response. Furthermore, active Rac
was shown to stimulate the localization of Plexin-B1 to
the cell surface, enhancing Sema4D binding to the recep-
tor in COS-7 cells [49]. Thus, signaling Rac and Plexin-
B1 appears to be bidirectional; Rac modulates Plexin-B1
activity, and Plexin-B1 modulates Rac function.
As mentioned above, Plexin-B1 signaling has been sug-
gested to involve Rho activation. Among Plexin families,
the Plexin-B subfamily has a PSD-95/Dlg/ZO-1 (PDZ)
domain-binding motif at the C terminus. Recent studies
indicate that Plexin-B1 directly interacts with two Rho
GEF-containing PDZ domains, PDZ-RhoGEF and
leukemia-associated Rho GEF (LARG), through the C-
terminal PDZ binding motif [14, 15, 50–52]. They have
PDZ domains at the N-terminal region and are members
of the RGS-RhoGEF family, which has G12-family bind-
ing domains and specifically activates Rho through G12-
family binding [53]. Activation of Plexin-B1 regulates the
activity of PDZ-RhoGEF/LARG, leading to activation of
Rho, and this Rho activation is involved in Plexin-B1-in-
duced growth cone collapse and neurite retraction (fig. 2).
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Figure 1. Models for Plexin-A signal transduction. (A) In Drosophila, Sema-1a directly binds to Plexin-A. A novel protein MICAL directly
associates with the C2 domain of Plexin-A and is required for Plexin-A signaling. MICAL is a flavoprotein oxidoreductase, but its sub-
strate is unknown. On the other hand, Nervy and PKA antagonize the repulsion. (B) In vertebrates, Sema3A binds to neuropilin-1, which
associates with Plexin-A, and Plexin-A transduces repulsive signals in neurons. Several tyrosine and serine/threonine protein kinases, in-
cluding Fes/Fps, Fyn, Cdk5 and GSK3b, are activated by Sema3A, and eventual phosphorylation of CRMP-2 is involved in Sema3A-in-
duced growth cone collapse.
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Furthermore, it was shown that Sema4D/Plexin-B1-in-
duced growth cone collapse is inhibited by an inhibitor of
Rho-kinase, a well-studied Rho effector [14]. Rho-kinase
is known to phosphorylate the myosin-binding subunit of
myosin phosphatase and myosin light chain, causing con-
traction of actomyosin [54]. Rho-kinase is located in the
growth cones of neurites, which are rich in F-actin and
myosin. When growth cones extend forward, actin poly-
merization is stimulated toward their leading edges, and
the pulling action of myosin induces retrograde flow of
actin filaments toward the cell interior. The activation of
myosin by Rho-kinase and resultant contraction of acto-
myosin trigger promotion of retrograde flow of actin fila-
ments, causing neurite retraction or growth cone collapse.
In addition to Rac1, another Rho family GTPase, Rnd1,
has been shown to bind to Plexin-B1 [55]. Rnd1 is a
member of a new branch of Rho family GTPases and
mainly expressed in brain [56]. Unlike other Rho family
GTPases, Rnd1 possesses very low intrinsic GTPase ac-
tivity and constitutively binds to GTP, indicating that it is
constitutively active. Rnd1 is strongly expressed in neu-
rons, including cortical and hippocampal pyramidal neu-
rons, during the early postnatal period. Rnd1 binds di-
rectly to the CRIB-like domain of the cytoplasmic tail of
Plexin-B1. The Rnd1-Plexin-B1 complex is stable and
constitutive regardless of ligand interaction. Rnd1 bind-
ing to Plexin-B1 promotes association of PDZ-RhoGEF

with Plexin-B1 and potentiates RhoA activation, induc-
ing cell contraction in COS-7 cells. In addition, Rnd1 was
shown to promote translocation of Plexin-B1 to the cell
surface [57]. Therefore, Rnd1 is a very important regula-
tor in Plexin-B1 signaling.

R-Ras GAP activity of Plexin-B1

Plexin-B1 activates Rho through association of PDZ-
RhoGEF with the C-terminal PDZ-binding motif of
Plexin-B1 and induces contraction. However, among the
entire plexin family, the C-terminal PDZ-binding motif 
is found only in the Plexin-B subfamily, and it is not
found in invertebrate Plexin-B. Thus it is unlikely that
PDZ-RhoGEF-mediated Rho activation is a common sig-
naling pathway for the plexin family. Meanwhile, the cy-
toplasmic tails of plexins show weak sequence similarity
to GAPs for small GTPases [58]. This homology has sug-
gested that plexins act as GAPs for small GTPases, inac-
tivating G proteins. However, the GAP activities of plex-
ins have not been demonstrated, and the significance of
this similarity has been unclear.
The increasing number of GAPs for small GTPases, in-
cluding Ras and Rho families, has been identified, and
structural features of a variety of GAPs have been exten-
sively studied [59]. Catalytic domains of GAPs for small
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Figure 2. Model for signal transduction of Rho activation by Plexin-B1. The C-terminal tail of Plexin-B1 has a PDZ binding motif, and
stably associates with Rho-specific GEFs, PDZ-RhoGEF and LARG through this motif. Rnd1 binding to the cytoplasmic tail of Plexin-B1
may improve the association of PDZ-RhoGEF with Plexin-B1, and Sema4D stimulates RhoA activation through PDZ-RhoGEF, inducing
a repulsive response.



GTPases contain two highly conserved motifs consisting
of an Arg residue, primary Arg motif and secondary
Arg/Lys motif (fig. 3). Arg (Ras GAP) or Lys (Rho GAP)
in the secondary motif stabilizes Arg in the finger loop of
the primary Arg motif, and this bridge of Arg motifs con-
tacts GTP bound to small GTPases. When these invariant
Arg residues are mutated to Ala, this mutation results in
loss of GAP activity. Plexins have two subdomains, C1
and C2, showing sequence homology to GAPs for small
GTPases within the cytoplasmic tail, and C1 and C2 do-
mains contain primary and secondary Arg motifs, respec-
tively [45]. On the other hand, the Rnd1 binding site in the
cytoplasmic tail of Plexin-B1 is located in the linker re-
gion between C1 and C2, as mentioned above. Thus, the
Rnd1 binding site splits two Arg motifs of the GAP do-
main of Plexin-B1. Recently, it was shown that Rnd1-as-
sociated Plexin-B1 binds to GTP-bound R-Ras, and this
binding requires Rnd1 [60]. This interaction is specific
for R-Ras, and the Rnd1-associated Plexin-B1 binds nei-
ther to H-Ras nor to the Rho family. Plexin-B1 not only
binds to GTP-bound R-Ras but also stimulates its intrin-
sic GTPase activity in vitro and in vivo in response to
Sema4D, and this GAP activity for R-Ras requires Rnd1
association with Plexin-B1. Therefore, the C1 and C2 do-
mains of the C-terminal tail in Plexin-B1 encode GAP for
R-Ras. Expression of a constitutively active R-Ras, R-
Ras-QL, or knockdown of endogenous Rnd1 by Rnd1-
specific small interfering RNA (siRNA) suppresses
Sema4D-induced growth cone collapse in hippocampal
neurons, while knockdown of endogenous R-Ras by R-

Ras-specific siRNA causes Sema4D-independent growth
cone collapse. Thus, downregulation of R-Ras is essential
for Sema4D-induced collapse response, and Plexin-B1
displays R-Ras GAP activity, leading to a repulsive re-
sponse.
R-Ras GAP domain is conserved throughout the Plexin
family, and thus it is speculated that R-Ras GAP activity
plays an important role in other Plexin signaling. In addi-
tion to Plexin-B1, Rnd1 binds to Plexin-A1 and is re-
quired for Sema3A-Plexin-A1-mediated repulsion [45,
61]. Expression of R-Ras-QL also suppresses Sema3A-
induced growth cone collapse in hippocampal neurons,
indicating that downregulation of R-Ras activity is re-
quired for the Sema3A-Plexin-A-mediated repulsive re-
sponse [60]. R-Ras has been shown to play a key role in
cell adhesion and its activation is known to promote cell
adhesion, and neurite outgrowth through integrin activa-
tion [62–64]. Sema3A and Sema4D have been reported
to inhibit integrin-mediated cell adhesion and migration
[65–67]. Therefore, downregulation of R-Ras activity by
plexins may suppress integrin activation and therby re-
duce cell adhesiveness, leading to growth cone collapse
and neurite retraction. Considering that R-Ras GAP do-
mains are well conserved among different plexin sub-
families, direct regulation of R-Ras activity by plexins is
likely to be a major signaling pathway for cellular func-
tions mediated by semaphorins.
Molecular mechanisms for stimulation of Plexin-B1 R-
Ras GAP activity have been studied [68]. Both Rnd1
binding to Plexin-B1 and Sema4D stimulation are indis-
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Figure 3. Structure of the complex of catalytic domains of GAPs and the Ras and Rho family of small GTPases. The primary Arg motif is
stabilized by the secondary Arg/Lys motif, and the Arg residue of the primary motif interacts with the phosphate group of GTP bound to
small GTPases.



pensable for this activity (fig. 4). In the absence of Rnd1,
C1 and C2 domains interact intramolecularly with each
other, rendering the receptor inactive for R-Ras GAP ac-
tivity. Rnd1 binding to the region between C1 and C2 do-
mains disrupts the interaction of C1 and C2 domains, in-
dicating that Rnd1 relieves the closed conformation of
the cytoplasmic tail of Plexin-B1. This Rnd1-bound open
conformation acquires an ability to associate with GTP-
bound R-Ras. The Rnd1-Plexin-B1 complex can hold the
GTP-bound R-Ras but not promote GTPase activity.
Sema4D is homodimerized through cysteine disulfide
bonds [12]. Sema4D ligand binding to Plexin-B1 induces
clustering of the Rnd1-bound monomeric receptor, and
this clustering triggers the hydrolysis of GTP on R-Ras.
Therefore, GAP activation of Plexin-B1 consists of two
steps, interaction with GTP-bound R-Ras and promotion
of GTP hydrolysis by R-Ras; the former is stimulated by
Rnd1, and the latter is a process induced by the clustering
by Sema4D. A variety of GAPs for Ras family GTPases
have been identified so far, and their GAP domains usu-
ally show high basal activity [69]. Regulation of GAP ac-
tivity is mediated by interaction with other molecules or
receptors via various domains of GAPs, such as SH2 and
SH3. Considering the lack of basal R-Ras GAP activity
of Plexin-B1, regulation of R-Ras activity of Plexin-B1
by Rnd1 and clustering is a novel mechanism. In addition

to Plexin-B1, interaction of C1 and C2 domains has also
been reported in Plexin-A1 [33]. Sema3A induces the ag-
gregation of Plexin-A on dorsal root ganglion growth
cones [65]. Considering Rnd1 binding to Plexin-A1 and
the requirement of downregulation of R-Ras activity for
Sema3A action, Plexin-A may exert its function via an R-
Ras GAP function regulated by Rnd1 and receptor clus-
tering similar to that of Plexin-B1.

Concluding remarks

Here we have summarized recent advances in our under-
standing of the molecular mechanism for axon guidance
mediated by the plexin family. Identifying various mole-
cules involved in plexin signal transduction pathways
provided a good understanding of the molecular mecha-
nisms for plexin family-mediated axon guidance and neu-
ronal network formation. Most semaphorins display re-
pulsive effects on axons through the plexin family. How-
ever, semaphorin-mediated repulsive responses can be
converted to attractive responses by cyclic nucleotides,
and cyclic nucleotide-dependent conversions in re-
sponses are observed in a variety of guidance cues [70].
Recently, Nervy, an A-kinase anchoring protein, was
shown to couple Plexin-A to protein kinase A (PKA),
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Figure 4. Model for signal transduction of the Sema4D-Plexin-B1/Rnd1 complex through R-Ras GAP activity. The C1 and C2 domains
of the cytoplasmic tail of Plexin-B1 encode R-Ras GAP. The C1 and C2 domains interact with each other, and Rnd1 binding to the region
between C1 and C2 domains disrupts this interaction, allowing the receptor to associate with GTP-bound R-Ras. Sema4D-induced clus-
tering of the Plexin-B1/Rnd1 complex promotes the hydrolysis of GTP by R-Ras. Downregulation of R-Ras activity reduces cell adhesion,
leading to growth cone collapse.



modulating Sema-1a repulsion in Drosophila [71]. In
contrast to its repulsive effect on axons, Sema3A acts as
a chemoattractant for cortical apical dendrites, and this
effect requires guanylate cyclase [72]. Modulation by
cyclic nucleotides may provide a mechanism for integrat-
ing diverse signaling inputs into the complex wiring of
the nervous system. In addition to axon and dendrite
guidance, the plexin family controls cell adhesion and
migration in a variety of cells, participating in regulation
of the immune response, angiogenesis and cancer [73].
Thus plexins are important receptors in a wide range of
cellular functions. Future research will undoubtedly re-
veal the entire picture of signaling cascades of plexins for
their diverse functions.
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