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Introduction

Plexins are a large family of phylogenetically conserved guidance
receptors that play diverse roles in shaping neural circuits [1]. Plexin
signaling through semaphorins (Semas), another large family of
guidance molecules, was identified to mediate repulsive axon guidance
function during neural development [2]. Plexins are grouped into
four subfamilies (plexinA-plexinD), comprising two members in flies
(PlexA and PlexB) and nine members in vertebrates (PlxnA1-PlxnA4,
PlxnB1-PlxnB3, PlxnCl1 and PlxnD1) [3]. Semas are grouped into seven
classes and include five members (classes 1, 2 and 5) in flies and twenty
members (classes 3, 4, 5, 6 and 7) in vertebrates [4]. One common
characteristic of plexins and Semas is the presence of a semaphorin
(Sema) domain in the extracellular region [5-7]. These Sema domains
are responsible for most plexin-semaphorin interactions, mediating
signal transduction pathways downstream of the plexin receptors [5-
7]. A large number of members found in the plexin and semaphorin
families themselves can provide diverse guidance functions during
neural development. However, this number does not seem to be
sufficient to account for an overwhelming number of cellular processes
required for the development of complex patterns of neuronal wiring.
Therefore, one intriguing question is how a limited number of guidance
cue molecules regulate a much larger number of cellular events. A
growing body of evidence demonstrates several mechanisms, including
differential ligand regulation, combinatorial receptor codes, and forward
and reverse signaling, to explain how regulation of complex neural
circuits can occur with a limited number of guidance cue molecules.
Overlapping but distinct patterns of diversified plexin signaling are
also observed in the regulation of tumor growth and metastasis [8-10].
However, this topic is beyond the scope of the present commentary.

Differential Ligand Regulation

A single guidance cue receptor can be utilized to control distinct
axon pathfinding events of different neuronal types. One example is the
differential ligand regulation of PlexB signaling during the Drosophila
embryonic neural development [11]. PlexB functions as a receptor for
the secreted semaphorins Sema-2a and Sema-2b in both the embryonic
central nervous system (CNS) and the peripheral nervous system
[11-13]. Sema-2a and Sema-2b induce repulsive and attractive axon
guidance through the same receptor PlexB [11-13]. These opposing
guidance functions could be explained by differences in the amino
acid sequences of Sema-2a and Sema-2b (68% identity), leading to
differential interactions with PlexB [12]. Sema-2a and Sema-2b exert
opposite and mutually independent functions in the CNS, since Sema-
2a responsive axons appear to be different from Sema-2b-responsive
ones [12]. However, in the peripheral intersegmental nerve b (ISNb)
pathway, PlexB integrates opposing Sema-2a and Sema-2b guidance
cues in a mutually dependent manner, suggesting that the same ISNb
axons appear to respond to opposing guidance cues in a competitive
manner [11]. Furthermore, a different type of ligand regulation of PlexB
signaling is found in the peripheral segmental nerve a (SNa) pathway

[11]. Although Sema-2a and Sema-2b guidance functions contribute to
motor axon pathfinding in the SNa, PlexB-mediated target recognition
function observed in the SNa pathway appear to be independent of
Sema-2a and Sema-2b and requires the action of an unknown ligand
[11]. Taken together, these results illustrate that PlexB can expand
receptor signaling capacities through differential interactions with
multiple ligands, including Sema-2a and Sema-2b.

Combinatorial Receptor Codes

Single guidance receptor signaling can be diversified by differential
interactions with co-receptors. One well-known example is the gating
of the plexin response by neurophilin (Nrp) during the assembly of
vertebrate forebrain neuronal circuits [14]. The vertebrate class 3
secreted semaphorins (Sema3A to Sema3G) generally bind to a receptor
complex consisting of Nrps as ligand-binding components and plexins
as signal-transducing components [15,16]. Interestingly, in a subset of
coticofugal and striatonigral neurons, Sema3E directly interacts with
PlxnD1 rather than Nrpl, resulting in repulsive guidance [14,17]. This
is consistent with the fact that coticofugal and striatonigral neurons
express PlxnD1 but not Nrpl. However, in subiculo-mammillary
neurons, the formation of a specific PlxnD1 receptor complex with
co-receptors Nrpl and VEGFR2 switches from a repulsive to an
attractive response upon binding to Sema3E [14,18]. Recently some
other receptor tyrosine kinases were shown to be implicated in plexin
signaling. For example, the vertebrate PlxnB1 activation, which results
in axonal growth cone collapse, requires the receptor tyrosine kinase,
ErbB-2 [16,19,20]. Transmembrane Sema4D directly binds to PlxnB1
but not via Nrp, thereby stimulating the ErbB-2 tyrosine kinase activity
that subsequently leads to phosphorylation of both PlxnB1 and ErbB-
2 [16]. This finding is reminiscent of a previous observation that the
association between the Drosophila PlexA and the receptor tyrosine
kinase, Oft-track, mediates repulsive guidance function in embryonic
PNS axon path finding [21]. This co-receptor-based diversification
of single guidance receptor signaling is frequently observed in other
guidance cue molecules [22-25]. In addition, semaphorin-independent
plexin signaling and plexin-independent semaphorin signaling further
diversify their functions. For example, homophilic interaction of PlxnB3
in trans through the Sema domains stimulates neurite outgrowth of
cerebellar neurons [26]. In contrast, integrins were shown to mediate
Sema7A-induced axon outgrowth in a PlxnCl-independent manner
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[27]. Heparan and chondroitin sulfate proteoglycans also appear to
function as receptors for guidance cue molecules Sema5A and Sema3A
[28,29]. In conclusion, increasing the number of receptors and co-
receptors, and their combinations for a single ligand is a simple way of
diversifying single guidance receptor signaling.

Forward and Reverse Signaling

Plexins function not only as receptors for Semas (forward signaling
in plexin-bearing cells), but also as ligands for some transmembrane
Semas (reverse signaling in Sema-bearing cells). The Drosophila PlexA
appears to act as a ligand for the class 1 transmembrane semaphorin
Sema-1a in order to regulate the axon guidance of photoreceptor (R
cell) axons in the developing visual system [30]. However, it is not
clear whether PlexA-mediated forward signaling is also involved in the
regulation of R-cell axon guidance [30]. On the other hand, the receptor
function of PlexA via Sema-1la plays an important role in shaping
Drosophila neuromuscular connectivity, whereas embryonic CNS axon
guidance does require the PlexA receptor function but not Sema-1a as
a ligand for PlexA [31]. These results indicate that, instead of PlexA
bidirectional signaling, either forward or reverse signaling is utilized to
control distinct cellular processes in different types of neurons during
neural development. In contrast, the vertebrate plexins PlxnA1, PlxnA2
and PlxnA4 were shown to mediate forward and/or reverse signaling
[32-35]. Some vertebrate class 6 semaphorins including Sema6A,
Sema6B and Sema6D, which are structurally and phylogenetically
related to the transmembrane Sema-1a [36], function as both ligands
and receptors for their cognate partners in this bidirectional signaling.
PlxnA1/Sema6D-mediated bidirectional signaling was first identified in
cardiac chamber formation [35]. This bidirectional signaling contributes
to the circumferential migration of myocardial cells, while forward and
reverse signaling is required for perpendicular migration of myocardial
cells and inhibition of endocardium migration, respectively [35].

Recent studies also showed that PlxnA2/A4/Sema6A-mediated
bidirectional signaling plays an essential role in the vertebrate visual
circuit assembly [34,37]. PlxnA2/Sema6A forward signaling acts
as a repulsive guidance cue to regulate dendritic arborizations and
stratification of starburst amacrine cell in the mouse retina [37].
In contrast, PlxnA2/A4/Sema6A reverse signaling functions as an
attractive guidance cue to control the functional assembly of accessory
optical system circuits [34]. In a separate study using primary
neurons, PlxnA2/Sema6A reverse signaling was also shown to regulate
neuronal morphology in vitro [33]. Another study in chick spinal
cord commissural neurons demonstrates that PlxnA2/Sema6B reverse
signaling is required for post-crossing commissural axon guidance
[32]. The functional roles of Plexin/Sema-mediated bidirectional
signaling during neural development appear to be independent, in
most cases, except for PlxnAl/Sema6D bidirectional signaling in
cardiac development. This indicates non-overlapping expression
patterns of plexins and semaphorin proteins. Frequent gain and loss of
gene expression occur through evolutionary changes in cis-regulatory
elements [38]. Therefore, the seemingly independent mode of regulation
for plexin forward and reverse signaling may provide another simple
way to expand guidance cue signaling capacities in different neuronal

types.
Conclusion

Babies are born with approximately 20 billion neocortical neurons
[39]. Precise neuronal connections through axons and dendrites are
responsible for the functional assembly of complex neural circuits
and normal nervous system functions. Axon guidance molecules are

key players in the establishment of neuronal circuits. However, the
number of axon guidance molecules present in our genome is much
smaller than the number of axon guidance requirements to regulate
complex neural circuits. Here I outline three main mechanisms
underlying the diversification of plexin signaling to account for how
a limited number of guidance cue molecules generate a much larger
number of axon guidance events. Further studies on differential ligand
regulation, combinatorial receptor codes, and bidirectional signaling
will be helpful for a better understanding of molecular mechanisms that
regulate neuronal connections. Furthermore, knowledge of diversified
plexin signaling, which relies on specific protein interactions between
semaphorins, plexins and their co-receptors, can be applied to drug
development for the treatment of various diseases including central
nervous system injury and cancer [9]. Indeed, the administration of
small-molecule drugs that interfere with semaphorin/plexin signaling
shows preventive or therapeutic effects in preclinical experimental
models of disease [9].
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