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PREFACE

Since the identification of the first two semaphorins in the early 1990s, Sema-
la (Fasciclin IV) and Sema3A (collapsin), more than 25 semaphorin genes have
been described. Although originally identified as repulsive guidance signals for ex-
tending axons, these secreted and membrane-associated glycoproteins are extremely
pleiotropic, and many serve diverse roles unrelated to axon guidance. These include
multiple distinct roles within a given biological system or tissue, including axon
guidance, cell migration and neuronal apoptosis in the nervous system, and also
parallel functions in seemingly disparate systems, such as cell migration in the ner-
vous, cardiovascular and immune systems. Our knowledge of the cellular actions of
semaphorin family members has advanced significantly over the past several years,
and the receptors and intracellular signaling mechanisms that underlie semaphorin
function are being unveiled at a rapid pace.

Although plexins are the predominant family of semaphorin receptors, mul-
tiple (co-)receptor proteins function in several semaphorin signaling events. A uni-
fying principle that defines the function of high-affinity semaphorin receptors char-
acterized to date is their multimeric character. Unrelated receptor proteins with distinct
functions (e.g., ligand-binding, signal-transducing, modulatory) are assembled into
large holoreceptor complexes to detect and respond to semaphorin proteins present
in the extracellular space. There is a growing appreciation that the composition of a
semaphorin receptor complex not only determines ligand specificity and sensitivity
but also dictates the functional outcome of a ligand-receptor interaction. For ex-
ample, a semaphorin receptor complex may trigger attractive or repulsive cell mi-
gration events in response to the same semaphorin ligand depending on the pres-
ence or absence of certain co-receptor proteins.

Recent semaphorin research is characterized by an impressive effort to deci-
pher the intracellular signal transduction networks downstream of semaphorins and
their receptors. An ever-increasing number of cytosolic signaling molecules is be-
ing implicated in semaphorin signaling, and common principles begin to emerge
that underlie the molecular basis of semaphorin function. Activation of small
GTPases, and phosphorylation of both receptors and intracellular effector proteins,
are crucial for semaphorin-mediated effects. In addition, recent evidence suggests
the involvement of less well-known modulatory mechanisms, such as redox signal-
ing and local protein synthesis.



The chapters included in this book are intended to provide a representative
survey of recent progress on research devoted to semaphorins with an emphasis on
receptor and intracellular signaling mechanisms. The first four chapters address sev-
eral of the key families of cytosolic signaling cues implicated in semaphorin signal-
ing (including CRMPs, small GTPases, protein kinases, and MICALSs). The follow-
ing three chapters cover the intracellular and extracellular factors that modulate
semaphorin signaling (various cytosolic cues, Ig superfamily cell adhesion mol-
ecules, and proteoglycans). Finally, the last four chapters review recent progress in
our understanding of how semaphorin signaling pathways may contribute to the
development and disease of specific biological systems.

It is likely that work on semaphorin function such as outlined in this book will
continue to advance our understanding of key regulator influences on cellular mor-
phology, and that these studies will serve as a model for the complex and elaborate
cellular and molecular functions of all major families of guidance cues.

R. Jeroen Pasterkamp
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CHAPTER 1

The CRMP Family of Proteins
and Their Role in Sema3A Signaling

Eric F. Schmidt and Stephen M. Strittmatter*

Abstract
he CRMP proteins were originally identified as mediators of Sema3A signaling and
neuronal differentiation. Much has been learned about the mechanism by which CRMPs
regulate cellular responses to Sema3A. In this review, the evidence for CRMP as a
component of the Sema3A signaling cascade and the modulation of CRMP by plexin and
phosphorylation are considered. In addition, current knowledge of the function of CRMP ina
variety of cellular processes, including regulation of the cytoskeleton and endocytosis, is dis-
cussed in relationship to the mechanisms of axonal growth cone Sema3A response.

The secreted protein Sema3A (collapsin-1) was the first identified vertebrate semaphorin.
Sema3A acts primarily as a repulsive axon guidance cue, and can cause a dramatic collapse of
the growth cone lamellipodium. This process results from the redistribution of the F-actin
cytoskeleton' and endocytosis of the growth cone cell membrane.>* Neuropilin-1 (NP1) and
members of the class A plexins (PlexA) form a Sema3A receptor complex, with NP1 serving as
a high-affinity ligand binding partner, and PlexA transducing the signal into the cell via its
large intracellular domain. Although the effect of Sema3A on growth cones was first described
nearly 15 years ago, the intracellular signaling pathways that lead to the cellular effects have
only recently begun to be understood. Monomeric G-proteins, various kinases, the redox pro-
tein, MICAL, and protein turnover have all been implicated in PlexA transduction. In addi-
tion, the collapsin-response-mediator protein (CRMP) family of cytosolic phosphoproteins
plays a crucial role in Sema3A/NP1/PlexA signal transduction. Current knowledge regarding
CRMP functions are reviewed here.

Properties and Expression of CRMPs

A number of CRMP genes were identified independently in different species around the
same time, and were named according to their method of discovery. CRMPs are also known as
turned on after division (TOAD-64),> dihydropyrimidinase related protein (DRP),® unc33
like protein (Ulip),7 and TUC (TOAD64/Ulip/CRMP).8 Five vertebrate CRMP genes
(CRMP1-5) have been identified, while the Drosgphila genome appears to encode for only a
single CRMP. CRMP1-4 share ~-75% protein sequence identity with each other, however
CRMPS5 (also referred to as CRAM) is only 50-51% homologous. CRMPs share a high se-
quence homology with the C. elegens unc-33 gene,>”*'° although two other nematode genes,
CeCRMP1 and 2, have been classified in the CRMP family.11 In addition, mammalian CRMP1,
2, and 4 appear to undergo alternative splicing,'>!> CRMP isoforms strongly interact with

*Corresponding Author: Stephen M. Strittmatter—Department of Neurology, Yale University
School of Medicine, New Haven, Connecticut, U.S.A. Email: stephen.strittmatter@yale.edu

Semaphorins: Receptor and Intracellular Signaling Mechanisms, edited by R. Jeroen Pasterkamp.
©2007 Landes Bioscience and Springer Science+Business Media.
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each other and exist as heterotetramers when purified from brain.'* Specificity exists for the
hetero-oligomerization in that different isoforms have varying affinities for each other.# Infor-
mation obtained from the examination of the crystal structure of CRMP1 homotetramers
reveals that this specificity is likely due to differential polar and hydrophobic residues between
isoforms at the two oligomerization interfaces.”> CRMP1-4 genes share a high sequence ho-
mology (60%) with the liver dihydropyrimidinase (DHPase) and structural similarity with
members of the metal-dependent amidohydrolases, both of which form stable tetramers. How-
ever, none of the CRMP isoforms demonstrate any enzymatic activity, likely due to the fact
that they lack crucial His residues which coordinate binding of a metal atom at the active site of
amidohydrolase enzymes.1%15

CRMPs were discovered to be one of the first proteins expressed in newly born neurons in
the developing brain,” and CRMP2 expression has been shown to be induced bgf factors that
promote neuronal differentiation such as noggin, chordin, GDNE and FGE'®!® Not surpris-
ingly, CRMPs are most highly expressed during the neurogenic period of brain development
and expression peaks during the period of axon growth.!® In addition, CRMP1, 2 and 5 are
expressed in immature interneurons in the adult olfactory bulb,?® a site of ongoing neurogenesis
in adulthood.?! The expression of CRMPs is restricted primarily to the nervous system, how-
ever some isoforms show a differential pattern of expression in various nervous system struc-
tures.'”?2 CRMP2, and to some extent CRMP3, are expressed in mature neurons at low levels.
These expression patterns, when taken together with the fact that CRMPs form heterotetramers,
imply that oligomers consisting of different combinations of monomeric isoforms may have
different functional effects in various cell types.

The significant sequence similarity of CRMPs with the worm #nc-33 gene implies a role for
CRMP in axon growth and morphology, since #nc-33 mutants display severe axonal abnor-
malities.??4 Also, overexpression of CRMP2 induces ectopic axon formation in cultured hip-
pocampal cells.?’ Although CRMP is a cytosolic protein, a significant fraction has been shown
to be tightly associated with the cell membrane.>?® This membrane-associated pool of CRMP
is enriched at the leading edge of the growth cone lamellipodium and filopodia, further sup-
porting a role in axon outgrowth and guidance.’ All CRMP isoforms continue to be expressed
through the period of axon pathfinding and synaptogenesis,!” and CRMP expression is in-
duced in sprouting fibers after injury in both the central and peripheral nervous system.>*”-

Evidence For CRMPs in Sema3A Signaling

The first evidence for the involvement of CRMPs in Sema3A signaling came from the
identification of chick CRMP-62 (CRMP2) in an expression cloning screen looking for Sema3A
signaling components.'® Injection of CRMP-62 (CRMP2) RNA rendered Xenopus oocytes
electrophysiologically responsive to Sema3A (collapsin-1). Further, treatment of DRG neurons
with antibodies developed against an N-terminal region (a.a. 30-48) of CRMP-62 blocked the
ability of Sema3A to collapse their growth cones.

Sema3A signaling can be reconstituted in a nonneuronal heterologous system.?>** COS7
cells overexpressing PlexAl and NP1 contract when Sema3A is applied to the media. This
effect is easily quantified using alkaline phosphatase (AP)-tagged ligand and measuring the
surface area of the cells with bound AP. AP-Sema3F treatment fails to cause contraction of
PlexA1/NP1-expressing cells, demonstrating the specificity of the assay. COS7 cells
overexptessing CRMPs in addition to the PlexA1/NP1 receptor components undergo contrac-
tion at a much more rapid rate than cells in which the receptors are expressed alone.!” There-
fore, CRMP proteins are able to facilitate Sema3A-mediated morphological changes in
nonneuronal cells, further suggesting that they play a role in the signaling pathway (Fig. 1).

In addition, CRMP1-4 are all able to form a complex with the Sema3A receptor PlexAl
in transfected nonneuronal cells.!” Although the presence of NP1 attenuates this interac-
tion, stimulation with Sema3A reestablishes the complex. This is a specific effect since treat-
ment with Sema3F is unable to promote PlexA1-CRMP interactions in the presence of NP1.
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A Sema3A B
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+— Fes

€ska) CRMP

Figure 1. Schematic depicting the regulation of CRMP by Sema3A signaling. A) CRMP is a
cytosolic phosphoprotein that exists as a heterotetramer and can bind to the kinase Fes. In the
absence of Sema3A, NP1 blocks CRMP-PlexA interactions. B) Upon Sema3A stimulation, the
CRMP tetramer is recruited to the cytoplasmic domain of PlexA, undergoes a conformational
change (oval shape), and is phosphorylated by Cdk5, GSK38, and Fes. These events lead to a
change in the CRMP activation state subsequently mediating cellular responses to Sema3A.

Together with the fact that CRMP:s facilitate COS7 contraction, these data demonstrate that
PlexAl and CRMP are able to initiate a Sema3A signaling cascade in nonneuronal cells.

What happens to CRMP upon Plexin binding? CRMPs may undergo a conformational
change that leads to CRMP activation. Evidence for this is found in the observation that mu-
tation of residues at the N-terminal reé'on of the murine CRMP1 (a.a. 49-56) causes the
protein to become constitutively active.> Overexpression of this mutant CRMP1 leads to the
contraction of COS7 cells in the absence of PlexAl and/or Sema3A stimulation, and the re-
duction of neurite outgrowth and Sema3A responsiveness in DRG neurons and explants. The
expression of this mutant protein therefore mimics the cellular responses to Sema3A. Mutation
of nearby residues (a.a. 38, 39, 41, 43) causes partial activation such that Plexin, but not
Sema3A, is required for cell contraction (Fig. 2). Consistent with the mutation studies, anti-
body binding to residues 30-48 blocks Sema3A growth cone collapse,'® suggesting that the
N-terminal region between residues 30-56 plays an important role in mediating the activity of
CRMPs in Sema3A signaling.

Phosphorylation of CRMP proteins at the C-terminal region may also be important in
Sema3A signaling. A number of studies have shown the activity of a variety of kinases, includ-
ing fyn, cdk5, GSK3, LIMK, and Fes are important mediators of cellular responses to
Sema3A3!"** (Fig. 1). PlexAl and A2 are constitutively bound to the src family tyrosine kinase,
fyn, in a kinase-independent manner. Stimulation with Sema3A causes fyn activation and leads
to the recruitment of the serine/threonine kinase, Cdk5, into the complex and activation of its
kinase activity.** The blockade of CdkS kinase activity attenuates DRG growth cone collapse
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Figure 2. Mapping regulatory residues onto the crystal structure of CRMPT. A) The crystal
structure of A CRMPT monomer (top) and tetramer (bottom). The surface residues contributing
to tetramerization are highlighted in orange (interface 1) and blue (interface 2) on a GRASP
diagram of the CRMP1 monomer (top left). Aribbon diagram depicting «-helices and B-strands
are shown for the CRMPT monomer (top right). In the tetramer structure individual monomers
are colored in blue, pink, cyan, and yellow with oligomerization interfaces 1 and 2 indicated.
B) Residues involved in the regulation of CRMP activity are mapped onto the CRMP1 structure.
(B, top left) Ribbon diagram of CRMP1 monomer is reflected 180° from that in A, and the
C-terminal 80 amino acids are represented by the oval. The N-terminal “activation loop” is
highlighted in pink on the GRASP diagram (upper right). All of the phosphorylation sites of
CRMP are located on the C-terminal 80 amino acids that are not included in the crystal
structure. A color version of this figure is available online at www.Eurekah.com.

in response to Sema3A.3*% CRMP1, 2, 4, and 5 are all phospho?'lated by Cdk5 at Ser522,%
and this can occur in response to Sema3A in vitro and in vivo.*>¢ The growth cones of neu-
rons overexpressing a mutant CRMP2, in which Ser522 is replaced by alanine (§522A), fail to
collapse when Sema3A is applied.>¢

The phosphorylation of CRMPs at Ser522 allows for the subsequent phosphorylation of
CRMP2 and CRMP4 at Ser518, Thr509, and Thr514 by the serine/threonine kinase
GSK3p.%38 It was previously shown that Sema3A activates GSK3p at the leading edge of
growth cones, and this activation is required for proper responses to SemaA.>? Overexpression
of CRMP2 mutants T509A, T514A, S518A in neurons resulted in moderate decreases in
Sema3A-induced growth cone collapse,?>3¢ suggesting that single mutations are not sufficient
to completely block Sema3A signaling. This may be due to the fact that the other phosphory-
lation sites are intact, or that CRMPs are not the primary targets of Sema3A-dependent GSK3f
signaling. However, the regulation of CRMP by GSK3f phosphorylation may play an impor-
tant role in Alzheimer’s disease (AD), since CRMP2 is hyper-phosphorylated at Thr509, Ser518,
and Ser522 in neurofibrilary tangles®® and in amyloid precursor protein intracellular domain
(AICD) transgenic mice.®0
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The nonreceptor tyrosine kinase, Fes, was copurified with CRMP5 (CRAM) from mouse
brain.?® Fes was able to phosphorylate all 5 CRMP proteins and PlexAl in a constitutive man-
ner, moreover, this effect was enhanced by Sema3A. The coexpression of Fes and PlexAl in
COS7 cells led to cell contraction, suggesting that Fes may be able to activate PlexAl. NP1 was
able to block Plexin-Fes interactions, similar to the observations with CRMP-Plexin interac-
tions, and this effect was overcome by Sema3A.>? Further work needs to be done to identify the
tyrosine residues on CRMP and Plexin that are putatively targeted by Fes, and to determine the
functional consequences of Fes kinase activity.

The function of CRMP in axon guidance may not be restricted to Sema3A signaling. The
growth cone collapsing factor LPA as well as the inhibitory guidance cue ephrin-A5 are both
able to stimulate phosPhorylation of CRMP2 at Thr555 by Rho kinase (ROCK), however
Sema3A fails to do so.4"#2 Rho kinase is known to regulate neurite outgrowth and growth cone
motility downstream of the GTPase, RhoA.*> The kinase activity is specific for CRMP2 since
Thr555 is not conserved in CRMP1,3,4, or 5.%! Inhibitors to Rho kinase and expression of a
kinase-dead mutant attenuate LPA mediated growth cone collapse, but have little to no effect
on Sema3A growth cone collapse.*! Further, the nonphosphorylated CRMP2 mutant T555A
protects growth cones from the collapsing activity of both LPA and ephrinA5.4'#2 These ob-
servations demonstrate that CRMPs may be differendially regulated by multiple axon guidance
cues, and thus be an important mediator of cellular responses to a variety of signals.

Examination of the crystal structure of CRMP1 reveals two separate regulatory regions of
the protein (Fig. 2). The residues involved in constitutive activity and those targeted by the
function blocking antibody all map the N-terminal “upper lobe” of the CRMP1 monomer,
termed the “activation loop” (Fig. 2B, top; ref. 15). CRMP tetramers are assembled such that
the activation loops are situated on the outer surface of the complex, allowing for regulation of
other factors in the cytosol (Fig. 2B, bottom). The sites of phosphorylation by Cdk35, GSK38,
and ROCK are all localized to the C-terminus of the protein. Although the crystal structure
does not include the C-terminal 80 amino acids, it seems likely that these residues also are
located at the surface of the tetramer, supporting the hypothesis that phosphorylation may
regulate tetramerization or that phosphorylation may be a reflection of CRMP oligomeric state
(Fig. 2B, bottom).

The Regulation of the Cytoskeleton by CRMPs

Although it is clear that CRMP proteins are important for normal Sema3A responses in
developing neurons, it is still not known what the downstream effectors of CRMP signaling
may be. Rearrangement of the cytoskeleton is a well-characterized phenomenon resulting from
Sema3A treatment.!"2 Therefore one possibility is that CRMP2 may link Sema3A receptors to
the cytoskeleton either directly or via factors known to regulate cytoskeletal dynamics (Fig. 3).

A growing body of literature suggests that CRMP2 plays a role in neuronal polarity by
regulating microtubule dynamics.?*#44 CRMP2 is highly enriched in the growing axons of
dissociated hippocampal cells, and when overexpressed, induces the formation of multiple
axon-like processes.?> Truncation of 24-191 amino acids at the C-terminus of CRMP2 pre-
vents this axogenesis. CRMP2 colocalizes with microtubules in neuronal cells lines and fi-
broblasts, and CRMP1-4 can all bind to tubulin in vitro and in brain.*#¢ Furthermore,
CRMP2 can induce microtubule assembly by binding to a- and $-tubulin heterodimers, an
effect mediated by residues 323-381.% CRMP2’s effect on axon formation is dependent
upon the ability to promote microtubule assembly, since the overexpression of a murtant
CRMP (A323-381) and the disruption of CRMP-microtubule interactions both fail to pro-
mote axon specification,

A possible mechanism of Sema3A signaling may be an alteration of microtubule dynamics
mediated by CRMP. Phosphorylation of Thr514 by GSK38 abolishes the ability of CRMP2 to
bind to tubulin heterodimers.® Using a pThr514-specific antibody, the authors show that
unphosphorylated CRMP2 is enriched at the leading edge of the growth cone. Expression of a
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Out

Figure 3. Amodel for CRMP-mediated cellular responses to Sema3A. 1) CRMPbinds to the AP2
vesicle adaptor complex proteins intersectin (ITSN) and Numb to facilitate endocytosis of the
growth cone membrane and PlexA/NP1 Sema3A receptor complex. 2) Phosphorylation of
CRMP by GSK38 blocks the ability of CRMP to bind to tubulin dimers and subsequently
prevents microtubule polymerization. 3) The Sra-1/WAVE complex, effectors of Rac1, regulate
actin dynamics and are recruited to the growing axon by their interaction with CRMP. Sema3A
may prevent the interaction of CRMP with the Sra-1/WAVE complex, thus attenuating recruit-
ment and polymerization of actin in the growth cone. 4) CRMP interacts with the Rac1 GAP
o2-chimaerin. The GAP activity may then lead to the inactivation of a pool of Rac1 mediating
actin dynamics and an inhibition of the Sra-1/WAVE complex. Another pool of Rac1 is acti-
vated by PlexA and promotes endocytosis (top). 5) CRMP binds to the Plexin-interacting
protein, MICAL, and may modulate its oxidoreductase enzymatic activity. Ared “X” indicates
interactions or processes that may be blocked by Sema3A signaling. Refer to text for details.
A color version of this figure is available online at www.Eurekah.com.

nonphosphorylated CRMP2 mutant (T514A) causes an inctease in axon length and branch-
ing relative to untreated or WT CRMP2 expression. The consitutively phosphorylated mutant
T514D behaves similarly to WT CRMP2.% As discussed earlier, the phosphorylation of CRMPs
by GSK38 is dependent on prior phosphorylation of Ser522 by Cdk5. Not surprisingly, the
nonphosphorylated CRMP2 mutant $522A also shows enhanced association with microtu-
bules and an increased ability to induce multiple axons.* Since the overexpression of $522A
and TS14A CRMP2 mutants leads to a reduction in Sema3A-induced growth cone collapse, 3>
a model linking Sema3A to microtubule dynamics via CRMP:s is supported. Interestingly, the
phosphorylation of CRMP2 by Rho kinase also decreases the ability of CRMP2 to bind to
tubulin dimers, supporting the idea that other guidance cues may converge on this pathway.*2

Although microtubules regulate growth cone steering in response to axon guidance cues,
their polymerization state remains relatively unchanged immediately following Sema3A treat-
ment.! It is possible that the CRMP2-dependent regulation of microtubules mediates longer
term responses to Sema3A, such as growth cone turning.

During Sema3A-mediated growth cone collapse, a dramatic rearrangement of the actin
cytoskeleton occurs.!? A few studies have shown that a pool of CRMPs colocalize with actin in
growth cones and neuronal cell lines.!>?%#4648 Tt is therefore possible that CRMP activation
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modulates changes in actin dynamics. It is unlikely that such an effect is mediated by a direct
binding of CRMP to actin, since there is no evidence that such an interaction occurs. However,
it is possible that CRMP may be linked to the actin cytoskeleton by other proteins.

Key regulators of the actin cytoskeleton are Rho family GTPases. G protein signaling has
been shown to play a large role in the cellular response to semaphorins.®’ Racl, Rnd1, and
RhoD have all specifically been shown to mediate class A plexin signaling.’*>> CRMP2 is able
to modulate the activities of Racl and RhoA. Expression of constitutively active RhoA (RhoA
V14) in fibroblasts generally leads to the formation of stress fibers and focal adhesions. How-
ever, when CRMP2 is coexpressed with RhoA V14, there was a loss of stress fibers and in-
creased formation of ruffles and microspikes, features usually associated with Racl activity.
Conversely, when CRMP2 was coexpressed with the constitutively active Racl mutant (Racl
V12), the cells lacked ruffles and developed stress fibers and some focal adhesions.>* A similar
switch in morphology was observed in neuroblastoma cells. Therefore, CRMP2 may act as a
toggle between Rho GTPases. However, this activity of CRMP2 was dependent on Fhosphory-
lation of Thr555 by Rho kinase, which does not occur during Sema3A signaling.*"* It is not
clear whether the phosphorylation of CRMP2 and/or other CRMP family members by Cdk5
and GSK3 can promote this activity.

The Sral protein is a downstream effector of Racl signaling, linking activated Racl to actin
polymerization.>> CRMP2 was shown to recruit a complex consisting of Sral and WAVE,
another mediator of actin dynamics, to growth cones of cultured hippocampal neurons to
promote axonal differentiation.>® It will be interesting to determine whether this process can
be regulated by Sema3A since it provides a direct link between Plexins, CRMP, and Racl
regulation of the cytoskeleton. Since Sral/WAVE promotes axon outgrowth, a possibility is
that Sema3A attenuates the affinity of CRMP2 to associate with this complex.

The activity of Rho GTPases is dependent upon their nucleotide-binding state such that
they are active when bound to GTP and inactive when bound to GDP® Three classes of
proteins exist that regulate this status: guanine nucleotide exchange factors (GEFs), which
facilitate the exchange of GDP for GTP, GTPase activating proteins (GAPs), which promote
GDP binding, and guanine dissociation inhibitors (GDIs), which also promote the GDP-bound
state.>’ Recently, it was found that Sema3A promotes the dissociation of PlexAl from the Racl
GEF FARP2, and thus activation of Racl signaling.’! CRMP2 has been shown to interact with
the SH2 domain of the Racl GAP a.2-chimaerin.”® The significance of this interaction on the
regulation of the GAP activity remains unclear, although active a2-chimaerin promotes CRMP2
association and the overexpression of GAP-inactive mutants block Sema3A-mediated growth
cone collapse. These observations contradict studies showing the requirement for active Racl
for Sema3A collapse of growth cones.’®>! However, an initial, transient inactivation of Racl
was seen immediately following an ephrinA2 or Sema3A challenge, followed by an increase in
activity.? It is possible that the GAP activity of 0:2-chimaerin may mediate the initial decrease
of Rac function, or that separate pools of Rac are differentially regulated (see below).

CRMP, Endocytosis and Other Signaling Events

In addition to disassembly of the cytoskeleton, Sema3A and other growth cone collapsing
factors promote endocytosis of the growth cone membrane. Within 10 minutes after treat-
ment with Sema3A, PlexAl and NP1 are recruited to vesicles inside the growth cone that also
label with Racl and F-actin.? This process is dependent on the cell adhesion molecule L1 and
Racl activation.>* It is possible that the pool of Racl mediating endocytosis is separate from
that regulating actin dynamics, partially explaining the discrepancies of the requirement of
both Racl GEF and GAP activities in Sema3A signaling.

The long form of CRMP4 (TUC4b) was observed to be enriched in SV2 immunoreactive
vesicles in the body of the growth cone.!? Further, CRMP proteins were found to bind to the
SH3A and SH3E domains of intersectin. Intersectin is a GEF for cdc42 and has been shown to
promote N-WASP dependent actin polymerization.”® However, it also associates with the AP2
adaptor complex of clathrin-coated vesicles in neurons®® and may mediate vesicle dynamics.
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Therefore, CRMP appears to link Plexin signaling to the endocytotic pathway. This hypothesis
is further supported by the observation that CRMP2 also interacts with Numb and a-adaptin,
both of which are a part of the AP2 adaptor complex and involved in clathrin-dependent
endocytosis.®%! The binding of CRMP2 to Numb was required for normal endocytosis of L1
in growing hippocampal neurites. Overexpression of a CRMP2 mutant unable to bind to
Numb, or knocking down expression of CRMP2 by RNAi was sufficient to attenuate L1
endocytosis.®! The intersectin and Numb studies demonstrate that CRMP proteins provide a
direct link between the intracellular domain of PlexAl and the endocytotic machinery.

A number of other proteins have been shown to interact with CRMP, although the implica-
tion of these interactions in the context of Sema3A signaling needs to be elucidated. It was
recently shown that CRMP2 negatively regulates phospholipase D2 (PLD2) activity, and Sema3A
is able to inhibit PLD2 activity in PC12 cells.%? Although the functional significance of this in
growth cones is elusive, a number of intriguing possibilities exist since PLD2 is localized at the
distal tips of neurons and has been implicated in regulating actin dynamics and receptor-mediated
endocytosis.”

The flavin monooxygenase molecule interacting with CasL (MICAL), binds directly to
Drosophila PlexA and is required for Semala signaling.®® The proper axon guidance of fly
motor neurons and Sema3A-mediated repulsion of mammalian DRG neurons is dependent
on enzymatic activity.®*% The C-terminal half of MICAL has a number of conserved
protein-protein interaction domains and signaling motifs, suggesting a complex role in cell
signaling, Although no direct substrates for MICAL have been identified, it has been specu-
lated that cytoskeletal proteins are potential targets.>¢” Our unpublished observations indi-
cate that CRMP1-4 can to bind to mammalian MICALL. Whether CRMP is a substrate for
MICAL or regulates MICAL activity is not yet clear. An intriguing possibility is that CRMP
binds to and presents substrates to MICAL, since CRMP tetramers structurally resemble
dihydropyrimidinase but lack enzyme activity. Regardless, the possibility for CRMP-MICAL
interactions suggests a large signaling complex may exist to mediate Plexin signaling.

CRMP and Disease

Understanding CRMP signaling has significant clinical implications. The formation of ap-
propriate axonal pathways and synaptic connections during nervous system development is
ctitical for normal function in adults. Disruption of Sema3A signaling or CRMP activity may
lead to devastating developmental neurological disorders. In addition, it has been shown that
SemaA and CRMP are upregulated and play a role in axon growth and regeneration in re-
sponse to nervous system injury.>>/28

CRMP proteins have also been implicated in a more common adult neurological disease. A
highly phosphorylated form of CRMP2 was identified as a component of the neurofibrillary
tangles associated with Alzheimer's discase.?>®® Transgenic mice overexpressing amyloid pre-
cursor protein intracellular domain (AICD), the protein implicated in the pathogenesis of
Alzheimer’s disease (AD), demonstrate an elevated level of phosphorylated CRMP2, likely due
to increased GSK3 activity.* It will be important to determine whether normal CRMP activ-
ity or disfunction of CRMP proteins play a role in AD pathogenesis. Interestingly, a processed
form of Sema3A as well as PlexA1, PlexA2, and CRMP2 were copurified in a complex from the
brains of AD patients, leading to the possibili?' that disregulation of semaphorin signaling in
general may play a role in disease phenotypes.®’

CRMPs are autoantigens for some paraneoplastic neurological disorders. Auto-antibodies
against CRMP3 (anti-CV2) and CRMP5 (anti-CRMP5 IgG) have been found in patients
with certain types of cancer.”%’! Patients who are producing these antibodies commonly suffer
from peripheral neuropathy, cerebellar degeneration, and optic neuritis, among other neuro-
logical pathologies.”>”> It is unclear whether the neuropathies are a direct result of distuption
of CRMP funcrion by the antibodies or a secondary effect. Surprisingly, CRMP1 was shown to
be expressed by breast cancer cells, although hiéh levels of expression actually led to decreased
motility, and therefore abrogated invasiveness.



The CRMP Family of Proteins and Their Role in Sema3A Signaling 9

Concluding Remarks

The CRMP family of proteins plays a central role in nervous system development and
pathology. It is clear that CRMP is regulated by Sema3A signaling, and this is likely to occur
both by phosphorylation of certain residues and by conformational changes in CRMP struc-
ture. Evidence links CRMP to cytoskeletal dynamics, G-protein signaling, and endocytosis, all
of which are essential steps leading to growth cone responses to semaphorins (Fig. 3). The
relative degree to which CRMP contributes to each of these processes remains to be elucidated,
however it is quite evident that CRMP is able to tether these events to semaphorin receptors.
Finally, interactions of CRMP family members with a variety of other signaling molecules and
the pathogenesis of CRMP regulation in disease imply a role for CRMP in numerous cellular
processes in addition to axon outgrowth and guidance. Therefore, further understanding of
CRMP function is likely to elucidate numerous aspects of physiology and pathology.
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CHAPTER 2

GTPases in Semaphorin Signaling

Andreas W. Piischel*

Summary

hallmark of semaphorin receptors is their interaction with multiple GTPases. Plexins,
Athe signal transducing component of semaphorin receptors, directly associate with

several GTPases. In addition, they not only recruit guaninine nucleotide exchange
factors (GEFs) and GTPase activating proteins (GAPs) but also are the only known integral
membrane proteins that show a catalytic activity as GAPs for small GTPases. GTPases
function upstream of semaphorin receptors and regulate the activity of plexins through an
interaction with the cytoplasmic domain. The association of Plexin-Al (Sema3A receptor) or
Plexin-B1 (Sema4D receptor) with the GTPase Rndl and ligand-dependent receptor cluster-
ing are required for their activity as R-Ras GAPs. The GTPases R-Ras and Rho function
downstream of plexins and are required for the repulsive effects of semaphorins. In this review,
I will focus on the role of GTPases in signaling by two plexins that have been analyzed in most
detail, Plexin-A1l and Plexin-B1.

Introduction

Semaphorins act as repellent signals that induce the collapse of growth cones or change
the trajectories of axons away from the cells that produce these membrane-bound or se-
creted proteins.! The effects of semaphorins are usually mediated by binding to a receptor
complex consisting of neuropilin-1 (Nrp-1) or Nrp-2 as the ligand binding subunit and an
A-type plexin as the signal-transducing subunit (secreted class 3 semaphorins)*® or by a
direct interaction with a plexin (Sema3E: Plexin-D1; Sema4D: Plexin-B1; SemaSA:
Plexin-B3; Sema6D: Plexin-Al; Sema7A: Plexin-C1).% At least three cellular processes are
involved in the repulsive effect of semaphorins: depolymerization of actin filaments,'®!!
loss of integrin-mediated adhesion,?!3 and stimulation of endocytosis.! ¢ Several kinases,
including Cdk5, Src family kinases, Fes, mitogen-activated kinases, and GSK3p have been
implicated in the response to semaphorins.!”"?” However, a hallmark of the semaphorin
receptors is their direct and indirect interaction with multiple GTPases. Plexins, the signal-
ing components of semaphorin receptors, not only directly bind GTPases and recruit GEFs
and GAPs but also act as GAPs themselves. In this review, I will focus on the role of GTPases
in signaling by Plexin-Al and Plexin-B1. Although GTPases probably are important also
for other semaphorin receptors, very little is known about these in terms of their interac-
tion with GTPases.
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Genetik, Westfalische Wilhelms-Universitit, SchloRplatz 5, 48149 Miinster, Germany.
Email: apuschel@uni-muenster.de
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The Function of GTPases for Semaphorin Signaling

In the absence of ligands, plexins assume an autoinhibited conformation by the interaction
of the N-terminal semaphorin domain with the C-terminal half of the extracellular domain.28
Binding of the ligand to a plexin, either directly (Sema4D) or indirectly via a coreceptor like
Nrp-1 (Sema3A) results in a conformational change that relieves the autoinhibition and acti-
vates the receptor. Deletion of the semaphorin domain or the entire extracellular domain
results in the constitutive activation of plexins.”®?? There are two mutually not exclusive pos-
sibilities how a conformational change in the extracellular domain leads to the activation of
downstream signaling. Analogous to the activation of integrins, a conformational change could
be transmitted through the membrane to the cytoplasmic domain.* Ligand binding to integrin
/3 dimers results in a separation of the cytoplasmic tails of & and B integtins and the rectuit-
ment of talin.>!33 Alternatively, receptor activation could result in the formation of receptor
oligomers.? Independent of how ligand binding is communicated to the cytoplasmic domain,
GTPases are central components of the signaling pathways coupled to plexins that translate
receptor activation into changes of cellular behavior.

There are over 150 small GTPases of the Ras superfamily encoded by the mammalian
genome which perform essential functions in many different cellular processes.* The small
GTPases can be divided into 5 subfamilies: the Ras, Rho, Arf, Rab, and Ran GTPases. They act
as molecular switches and activate downstream effectors when in the GTP-bound form. Their
intrinsic GTPase activity allows them to cycle between the active, GTP-bound and the inac-
tive, GDP-bound state. GEFs catalyze the exchange of GDP for GTP and, thereby, activate
GTPases. GTP-bound GTPases activate downstream signaling by interacting with specific motifs
in various effector proteins. GAPs terminate signaling by GTPases by stimulating their intrin-
sic GTPase activity. The structure and dynamics of the cytoskeleton is regulated by the Rho
GTPases. Rho GTPases can be subdived into several subgroups (Cdc42, Rho, Rac, Rnd1, and
RhoD).>> While most Rho GTPases function according to the general principles outlined
above, Rnd1 is an unusual member of the Rho GTPases because it is considered to be constitu-
tively active due to its low intrinsic GTPase activity.®

The central position that members of the Rho subfamily occupy in the regulation of the
cytoskeleton make them prime candidates for mediating the repulsive and attractive effects of
axon guidance molecules. Work by several labs has shown that increased activity of Rho results
in a reduction of neurite growth or neurite retraction while active Rac has the opposite effect.”
Rho and Rac regulate each other antagonistically. In fibroblasts, Rac downregulates Rho activ-
ity by stimulating the production of reactive oxygen species.”® Oxygen radicals inhibit
phosphateses by oxidation of their catalytic center which results in an increase in Rho GAP
phosphorylation and activity. Both Sema3A and Sema4D induce the repulsion or collapse of
growth cones from different types of neurons.! It was expected that Rho is required for this
effect similar to its role in the growth cone collapse induced by LPA and ephrins.*>* However,
an involvement of Rho has been shown se far only in the case of the Sema4D receptor
Plexin-B1.#1* Unexpectedly, dominant-negative RacIN17 blocked the collapse by Sema3A
while Rho does not appear to be involved in Sema3A signaling.*>4

Two culture systems are mainly used to investigate the role of GTPases in semaphorin
signaling. Incubation of sensory or hippocampal neurons with Sema3A or Sema4D results in
the rapid collapse of axonal growth cones within less than one hour.®#® A second assay is based
on the reconstitution of functional receptors in COS 7 cells.” These do not express functional
semaphorin receptors or respond to semaphorins but become responsive to Sema3A or Sema4D
upon expression of Plexin-Al and Neuropilin-1° or Plexin-B1,*? respectively. This heterolo-
gous systemn mimics growth cone collapse and has been used to study the properties of semaphorin
receptors. Using these assays, various pharmacological agents and dominant-negative constructs
have been identified that interfere with the function of GTPases and block growth cone cell
collapse. These in vitro systems together with genetic approaches in Drosophila and C. elegans
provided strong evidence for the involvement of several GTPases in semaphorin signaling,
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Interaction of GTPases with Plexins

The unique feature of semaphorin receptors is their interaction with multiple GTPases. In
addition to R-Ras that serves as the substrate for the GAP activity of Plexin-Al and -B1,294%:5
they also can directly interact with the Rho GTPases Rac (Plexin-Al and -B1),°!">* RhoD
(Plexin-A1),>* and Rnd1 (Plexin-A1 and -B1).%> One of the first indications for a role of GT Pases
in semaphorin signaling was the observation that the ?'toplasmic domain of plexins shows
sequence similarity to GAPs specific for Ras GTPases.>* This homology is divided into two
highly conserved blocks (C1 and C2) that are separated by a sequence of variable size (V1)
which is less well conserved between different plexins and essential for the binding of Racl,
Rnd1, and RhoD (Fig. 1). The minimal requirement for GTPase binding has not been deter-
mined precisely for Plexin-A1 and Plexin-B1. The shortest fragments of Plexin-A1 and -B1 that
still bind to Racl comprise amino acids 1476 to 1623 (Plexin-A1)>> and 1696 to 1919
(Plexin-B1),? respectively. A smaller fragment of Plexin-B1 (amino acid 1811-1910) is no longer
able to bind Racl.”® Binding of Racl, Rndl, and RhoD is abolished by mutation of three

A

Plexin-Al Plexin-B1
KRK R LvVP R RHK R LVP R TDL
“ “'
| | ! ]

FARP2Z —» Rac ? Rae LARG
Rndl Rndl PDZ-RhoGEF
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p190 RhoGAP —— Rho
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Figure 1. Direct and indirect interaction of the cytoplasmic domain with GTPases. A) The
position of sequences relevant for the interaction with GTPases is shown for the cytoplasmic
domains of Plexin-A1 (amino acids 1264 - 1894, accession no. NM_008881) and Plexin-B1
(amino acids 1495 - 2119, NM_172775). The conserved sequences showing homology to Ras
GAPs (C1 and C2; Plexin-A1:aminoacids 1379-1508 and 1727 - 1820; Plexin-B1: 1629-1759
and 1975) are separated by a less well conserved sequence V1 that is required for interaction
with the indicated GTPases. C1 and C2 contain conserved arginine residues (R) that are essential
for their function as GAPs. The juxtamembrane sequence KRK is required for the binding of
FARP2 to Piexin-A1. A similar stretch of basic amino acids (RRK) is found also in Plexin-B1 but
it not known if this motif interacts with a GEF. The C-terminus of Plexin-B1 contains the
PDZ-binding motif TDL. B) The domain structure of the GEFs FAPR2 and PDZ-RhoGEF is shown.



GTPases in Semaphorin Signaling 15

residues in V1 (LVP; Plexin-Al: amino acid 1598-1600; Plexin-B1: 1849-1851).% It has
been suggested tha this sequence is part a CRIB-like (Cdc42/Rac interactive binding) morif.>?
However, the sequence similarity to CRIB motifs is very limited and mutation of a single pro-
line residue that is highly conserved in CRIB sequences has no effect on GTPase binding.’

Although mutation of the IVP motif in Plexin-Al and -B1 abolishes the interaction with all
Rho family GTPases, it still has to be shown directly that all GTPases bind to the same sequence.

There are contradictory reports in the literature concerning the interaction of Plexin-Al
and -B1 with Racl and Rnd1. While Zanata et al (2003) showed that Plexin-A1 binds Rnd1
but not Racl,% others describe a strong interaction with Racl but could not detect one with
Rnd1.%3%5 QOinuma et al (2003) detected a direct binding of Plexin-B1 to Rnd1, Rnd2, and
weakly to Rnd3.*? An interaction of Rnd1 with Plexin-B1 was also described by Rohm et al
(2000).52 However, this interaction was much weaker than that for Rac. While Rohm et al
(2000) analyzed the interaction of plexins and Rndl in a GST pull-down assay using full
length plexins expressed in 293T cells,”? the other studies employed a filter binding assay and
the isolated cytoplasmic domains.*>> More recently, a role for both Racl and Rnd1 in Plexin-Al
signaling was reported. Toyofuko et al (2005) showed that the interaction of Rnd1 and Plexin-A1
was observed only when Plexin-Al was expressed alone but not after the coexpression with
Ni1p1.%® This result confirms the existence of at least two conformations that differ in their
ability to interact with GTPases. The described discrepancies may, therefore, reflect distinct
conformations present under different experimental conditions.

Different experiments showed that Rho GTPases act upstream of the plexins and regulate
their activity as receptors. Rnd1 and RhoD have antagonistic effects on the activity of Plexin-A1.>
Coexpression of Rnd1 and Plexin-Al in COS 7 cells triggers signaling by Plexin-Al and results
in a cell collapse in the absence of any ligand. By contrast, RhoD has the opposite effect and
blocks Plexin-Al activity both in COS 7 cells and in sensory neurons. Racl also regulates
Plexin-Al function by promoting the recruitment of Rnd1.%° While Rnd1 has a similar func-
tion upstream of Plexin-A1 and Plexin-B1,2# the role of Racl for Plexin-B1 signaling is less
clear. Tts effect on surface expression and receptor affinity”® suggest that Racl also acts up-
stream of Plexin-B1 but may play a different role than that described for Plexin-Al. Similar to
mammalian Plexin-B1, Drosophila Plexin-B binds active Rac. In addition, a different region of
Plexin-B that is not conserved in mammalian plexins interacts with Rho.>”

Plexins not only directly interact with several GTPases but also function as GAPs them-
selves. 224950 The GAP homologies C1 and C2 include two arginine residues (Fig. 1) that
correspond to the catalytic residues found in Ras GAPs and are conserved between all plexins
and Ras GAPs.’>%%% The conserved arginine residues in C1 (R1429/1430 in Plexin-A1) cot-
respond to the invariant arginine located in the finger-loop of Ras GAPs that inserts into the
active center of the Ras GTPase.”? The second conserved arginine residue (corresponding to
R1746 in Plexin-A1) stabilizes the finger-loop in Ras GAPs. These arginine residues are essen-
tial for the activity of Ras GAPs and re%uired for plexins to function as the signal-transducing
subunit of semaphorin receptors.”#>>%2 A mutation of either amino acid suffices to com-
pletely block the ability of Plexin-A1 to induce the collapse of COS-7 cells. Only recently, it
was shown directly that the cytoplasmic domain of Plexin-A1l and -B1 interact with the GTPase
R-Ras and act as a GAPs for it. %450

The plexins are the first integral membrane proteins with an intracellular domain that hasa
catalytic activity as a GAP. The GAP activity is regulated by oligomerization and GTPases
through changes in the conformation of the intracellular domain. The two GAP homology
regions C1 and C2 interact with each other.?">> This interaction is regulated by the binding of
GTPases to the insert region V1. Binding of Racl or Rnd1 to the V1 region of Plexin-Al or
-B1, respectively, disrupts the interaction between C1 and C2. In addition to Rad! recruit-
ment, the clustering of plexins is required for GAP function.?>#%0 The physiological relevance
of this GAP activity was demonstrated by showing that R-Ras is required for the collapse
induced by Sema3A and Sema4D through the Plexin-A/Neuropilin-1 and the Plexin-B1 re-
ceptors, respectively.*>%°
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GTPases and Signaling by Plexin-Al

Signaling by A-type plexins involves the sequential interaction of the three GTPases Racl,
Rnd1, and R-Ras with the cytoplasmic domain of A-type plexins.?®#*35% In contrast to
Plexin-B1 (see below), Rho does not appear to be required for Sema3A signaling,>® Although
the interaction with GTPases has been studied in detail only for Plexin-A1,” the high conserva-
tion of their cytoplasmic domain suggests that all A-type plexins function in a similar way. The
interaction between GTPases and Plexin-Al is modulated by the ligand-binding subunit Nrp-1.
Nirp1 and Plexin-Al constitutively associate to form a receptor complex?® in which Plexin-A1
assumes a conformation that allows the recruitment of the Rac GEF FARP2 but not the bind-
ing of Rnd1.” While Rnd1 constitutively associates with the cytoplasmic domain of Plexin-Al
in the absence of Nrp-1, this interaction is completely dependent on Sema3A in the presence
of Nrp-1. The GAP homology regions C1 and C2 (Fig. 1) interact with each other and prob-
ably assume a conformation without GAP activity.”” The association requires the V1 region
located between the conserved sequences. It remains to be investigated if C1 and C2 show an
intra- or intermolecular interaction in the native receptor complex.

Racl and Rnd1 act upstream of Plexin-Al (Fig. 2A). The first known intracellular event
after ligand binding is the activation of Racl by FARP2.”° A juxtamembrane sequence consist-
ing of three basic amino acid residues (KRK) that is present in all A-type plexins is required for
binding FARP2 through its FERM domain (Fig. 1). Binding of FARP2 to Plexin-Al reduces
its GEF activity. Efficient recruitment of FARP2 can be observed only in the presence of Nrp-1.
Consistent with previous results,*! the extracellular but not the cytoplasmic domain of Nrp-1
is required for FARP2 binding.*° This suggests that Nrp-1 promotes a conformation of Plexin-Al
that allows the association of FARP2 but but not of Rnd1.

Within 10 minutes of binding to the receptor complex, Sema3A induces the dissociation of
FARP2 from the Plexin-A1 and an increase in Rac activity (Fig. 2). The amount of GTP-bound
Rac reaches maximal levels at 10-30 min after ligand binding and returns to basal levels at 60
min.”® The activation of Rac is also observed with a Plexin-A1 mutant unable to bind Rnd1,
showing that Racl acts upstream of Rnd1.> In the presence of Sema3A, FARP2 does not
reassociate with Plexin-Al. Activation of Racl by FARP2 facilitates the association of Rnd1
with Plexin-A1 which is required for the GAP activity of Plexin-Al. The dependence of the
association of Rndl with the Plexin-A1/Nrp-1 receptor complex on Racl can explain why
dominant-negative Rac1N17 blocks the collapse of motor neuron growth cones and COS 7
cells by Sema3A.%%>> RacN 17 has no affect on the collapse mediated by a constitutively active
Plexin-Al mutant,”® confirming that it acts upstream of Plexin-Al. Since Racl and Rnd1 bind
to the same or overlapping sequences of Plexin-Al, it remains to be investigated how activation
of Racl promotes Rnd1 binding,

Association with Rnd1 is required for Plexin-A1 to stimulate the GTPase activity for R-Ras
but blocks basal GAP activity.’® As orginally described for Plexin-B1, Plexins-Al requires
ligand-induced or artifical clustering (in vitro) in addition to the recruitment of Rad1 to dis-
play its activity as a GAP. The resulting decrease in active R-Ras contributes to the suppression
of integrin-mediated cell adhesion by Sema3A since R-Ras is a central regulator of integrin
function.®? After dissociation from Plexin-A1, FARP2 associates with and inhibits the type I y
phosphatidylinositol-4-phosphate 5-kinase (PIPKIyY661), enhancing the decrease in
integrin-dependent adhesion.’® PIPKIYG61 is targeted to focal adhesions through its associa-
tion with talin and strengthens the binding of talin to B-integrin by PtdIns(4,5)P(2) produc-
tion.%3%4 The GEF activity of FARP2 is suppressed when it forms a complex with PIPKIy661,
suggesting that this interaction also contributes to the inactivation of FAPR2 after disengage-
ment from Plexin-Al.

The inhibition of Rnd1 binding to Plexin-Al in the presence of Nrp-1 suggests the exist-
ence of two conformations that are interconvertable by interaction with active Racl (Fig. 3).
The available data suggest that C1 and C2 associate to form an autoinhibited complex without
GAP activity.”® Active Racl can disrupt the interaction between C1 and C2 and presumably
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Figure 2. Signaling by plexins. A) Sema3A binding to the Nrp-1/Plexin-A1 receptor complex
induces the dissociation and activation of FARP2. FARP2 activates Rac1 which facilitates the
recruitment of Rnd1. Rnd1 binding is required for the GAP activity of clustered Plexin-A1. The
GAP activity of Plexins-A1 reduces the amount of active R-Ras which results in a loss of
integrin-dependent cell adhesion. Activation of other, less well characterized pathways results
in the depolymerization of F-actin and the stimulation of endocytosis. B) Binding of Sema4D
to Plexin-B1 stimulates GAP activity only when Rnd1 is associated with the cytoplasmic
domain. The resulting inactivation of R-Ras leads to a loss of cell adhesion. PDZ-RhoGEF
bound to the C-terminus of Plexin-B1 is activated and mediates an increase of GTP-bound Rho
and ROCK activity. The competition of Plexin-B1 and PAK for binding of Rac may resultin a
decrease of PAK activity. Plexin-B1 also transiently associates with and activates p190 RhoGAP.

promotes a conformation that is able to bind Rnd1.°>*> C1 and C2 each contain arginine
residues that are essential for the function of Plexin-A1 and GAP activity.’®*? If the molecular
mechanism underlying the GAP function of plexins is similar to that of Ras GAPs, one has to
assume that the arginine residue in C2 interacts with residues in C1 to form a functional
catalytic center as described for Ras GAPs.>®% Thus, the sequential activity of Racl and Rnd1
may promote GAP activity by inducing a switch in the interactions between C1 and C2 (Fig.
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model 1
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Figure 3. A model for the conformational changes of the cytoplasmic domain after receptor
activation. The cytoplasmic domain of Plexin-A1 is shown schematically with the C1 and C2
regions (red), the GTPase-binding V1 region (blue), and the FAPR2 binding site (mangenta).
In the unactivated state, the intra- or intermolecular association of C1 and C2 in the Nrp-1/
Plexin-A1 complex does not allow the formation of an active R-Ras GAP and the recruitment
of Rnd1. Activation of the receptor by Sema3A results in the dissociation of FARP2 and Rac
activation. Interaction of Rac and Plexin-A1 disrupts the interaction of C1 and C2 and results
in the recruitment of Rnd1 to the V1 region. Rnd1 may promote an additional conformational
change and the inter- (model 1) or intramolecular (model 2) reassociation of C1 and C2 ina
different orientation that displays GAP activity. The suggested reassociation of C1 and C2
remain to be confirmed experimentally. A color version of this figure is available online at
http://www.Eurekah.com.

3). The requirement for an oligomerization of plexins suggests that, in the active GAP, the C1
and C2 regions of two different plexin molecules might interact (Fig. 3). This question, how-
ever, requires further analysis.

While the role of GTPases in regulating plexin function begins to be understood in some
detail, little is known about the involvement of their effectors during growth cone collapse. A
prominent effect of Sema3A during growth cone collapse is the depolymerization of F-actin.
Sema3A induces the sequential phosphorylation and dephosphorylation of cofilin.®® Cofilin is
a key regulator of actin dynamics and phosphorylated by LIM kinase 1 (LIMK1). A
dominant-negative LIMK1 blocks growth cone collapse by Sema3A. LIMKI itself is regulated
the GTPase effectors PAK and ROCK.® Dominant-negative Racl blocks Sema3A-induced
growth cone collapse.®#*¢ In addition, peptides derived from amino acids 17-32 of Racl in-
hibit Sema3-induced collapse as does a peptide from the CRIB-domain of PAK.*” The stimu-
lation of endocytosis during growth cone collapse by Sema3A requires Racl.!>1® However, it is
possible that the block of endocytosis observed after Racl inhibition is a consequence of pre-
venting the activation of plexins upstream of Rnd1. The results of Toyofuku et al (2005)*°
suggest that the effects of inhibiting Racl function may mainly reflect its role in promoting the
recruitment of Rnd1. It remains to be investigated which function Rac may play in addition
downstream of plexins, e.g., in regulating actin polymerization or endocytosis.
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GTPases and Signaling by Plexin-B1

The extracellular domain of the integral membrane protein Sema4D binds directdy to its
receptor Plexin-Bl. Sema4D induces the collapse of axonal growth cones from hippocampal
neurons and the contraction of COS 7 cells coexpressing Plexin-B1 and Rnd1.%*# Four GTPases
are involved in the response to Sema4D (Fig. 2B). Plexin-B1 directly interacts with the GTPases
R-Ras, Racl and Radl. In addition, it regulates the activity of Rho through PDZ-RhoGEF/
LARG#424467 3nd p190 RhoGAR®

Plexin B1 was the first plexin for which a GAP activity was demonstrated.?>* At least in a
heterologous system, Rnd1 and Plexin-B1 associate constitutively.%> Association with Rnd1
inhibits the basal GAP activity of Plexin-B1 both in vitro and after heterologous expression.2>#’
The formation of this complex is not affected by Sema4D. The association with Rnd1 is nec-
essary but not sufficient for Plexin-B1 to stimulate the GTPase activity of R-Ras. Binding of
Sema4D induces the rapid clustering of Plexin-B1 which peaks at 5 min after ligand addi-
tion.??# In vitro, clustering of the isolated cytoplasmic domain by antibodies can mimic the
effect of ligand binding. Both the binding of Rnd1 and clusterning of Plexin-B1 are required
for GAP activity. The stimulation of GAP activity by Sema4D transiently reduces the amount
of active R-Ras. Since GTP-bound R-Ras activates integrins and stimulates integrin-based cell
adhesion,%? a reduction in integrin activity is an early event in the contraction of COS 7 cells
induced by Sema4D and during the collapse of growth cones.

As described for Plexin-Al, the C1 and C2 domains interact with each other.?” The
association of C1 and C2 depends on V1, and is disrupted by Rnd1 binding to V1. It is
presently not known if additional GTPases are required to facilitate the recruitment of Rnd1
as described for Plexin-Al. Plexin-B1 strongly interacts with Racl and this association is
stimulated by Sema4D.>® However, active Racl does not induce the contraction of COS 7
cells expressing Plexin-B1 or promote it after Sema4D addition.*? Like Plexin-Al, the cyto-
plasmic domain of Plexin-B1 contains a juxtamembrane sequence of three basic amino acids
residues but does not bind FAPR2.%® Thus, activtion of Rac may not be required or a differ-
ent GEF assumes the role of FARP2 for Plexin-B1. Alternatively, Rac binding may link
Plexin-B1 to PAK (Fig. 2B).*® Plexin-B1 and PAK can compete for Rac binding, leading to
a reduction in the Rac-dependent activation of PAK. Binding of Rac was suggested to se-
quester it and thereby decrease the interaction with its effector PAK. This competition for
PAK was shown, however, only in a heterologous system. In addition, active Rac increases
the amount of Plexin-B1 localized to the cell surface and enhances the binding of Sema4D
to Plexin-B1 by a small increase in receptor affinity.’® Consistent with these results, an intact
Rac binding site is essential for the efficient expression of Plexin-B1 on the sutface of trans-
fected cells.

In addition to R-Ras, the regulation of Rho is important for Sema4D-induced collapse.
The collapse of growth cones from hippocampal neurons by soluble Sema4D can be blocked
by the Rho inhibitor C3 exoenzyme and the ROCK inhibitor Y-27632.* The contraction of
COS 7 cells coexpressing Plexin-B1 and Rnd1 in response to Sema4D can also be blocked by
dominant-negative RhoAN19 and Y-27632.% Sema4D binding to Plexin-B1 leads to an in-
crease in Rho activity in a heterologous system when the receptor is coexpressed with the
RhoGEFs PDZ-RhoGEF or LARG. Plexin-B1 constitutively associates with these RhoGEFs
through the C-terminal PDZ-binding motiv that is present in all mammalian B—?})e plexins
but absent from other plexins (Fig. 1).% This interaction is increased by Rnd1%%* bur not
stimulated by Sema4D.**>¢7 A dominant-negative PDZ-RhoGEF construct blocks the
Sema4D-induced contraction of COS 7 cells and the collapse of hippocampal growth cones
but has no effect on the response to Sema3A. Expression of Rnd1 but not active Racl enhances
the activation of RhoA by Sema4D in COS 7 cells expressing Plexin-B1 by increased binding
of PDZ-RhoGEE The interaction with PDZ-RhoGEF also promotes the translocation of

Plexin-B1 to the plasma membrane.
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Plexin-B1 transiently associates with p190 RhoGAP whose GAP activity is increased upon
binding.%8 Barberis et al (2005) report that activation of Plexin-B1 by Sema4D is accompanied
by a downregulation of Rho activity in some cell lines.%® This observation contrasts with the
increase in Rho-GTP levels which is mediated by PDZ-RhoGEF and LARG.# Differences in
the cell lines and culture condition used may account for most of the differences between these
studies. Another explanation put forward by Barberis et al (2005) is that Rho levels may be
transiently decreased after receptor activation {at 5 - 30 min) but increased at later time points
(60 min).% p190 RhoGAP is required for the reponse to semaphorins in epithelial and pri-
mary endothelial cells as well as in neuroblasts. However, the function of the decrease in Rho
activity for the response to Sema4D remains to be elucidated.

At the moment, it cannot be excluded that Plexin-B1, like Plexin-Al, requires a coreceptor
for binding or signaling since all experiments analyzing Sema4D receptors were done after
expression of Plexin-B1 in cells and not with purified proteins.® In epithelial cells, Plexin-B1
associates with the hepatocyte growth factor receptor Met.%” Sema4D stimulates the tyrosine
kinase activity of Met which leads to the phosphorylation of Plexin-B1 and Met. Plexin-B1
also forms a complex with the receptor tyrosine kinase ErbB-2 after heterologous expression in
HEK 293 cells and ErbB-2 is required for the activation of Rho.”® Sema4D binding to the
Plexin-B1/ErbB-2 complex stimulates kinase activity with 1 min of addition. Kinase activity
peaks at 10 min and results in phosphorylation of both Plexin-B1 and PDZ-RhoGEE Consti-
tutively active Racl and Rnd1 enhance the phosphorylation of Plexin-B1 induced by Sema4D.
Both Met and ErbB-2 are present in axonal growth cones of hippocampal neurons.”®
Dominant-negative mutants of Met and ErbB-2 block the collapse of growth cones by Sema4D
but not by Sema3A. These results suggest that the kinases Met and ErbB-2 ate involved in
Semad4D signaling but their precise role in neurons remains to be investigated.

Invertebrate Semaphorins

The signaling by invertbrate plexins is not well understood. The high conservation of their
cytoplasmic domains suggests that Drosophila and C. elegans plexins could also act as RasGAPs.
It remains to be shown genetically or biochemically that the closest R-Ras homologs in flies
(Ras64B, 69% identity) or worms (Ras-1, 65% identity) are indeed substrates for plexins.
There are also no clear homologs for Rndl or RhoD in Drosgphila and C. elegans. Other as-
pects of GTPase signaling will certainly differ. In genetic experiments, Drosophila Plexin-B
suppresses Rac and enhances RhoA activity.’” Plexin-B does not contain a recognizable
PDZ-binding motif at its C-terminus but, unlike mammalian B-type plexins, interacts directly
with Rho. Sequences essential for this interaction map to the V1 region that are not con-
served.”” As suggested for Plexin-B1, Drosophila Plexin-B may sequester Racl and thereby
suppress PAK activity. Genetic interactions suggests that the A-type C. elegans Plexin-1 acts to
sense the level of RHO (7ho-1) and RAC GTPases (mig-2 and ced-10) which determines the
effect of semaphorins on the positioning of sensory ray 1.”!

Open Questions

Although much progtess has been made in dissecting the signaling cascades that mediate
the effects of semaphorins and the role of GTPases in these pathways, we are still at the begin-
ning to understand how activation of semaphorin receptors leads to growth cone collapse or
changes in the trajectories of neurites. An important question that remains to be answered is
the function of GTPases downstream of plexins and the identity of the effectors linked to
them. Recent results revealed a centrol role for R-Ras in semaphorin signaling. Since R-Ras has
been shown to be important for regulating integrin function, the inactivation of R-Ras by
plexins could explain to a large extent the loss of cell adhesion during the growth cone collapse
induced by semaphorins. It remains to be tested if R-Ras is the only target of plexins or if other
GTPases are also substrates for their GAP activity. In addition, the role of the Rho family
GTPases interacting with plexins remains to be elucidated in more detail. In particular, it
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remains to be resolved how Racl promotes Rnd1 recruitment. In addition, little is known
about GTPases interacting with Plexin-C1 and -D1 and it remains to be investigated if all A-
and B-type plexins show a comparable behavior in binding GTPases.

While different plexins appear to use a similar mechanism for the regulation of
integrin-mediated adhesion, other pathways involved in the response to semaphorins may dif-
fer. B-type plexins acitvate Rho through constitutively associated RhoGEFs. The regulation of
Rho activity probably is important to modulate actin polymerization. A-type plexins do not
contain PDZ-binding motifs and may employ different GEFs and/or different mechanism to
influence the actin cytoskeleton or endocytosis.
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CHAPTER 3

Intracellular Kinases in Semaphorin Signaling

Aminul Ahmed and Britta J. Eickholt*

Abstract

riginally identified as collapse-inducing and repellent proteins for neuronal processes,
O semaphorins are now implicated in a diverse array of cellular responses, contributing

not only to embryonic development, but also to the maintenance of tissue integrity
in the adult organism. In addition, semaphorins play a role in the pathological context. Some
Semaphorins can act at a distance, facilitating the navigation of cells or axonal process, whilst
others evoke responses in a contact-dependent fashion. The intracellular signaling mechanisms
employed by the semapheorins are beginning to be determined, and much work in recent years
implicates a host of intracellular kinases in mediating Semaphorin function. These include the
tyrosine kinase Fyn and the serine/threonine kinases Cdk5, GSK3, MAPK, and LIMK, and
the lipid kinase PI3K. What follows is a review of this work with respect to their functions in
mediating specific semaphorin-induced responses.

Introduction

The Semaphorins are a large conserved family of secreted and membrane associated pro-
teins. The first identification of a vertebrate Semaphorin (originally called Collapsin,') was
driven by questions regarding the molecular properties that control the ‘growth cone collapse’™:
a visible retraction of lamellipodia and filopodia that occurs either upon contact of two differ-
ent types of neurons,>” or in response to membrane preparations derived from tissues known
to inhibit axon extension.** Since these early experiments, semaphorins have been shown to
act primarily as negative regulators of growth cone guidance during development—to influ-
ence axon steering and fasciculation—but also to mediate attractive responses.®!! The
Semaphorins are also implicated in a variety of nonneuronal functions including neural crest
cell migration,'?"* cardiac and skeletal development,'®! motility and chemortaxis in cancer
cells,?® vascular development?!?? and immune responses.?>?> Over 20 Semaphorins have been
characterised, all of which possess a2 500 amino acid ‘Sema’ domain. They are highly conserved
among species and have been divided into eight classes, of which the most intensively stud-
ied—in terms of the identified requirement of specific kinases—are members of the class 3
secreted and class 4 transmembrane Semaphorins.?®

Phosphorylation is recognised as a fundamental process involved in the regulation of
intracellular signaling in response to extracellular signals, and is mediated by a host of intra-
cellular serine/threonine, tyrosine and lipid kinases. The requirement of kinases in Semaphorin
signaling extends from the surface of the cell, at the recepror level, to specific intracellular
pathways. In this chapter we will focus on the specific, yet divergent, cellular processes that
are achieved through modulation of the enzymatic activity of key intracellular kinase path-
ways (Fig. 1). For example, LIM-Kinase, GSK3 and Cdk5 appear to be key components in
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Figure 1. Members of the semaphorin family evoke a number of cellular responses in various
celltypes. These include changes in actin and microtubule dynamics, axonal transport, protein
translation and cell death responses.

the regulation of Semaphorin-induced changes in both actin and microtubule dynamics.?-2°
Several of these kinases—identified by their function in changing microtubule dynamics—
also regulate axonal transport.?! Cdk5 provides a common regulatory mechanism for local
protein translation,®! which also depends on MAP-kinase signaling mediated by p42/p44.%":%
Consideration of the apoptotic players downstream of its signal further highlights the diver-
gent nature of the Semaphorins. These effects of Semaphorins appear to be mediated by the
MAP-kinase p38 and JNK, resulting in selective cell death responses.>*3* Semaphorin sig-
naling also intersects with the control of cell adhesion mediated by integrins.*>*® Integrins
connect directly to the actin cytoskeleton through their interaction with a number of
cytoskeletal proteins, and such aggregates of integrins and cytoskeletal proteins act as scaf-
folds for the recruitment of different protein kinases. This important Semaphorin function
will be discussed in detail in Casazza et al, 2006.

Semaphorins Regulate Actin Filament Dynamics by Controlling
Cofilin Activity

Intracellular signaling, mediated by protein kinase cascades, conveys information from the
extracellular environment to dynamic changes of actin filament assembly by regulating
actin-binding proteins. With regard to Semaphorins, there is compelling evidence for an in-
volvement of members of the ADF/cofilin family in the regulation of actin dynamics.”” ADF/
cofilin proteins are regulated by several protein kinases, including Rho-associated kinase (ROCK)
and p21-activated kinase (PAK) (Fig. 2), and their common downstream target LIM-kinase
(LIMK, LIM being the acronym of three gene products, Lin-11, Isl-1, and Mec-3). In the
Sema3A-mediated growth cone collapse, LIMK dependent inactivation (phosphorylation) of
cofilin has been shown to be a necessary signaling component.”’” LIMK dependent phosphory-
lation of ADF/cofilin leads to its dissociation from actin filament and actin monomers, result-
ing in reduced actin turnover, decreases in motility and/or a redistribution of actin.’” Two
isoforms of LIMK, LIMKI1 and LIMK?2 exist; both show a broad expression pattern.3 840 How-
ever, LIMK1 appears to be enriched in neural tissue and has been shown to be present in the
growth cone of cultured neurons.>*#"#2 Inhibition of LIMKI, either through expression of a
dominant negative protein, or by pharmacological inhibition, has been shown to antagonise
the Sema3A induced growth cone collapse.”” Although evidence of the involvement of LIMK
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Figure 2. Control of actin dynamics by Sema3A. Sema3A stimulation in neurons induces the
transient phosphorylation (inactivation) of the actin binding protein cofilin, which depends on
LIM kinase (LIMK) activity. LIMK activation, in turn, may be controlled by members of the
p21-activated protein kinases (PAK), activated during Sema3A signaling in a Rac-dependent
manner. On the other hand, LIMK-dependent phosphorylation of cofilin during Sema3Astimu-
lation may be induced by RhoA, acting through its target Rho kinase (ROCK). LIMK mediated
inactivation of cofilin may be counteracted by activation of cofilin phosphatases, for exmaple,
members of the Slingshot (SSH) family. Putative upstream kinases controlling SSH activity
during Sema3A stimulation involve phosphatidylinositol 3-kinase (PI3K), phosphatase and
tensin homologue deleted on chromosome ten (PTEN) and R-Ras.

in the Sema3A growth cone collapse response is very persuasive, an added complexity has to be
considered with regard to regulation of cofilin during this process. For example, although LIMK1
mediated phosphorylation of cofilin is necessary in the Sema3A induced growth inhibition, it
was shown not to be sufficient to mimic this response.”’ Similarly, Sema3A evoked in neurons
a biphasic response, initially increasing phosphorylation of cofilin, followed by subsequent
de-phosphorylation (activation) after 5 minutes.?”” Considering these results in light of known
cofilin functions in other cell types,**** a reasonable hypothesis would be that spatiotemporal
regulation of cofilin phosphorylation and de-phosphorylation cycles are required in order to
appropriately fine-tune neurite outgrowth and growth cone collapse. Thus, LIMK mediated
inactivation of cofilin may be counteracted by rapid activation of a phosphatase activity medi-
ated by the family of cofilin phosphatases termed Slingshot (SSH) (Fig. 2). Three mammalian
SSH homologues have been identified to date and are reported to be enriched in growth cones.®?
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The idea of a putative involvement of SSH in reactivating cofilin during Sema3A-mediated
growth cone collapse is consistent with a similar function reported during Nogo-66 induced
axonal growth inhibition.*> Further studies on the signaling pathways controlling cofilin phos-
phorylation will be important to clarify the upstream signaling mechanisms that control actin
filament dynamics during growth cone behaviour in response to Sema3A. For instance, the
exact nature of the upstream kinase regulating LIMK in response to Sema3A remains unclear.
Although ROCK could feasibly control LIMK activity during growth cone collapse,
p21l-activated 4}s)rotein kinases (Pak), an effector of Rac, appears to be the more pertinent up-
stream kinase® (Fig. 2). Pak has been shown to phosphorylate LIMK, which results in in-
creases in phosphorylation of cofilin.® In the Sema4D mediated growth cone collapse Plexin-B1
competes with PAK for binding to active Rac in vitro, which inactivates Rac-induced Pak
activation.?” Given that PAK activity regulates the formation of filopodia and membrane ruffles
in growth cones,*® the sequestration of PAK from this complex may results in the collapse of
the growth cone, by antagonising LIMK dependent cofilin phosphorylation.® It is also inter-
esting to speculate whether SSH is regulated in a PI3K dependent manner during axonal growth
inhil;igtion, given that PI3K activity is critical for SSH to elicit activation of cofilin in 293
cells.

Additional studies have identified indispensable functions for cofilin during Semaphorin
signaling in other cells. Stimulation of PlexinC1 expressing dendritic cells with the poxvirus
A39R, a member of the semaphorin family, has been shown to affect adhesion, which was
blocked by a specific inhibitor of cofilin phosphorylation.*® Similarly, cofilin activation has
been reported during Sema3A induced inhibition of agonist-induced actin rearrangement dur-
ing platelet aggregation.!

In summary, downstream effectors of Semaphorin signaling include several kinase enzy-
matic activities that regulate ADF/cofilin activity, thereby directly controlling the assembly
and disassembly of actin filaments. It remains unclear, however, how Sema receptor activation
is coupled to these regulatory mechanisms.

Modulation of Semaphorin Responses by Neurotrophins

In neurons, Semaphorin mediated responses in growth cones can be rapidly and differen-
tially modulated by neurotrophins. In one of the earliest studies demonstrating the close rela-
tionship between Semaphorin and Neurotrophin signaling, Tuttle and O’Leary found that the
Sema3A induced growth cone collapse was more sensitive when the neurons were cultured in
brain derived neurotrophic factor (BDNF) as opposed to nerve growth factor (NGF).2 More-
ovet, NGF dependent DRG growth cones increased their sensitivity to Sema3A with acute
exposure to BDNE In contrast to this, DRG neurons cultured in NGF concentrations showed
an increased growth cone resistance to collapse in response to Sema3A with an acute applica-
tion of NGF or BDNE?? These studies collectively suggest that the responses of growth cones
to Semaphorins converge with signaling provided by Neurotrophins.

In the search for the underlying molecular mechanism, Atwal et al demonstrated that Sema3F
antagonises NGF-induced activation of the lipid kinase phosphatidylinositol 3-kinase (PI3K)
in sympathetic neurons.>® In addition to this, sustained activation of PI3K—through
overexpression of the docking protein growth-associated binder 1 (Gab-1)—was shown to
partially reverse Sema3F induced growth cone collapse.’® PI3Ks are a family of lipid kinases,
which regulate a wide variety of biological responses in a broad range of cell types.”> PI3K
activity results in the generation of phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which
mediates the recruitment and subsequent activation of several intracellular kinases. The in-
volvement of PIP3 in signaling that determines cell asymmetry in different cell types implies
that PI3K signaling can be highly restricted®® and is exemplified in neurons, where PI3K sig-
naling mediates the determination and maintenance of axons and neurotrophin-mediated axon
elongation.”””® The picture that emerges in light of these findings suggests that PI3K activity
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may be a determining event during axonal growth and growth cone collapse, which is a view
supported also by our own work. We have recently shown that Sema3A suppresses PI3K signal-
ing in NIE-115 neuroblastoma cells, concomitant with an activation of GSK3, which is an
established downstream signaling mediator of the PI3K/Akt pathway in many cell types.*® In
addition, we reported a decreased sensitivity of DRG growth cone to collapse in response to
Sema3A by activation of PI3K using a small phosphopeptide known to mimic
receptor-dependent activation of PI3K.> Not only is inactivation of PI3K in response to Sema3A
and Sema3F a requirement for the growth cone collapse, but acute exposure to the PI3K in-
hibitor LY294002, is sufficient to induce a growth cone collapse in both sympathetic and DRG
neurons.>*> Thus, Neurotrophin and class III Semaphorins converge to modulate levels of
membranous PIP3 and define the fine-tuning between axonal growth and inhibition.

Regulation of PI3K Signaling by Semaphorins

The molecular mechanisms underlying the semaphorin effect in antagonising PI3K signal-
ing remain unidentified. Among the PI3Ks, the class I group of PI3K is key in the generation
of the PIP3 signaling intermediary, leading to activation of Akt/PKB and other downstream
effectors. Class I PI3Ks are heterodimers consisting of a regulatory subunit (collectively called
‘p85s’) whose SH2 domain mediates recruitment of the p110 catalytic subunit to
membrane-bound receptors, adaptor proteins and Ras.®*¢! Stimulation of the PI3Ks involves
bindin% of p85 to the phosphorylated YXXM motif during growth factor receptor activa-
tion.5%% Interestingly, the Sema3 receptor PlexinAl incorporates a putative SH2 binding
motif—the characteristic YXXM sequence—raising the possibility of a direct interaction of
PlexinAl with p85 of PI3K. However, we were unable to confirm association of PlexinA1l (or
constitutively active PlexinA1Aect) with the PI3K regulatory subunit, p85 (unpublished ob-
servation, A.A, B.J.E). Alternatively, Semaphorin downregulation of PI3K signaling may be
achieved through inhibition of Ras activity. In this context, Plexins have been reported to
contain sequence homology to RasGAPs. For example, PlexinB1 mediated growth cone col-
lapse suppressed R-Ras by activation of its intrinsic RasGAP activity.5% The possibility of
R-Ras to control PI3K activity during Sema3A induced growth cone collapse is strengthened
by the observation that overexpression of Ras attenuates the PI3K/Akt signaling pathway, re-
sultinég in an increase in GSK3 phosphorylation and axonal remodelling in hippocam&al neu-
rons.”” Indeed, downregulation of R-Ras has been reported in response to Sema3A,** and a
constitutively active R-Ras mutant inhibits Sema3A-mediated growth cone collapse.> How-
ever, whether Ras-GAP activity controls PI3K/GSK3 signaling in response to Sema3A remains
to be demonstrated. Finally, PI3K signaling is terminated by the activities of the lipid phos-
phatases PTEN (phosphatase and tensin homologue deleted on chromosome ten) and
Src-homology 2 (SH2) domain-containing inositol 5'-phosphatase (SHIP),55%° and we have
recently reported on the involvement of PTEN in the Sema3A mediated growth cone col-
lapse.’” In DRG neurons, upon Sema3A exposure, transient accumulations of PTEN to the
growth cone membrane shifts to a stable recruitment. In addition, PTEN was required for
Sema3A mediated changes in PI3K/GSK3 signaling. Considering the recent identification of
PTEN as a substrate for GSK37"—the hierarchies of PI3K and PTEN in their ability to con-
trol PIP3 levels and the potential that GSK3 may provide feedback regulation of PTEN—both
require further experimental investigation (see Fig. 3).

Another Semaphorin, Sema4D, has been shown to increase endothelial cell migration,
through activation of Akt in a PI3K-dependent manner.”! Binding of Sema4D to Plexin-Bl
was shown to trigger the sequential activation of the nonreceptor tyrosine kinases PYK2 and
Src, which recruited PI3K to form a multimeric signaling complex independent of the intrinsic
Ras GAP activity of Plexin-B1. This result extends the complexity of PI3K/Ak« signaling with
regard to Semaphorin function, and suggests that diversity in cellular outcomes of PI3K activ-
ity may contribute in a cell type dependent fashion.
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PI3K /= PTEN

Microtubule Dynamics

Figure 3. Control of microtubule dynamics by Sema3A. Cyclin dependent kinase 5 (Cdk5) and
Glycogen synthase kinase 3 (GSK3) are intracellular mediators of Sema3A in neurons and have
been shown to control the activity of collapse response mediator protein-2 (CRMP-2). Cdk5
regulation during Sema3A signaling is subject to phosphorylation at Tyr15 by a member a Src
tyrosine kinase, Fyn. Cdk5 directly phosphorylates CRMP-2 at Ser522, which facilitates subse-
quentphosphorylation of CRMP-2 atSer518, Thr514 and Thr509 by GSK3, resulting in decreased
affinities of CRMP-2 to 8-tubulin and changes in microtubule dynamics. During Sema3A induced
growth cone collapse, GSK3 activation is mediated through inactivation of phosphatidylinositol
3-kinase (PI13K)/Akt signaling, which requires the lipid phosphatase PTEN. It is interesting to
speculate whether GSK3 activity in the Sema3Aresponse also targets its substrate PTEN to quickly
adapt and desensitise PI3K/GSK3 signaling. On the other hand, inactivation of PI3K by Sem3A
may also depend on inhibition of R-Ras by the intrinsic Plexin RasGAP activity.

Synergistic Control of CRMP-2 Phosphorylation by CDK-5

and GSK3 Mediates Sema3A Function

An established target of PI3K activity in neurons is Glycogen Synthase Kinase 3 (GSK3).
GSK3 is a multifunctional serine/threonine kinase originally identified as an enzyme down-
stream of insulin signaling that is capable of phosphorylating and inactivating glycogen
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synthase.”? There are two known isoforms of GSK3 in vertebrates, a and B.”>7% Highest
levels of both isoforms are found in the brain, and the pattern of GSK38 e);pression broadly
correlates with the period of axonal extension and dendritic plasticity.”*”> Localised PI3K
activation in the neuronal growth cone reduces GSK3 activity towards microtubule-binding
proteins, which results in increases in axonal extension.’® Inactivation of GSK3 is achieved
by phosphorylation of Ser9 and Ser21 in GSK3B and GSK3a respectively, and our own
work characterised an inactive (phosphorylated) pool of the enzyme specifically maintained
at the leading edge of motile growth cones.”® We also demonstrated that inhibition of axonal
extension induced by Sema3A leads to GSK3 activation.? This response may be achieved, at
least in part, through alterations in microtubule dynamics by GSK3 dependent inactivation
of collapse response mediator protein-2 (CRMP-2)%:30 (Fig. 3). Although it is discussed in
dertail in Schmidt and Strittmatter, 2006, it is necessary to outline key aspects of the conver-
gence of a number of kinases, which directly phosphorylate and regulate the activity of dif-
ferent members of the CRMP family.

5 CRMP isoforms have been characterised to date. CRMP-1, 2 and 4 have been shown
to be targeted by GSK3 activity.?>’%"” Initial experiments by Goshima and colleagues iden-
tified CRMP-2 as an essential component of Sema3A signaling. Expression of CRMP-2 in
Xenopus oocytes, followed by the application of Sema3A, resulted in an inward current of
chloride ions, which originall)r suggested that CRMP-2 linked Sema3A signaling to intrac-
ellular calcium mobilisation.”® In DRG neurons, antibodies directed against CRMP-2 had
no effect on growth cone extension, but antagonised the growth cone collapse induced by
Sema3A application.”® In response to Sema3A, GSK3 mediates CRMP-2 phosphorylation
at Ser518/Thr514/Thr509, dependent on a preceding Eriming of the Ser522 site mediated
by a second kinase; cyclin-dependent kinase 5 (Cdk5).?>3%7? Sema3A is a known activator
of Cdk5 in neurons and Cdk5’s activity towards CRMP-2 is an essential component in the
Sema3A growth cone collapse.?>?%® In response to Sema3A, Cdk5 regulation is subject to
phosphorylation at Tyr15 by a member of the Src family of tyrosine kinases (Fyn) and is
dependent on the recruitment of a Fyn/Cdk5 complex to the PlexinA2 receptor.®” In line
with this model, DRG neurons from both Fyn- and Cdk5 deficient mice show decreased
sensitivity to Sema3A. Also, phosphorylation of Tau (a Cdk35 substrate) is observed follow-
ing Sema3A treatment.®® CRMP-4 has also been shown to be targeted by GSK3 activity, yet
no changes in phosphorylation have been reported in response to Sema3A.”” This surpris-
ing finding may underline the sequential phosphorylation of CRMP-2 described above,
involving an initial priming activity by Cdk5 that facilitates phosphorylation by GSK3
(Fig. 3).%3%7% Therefore, the specificity of GSK3 activity towards its substrate CRMP-2 in
the Sema3A-mediated growth cone collapse may, crucially, depend on a coactivated prim-
ing kinase.

A further kinase implicated in the mediation of Sema3A signaling by targeting CRMP-2
is the tyrosine kinase Fes/Fps, which is found in a complex with PlexinAl and CRMP-2.%!
Expression of a Fes kinase mutant into mouse DRG neurons attenuates the Sema3A induced
growth cone collapse, suggesting that Fes/Fps is a candidate linking the Sema3A signal to
neuronal responses. This may depend on Fes/Fps tyrosine phosphorylation of CRMP-2,
however, neither specific sites nor the consequence of CRMP-2 tyrosine phosphorylation
have yet been investigated directly.®! Finally, a third serine/threonine kinase, Rho-kinase, is
involved in regulating CRMP-2 through phosphorylation at Thr-555.8%83 Whilst Sema3A
function does not require Rho-kinase dependent phosphorylation of CRMP-2,82 it is in-
teresting that ephrin-A5 induces phosphorylation of CRMP-2 via Rho-kinase to induce the
growth cone collapse.??

Cdk5 and Sema3A-Mediated Increases in Axonal Transport

As well as targeting CRMP-2 in the coordination of microtubule dynamics, Cdk5 has
been implicated in the control of axonal transport in response to Sema3A.8 CdkS is a
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member of the cyclin-dependent kinase family and a protein kinase implicated in the con-
trol of numerous aspects of both functional and structural plasticity in the developing and
adult nervous system.®> Given the wide spectrum of Cdk-5 targets in cells,}*® it seems
feasible that Cdk5 may control additional Sema3A-mediated responses. In this context,
CdkS5 activity has been closely linked to the function of microtubule motors. For example,
CdkS5 activity towards its substrate dynein-interacting protein Nudel (NudE-like) controls
dynein-based axonal transport mechanisms.®” In addition, a regulatory pathway involving
Cdk5, protein phosphatase 1 (PP1) and GSK3 has been demonstrated to control
kinesin-driven motility in axons.®® Application of Sema3A to DRG neurons facilitates both
anterograde and retrograde axonal transport in neurons.3°* The molecular characterisation
of the mechanisms controlling this response has just begun, and recent studies indicate an
involvement of the Fyn-CdkS5 complex.>! Sema3A induced increases in axonal transport in
DRG neurons is attenuated by, either, the %eneral tyrosine kinase inhibitor lavendustin A,
or, the Cdk5 specific inhibitor olomucine.”! Furthermore, both Fyn” and Cdk5”" DRG
neurons exhibit reduced axonal transport induced by Sema3A when compared to control
mice.?! Interestingly, Sema3A-induced facilitation of axonal transport is dependent on
localised protein synthesis in the distal axon segment and/or the growth cone, suggesting
that both mechanisms may be subject to control by similar signaling events. This hypoth-
esis is supported by two lines of evidence. Firstly, the observation that Fyn and Cdk5 medi-
ate Sema3A-induced activation of the translation initiation factor eIF-4E in growth cones.’!
Secondly, Sema3A induced anterograde transport of specific messenger RNA (mRNA) in
regenerating DRG axons shows sensitivity to lavendustin A and olomucine and is therefore
likely to be dependent on Fyn and Cdk5.”! In summary, the Fyn-Cdk5 complex appears to
be a key signaling component in the synchronisation of localised activation of protein
synthesis with axonal transport mechanisms required for Sema3A-induced responses
in neurons.

MAPK Signaling and the Control of Sema3A Induced Translation
of Axonal mRNA

The spatial localization of mRNA to sites of increased cytokeletal dynamics, in addition to
mechanims that control their specific translation in a ligand dependent manner, plays an im-
portant function in a number of cellular responses including cell motility and chemotaxis.”>%*
Working with the assumption that cells possess the ability to separate different biological tasks
in space and time it is not surprising that in neurons, one biological consequence of Semaphorins
is the localised synthesis of proteins in the axonal processes and their growth cones.>>?> The
serine/threonine kinase mTor is the central controller in cellular translation. mTOR modulates
the activity of two key translational regulators, the ribosomal S6 kinases (S6K1 and S6K2) and
the eukaryoric initiation factor 4E (¢IF4E). In general, mTor is active in the presence of growth
favourable conditions, and acts in order to maintain a robust rate of protein synthesis and
ribosome biogenesis important for cellular homeostasis.”® Various external stimuli regulate
mTor activity, which include growth factors, nutrients, the level of cellular energy (AMP/ATP
ratio) and stress.”

Navigating axons adapt rapidly their repertoire of responses to external stimuli by increas-
ing anterograde transport of individual mRNA in addition to regulating their translation.”’?7-%?
A prevailing example is the dependency of protein translation for attractive turning responses
mediated by netrin.®? Similarly, repulsive turning responses mediated by Sema3A have been
demonstrated to depend on newly synthesised proteins in the growth cone.*? In Xenopus spi-
nal neurons, the presence of the protein synthesis inhibitors anisomycin or cycloheximide blocks
the Sema3A induced growth cone collapse, and Sema3A induced repellent activities in the
turning assay are antagonised in the presence of protein synthesis inhibitors. Rapamycin, but
not wortmannin, inhibits Sema3A-induced growth cone collapse and turning, suggesting that
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Sema3A induced translation is independent of PI3K signaling;®? the major pathway regulating
mTor activation and protein synthesis.'®’ In contrast, MAPK inhibitors antagonised
Sema3A-induced phosphorylation of eukaryotic initiation factors eIF-4EBP1, elF-4E, and
Mnk-1, suggesting a dependency on p42/p44 MAPKs in controlling Sema3A induced transac-
tional activation.'?! These results seem to support the idea that translational initiation by mTOR
involves two downstream effectors, p70S6Ks and 4EBPs, which both require phosphorylation
by mTOR and MAPK for optimal activation of protein synthesis.'*!%> Because rapid in-
creases in MAPK phosphorylation have been reported as occurring, not only during Sema3A-,
but also during Sema3F, Sema7A and Sema4D stimulation,'**>*1% it will be interesting to
test whether regulation of protein synthesis is a common target of MAPK activation in re-
sponse to Semaphorins.

Semaphorin Signaling Leading to Selective Cell Death Responses

In addition to their guidance properties, Semaphorins can also induce cell death. For
example, several class III Semaphorins have been implicated in the control of programmed
cell death in sensory neurons,'® small-cell lung cancer cell lines!®!%7 and DEV cells.!%8
Exposure to exogenous Sema3A in vitro for a prolonged time induces apoptosis of sympa-
thetic and cerebellar granular neurons.'®® Simila.rl{r, activated T cells have been shown to
wrigger neural cell apoptosis by releasing Sema4D.!'? This might reflect a general feature of
inhibitory axon guidance molecules; that they may trigger cell death of neurons to eliminate
misguided axons and to prevent ectopic, or exuberant innervations of neuronal targets.'%
Little is known about the intracellular kinases ensuring activation of cell death responses by
Semaphorins. A partial inhibition of apoptosis has been shown to result from the use of the
pan-caspase inhibitor.!%1%8 Selective recruitment of the ERK1/2 pathway is also known to
occur during Sema3A-induced neural progenitor cell repulsion, whereas p38 MAPK activa-
tion is necessary for induction of apoptosis.># Recently, Sema3A has been shown to activate
c-Jun N-terminal kinase (JNK)/c-Jun signaling, in NGF-dependent DRG neurons. Simi-
larly, pharmacological inhibition of this pathway reduced Sema3A-induced apoptosis,* sug-
gesting that activation of the JNK/c-Jun signaling pathway may play an important role in
mediating Sema3A-induced cell death responses.

Concluding Remarks

In the 13 years since the identification of the first vertebrate Semaphorin much progress has
been made in the identification of the receptors mediating the transduction of Semaphorin
signaling. This chapter has detailed some of the evidence for the intracellular protein kinases
that mediate these signals, and has detailed the convergence of several kinases onto CRMP-2,
the first identified intracellular protein mediating Semaphorin signaling. No doubt, the inter-
play between the kinases and other well-established aspects of signaling downstream of
Semaphorins will have to be further elucidated.

Several neurological conditions have been linked, directly or indirectly, to aberrant Sema3A
signaling,'!!""!8 and studies are beginning to determine the mechanisms of semaphorin func-
tion during angiogenesis,”> during cancer progression®®!'*12% and immune responses.?>!!
The identification and detailed characterisation of the downstream kinases involved opens up
the potential for pharmacological intervention by small molecule inhibitors, designed to target
single proteins in the signaling network of the cell rather than interfere with global regulators.
For instance, in the regeneration of the nervous system, cell permeable analogues have achieved
significant recovery following injury.'?>12* These findings are significant, since they indicate
that extracellular cues can effectively be bypassed when attempting to postulate strategies for
pharmacological promotion of axonal regeneration. It seems clear that cthe abundance of
kinases downstream of Semaphorin will serve as potential therapeutic targets in the treatment
of a number of diseases.
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CHAPTER 4

MICAL Flavoprotein Monooxygenases:
Structure, Function and Role in Semaphorin Signaling
Sharon M. Kolk and R. Jeroen Pasterkamp*

Abstract

ICALs (for Molecule Interacting with CasL) form a recently discovered family of
M evolutionary conserved signal transduction proteins. They contain multiple

well-conserved domains known for interactions with the cytoskeleton, cytoskeletal
adaptor proteins, and other signaling proteins. In addition to their ability to bind other pro-
teins, MICALs contain a large NADPH-dependent flavoprotein monooxygenase enzymatic
domain. Although MICALs have already been implicated in a variety of cellular processes,
their function during axonal pathfinding in the Drosophila neuromuscular system has been
best characterized. During the establishment of neuromuscular connectivity in the fruit fly,
MICAL binds the axon guidance receptor Plexin A and transduces semaphorin-1a-mediated
repulsive axon guidance. Intriguingly, mutagenesis and pharmacological inhibitor studies sug-
gest a role for MICAL flavoenzyme redox functions in semaphorin/plexin-mediated axonal
pathfinding events. This review summarizes our current understanding of MICALs, with an
emphasis on their role in semaphorin signaling,

Introduction

The formation of neuronal circuits during embryonic development relies upon the guid-
ance of growing axons to their synaptic targets. To help neurons find these targets, axons are
tipped with a highly motile sensory structure called the growth cone. Growth cones are in-
structed to follow predetermined trajectories by heterogeneously distributed guidance mol-
ecules in their extracellular environment. Binding of axon guidance molecules to receptor com-
plexes on the growth cone surface initiates intracellular signaling events, which in turn modulate
growth cone morphology and directional motility through local modifications of the neuronal
cytoskeleton. Axon guidance molecules can act as attractants or repellents, either directing
growth cones towards a specific structute or preventing them from entering inappropriate re-
gions of the embryo. Furthermore, they exist as membrane-associated or soluble agents, acting
at short ranges or at long distance, respectively.'

The semaphorins are among the largest of the conserved families of axon guidance mol-
ecules, affecting axon steering, zonal segregation of distinct axon populations, axon branching,
axon fasciculation, neuron polarity, and synapse formation and function.** In addition,
semaphorins and their receptors participate in the regulation of various nonneuronal processes
such as angiogenesis, organogenesis, tumorigenesis and immune cell function. Furthermore,
they may contribute to the onset and/or progression of human (brain) disease.>” Semaphorin
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signaling during axon guidance is dependent on multimeric receptor complexes on the growth
cone cell surface that contain plexin proteins as obligatory signal-transducing subunits.
Semaphorins can either bind ditectly to plexins (Sema classes 1, 2, 4-7 and Sema3E) or may
require specialized ligand-binding coreceptors, such as neuropilin proteins (Sema class 3), to
achieve steering of neuronal processes. In addition to plexins and neuropilins, several structur-
ally unrelated receptors have been identified, some of which function in the nervous system
including receptor tyrosine kinases (Otk), Ig superfamily cell adhesion molecules (L1 and
NrCAM), integrins, and CD72.1%12 In sharp contrast to the wealth of information on the
biology of semaphorins and their (co)receptors, the cytosolic signaling pathways that mediate
growth cone responses to semaphorins are only now beginning to be understood. An ever
increasing number of signaling proteins are now implicated in linking semaphorin receptors to
the neuronal cytoskeleton including members of the Rho family of small GTPases, collapsin
response mediator proteins (CRMPs), and intracellular protein kinases.'!"!” Here we focus on
MICALSs, a novel family of cytosolic signaling proteins implicated in mediating semaphorin
signaling events in neurons. A short description of the recently established neuronal MICAL
expression patterns precedes our overview of potential roles played by these multidomain pro-
teins in repulsive semaphorin/plexin signaling. We then review potential roles for MICALs in
the regulation of cytoskeletal dynamics and summarize recent insights into the structure and
function of the MICAL flavoprotein monooxygenase domain.

The MICAL Family

A critical step in neuronal semaphorin signaling is the activation of specific signal transduc-
tion pathways by plexins. Several of the semaphorin signaling cues identified to date can asso-
ciate directly with the cytoplasmic domain of plexin. The MICAL proteins (for Molecule In-
teracting with CasL)'® form a family of cytosolic plexin-interacting proteins that participate in
repulsive semaphorin signaling in neurons.”” In invertebrate species such as Drosophila, a single
MICAL protein has been identified (D-MICAL), while vertebrates have three MICAL genes
(MICAL-1, MICAL-2 and MICAL-3). In addition, several MICAL -like genes (MICAL-L) ex-
ist which encode potentially MICAL-related proteins that lack the highly conserved
NH)-terminal region present in *full-length’ MICALs.'%?° From sequence analysis it has been
shown that MICALs contain multiple domains and motifs known to be important for interac-
tions with the actin cytoskeleton and other proteins critical for signaling events to the cytosk-
eleton. In addition, MICALs uniquely combine their protein-binding properties with an
NHj;-terminal flavoprotein monooxygenase domain (Fig. 1A). MICALs are expressed in vari-
ous tissues including lung, heart, thymus, and brain, !81%:21:22:60

MICAL Expression

Thus far, MICAL expression patterns in invertebrate and vertebrate nervous systems have
been studied in most detail. In the early embryonic fruit fly (stage 7-8), prominent D-MICAL
labeling is found in the ventral neurogenic region. At later stages (stage 13 onward), D-MICAL
transcripts are present within the developing Drosophila brain and ventral cord in most, if not
all, central nervous system (CNS) neurons. In contrast, mRINA expression in peripheral ner-
vous system (PNS) neurons is weak. In line with D-MICALs role downstream of Plexin A
(PlexA), D-MICAL and PlexA distribution patterns are highly similar. Immunohistochemistry
for D-MICAL protein labels neuronal cell bodies, axons and growth cones."”

Vertebrate members of the MICAL family are expressed throughout the developing and
matute rat nervous system. In contrast to MICAL-1 and -3, the onset of MICAL-2 expression
is delayed (late embryonic/postnatal) and MICAL-2 is absent from certain specific brain areas
such as the hypothalamus and striatum.?> MICAL-1, -2 and -3 expression patterns in the
embryonic and postnatal nervous system support the idea that MICALs play roles in neural
development, while their presence in adult neurons hints at a possible function in the control
of adult (structural) plasticity.? Furthermore, the overlap between MICAL, plexin and neuropilin
distribution patterns supports a role for vertebrate MICALSs in semaphorin signaling.



40 Semaphorins: Receptor and Intracellular Signaling Mechanisms

CRHRMP \
A ros2? %7 %7 ??  RanBPM CaslL plexinA
= é %ﬂ v v vimentin
: rabi
] PPKPP
LIM Domain Coiled-Coil

Flavoprotein  Calponin
Monooxygenase Homology
Domain Domain

Motifs

Figure 1. MICALs are multidomain flavoprotein monooxygenases. A) MICALs contain an
NH,-terminal FAD-binding monooxygenase domain of about 500 amino acids followed by a
calponin homology domain, a LIM domain, a Pro-Pro-Lys-Pro-Pro (PPKPP) region for Src homol-
ogy 3 (SH3) recognition, and COOH-terminal coiled-coil motifs. In addition, two variable
regions (var1 and var2) are present with no known homology to published sequences. Thus far,
MICALs have been reported to associate with CasL, plexinA, vimentin, rab1, CRMPs and RanBPM.
The region of the MICAL protein that binds to CRMPs or RanBPM is unknown. Binding partners
of other domains (question marks) are unknown. B-E) Flavoprotein monooxygenase inhibitors
block Sema3A-induced sensory axon repulsion. E14 rat DRG explants were cocultured with 293
cells expressing Sema3A (asterisks) and grown for 48 h in the presence of vehicle (B) or an
inhibitor (C-E). B) Sema3A repels rat sensory neurons. The monooxygenase inhibitors EC (C) and
EGCG (D), but not the xanthine oxidase inhibitor allopurinol (CON) (E), inhibit this
Sema3A-dependent axon repulsion. For more detail see Terman et al. (2002) and Pasterkamp et
al., (2006). F) Ribbon diagram of the mouse MICAL-1 flavoprotein monooxygenase domain.
Shown are the four-helix bundle domain (4H), FAD-binding domain (FAD), monooxygenase
domain (MO), and linker region (link). The FAD molecule is drawn as balls and sticks. Panels B-E
are reprinted from Terman et al. (2002) with permission from Elsevier. ROS, reactive oxy-
gen species.

In addition to being expressed in neurons, MICAL-I and MICAL-3 are expressed in a
subset of oligodendrocytes in the postnatal and adult CNS. Several recent studies demonstrate
a prominent role for semaphorins and associated signaling pathways in oligodendroglia biol-
ogy. Oligodendrocyte progenitors and oligodendrocytes express a broad spectrum of semaphorins
and semaphorin receptors.”>?® Furthermore, semaphorins belonging to different subclasses
can induce process retraction in oligodendrocyte progenitors and oligodendrocytes, and they
can also direct the migration of oligodendrocyte progenitors in vitro.2>?#2627:2% Although their
function in oligodendrocytes requires further study, MICALs may also act to mediate the ef-
fects of semaphorins on oligodendrocyte morphology. This is especially interesting in view of
the expression of MICALs in the injured CNS. Following rat spinal cord lesions, MICAL-1



MICAL Flavoprotein Monooxygenases; Structure, Function and Role in Semaphorin Signaling 41

and -3 signals are significantly increased in oligodendrocytes immediately adjacent to the site
of injury. Furthermore, expression of all three MICAL:s is induced in meningeal fibroblasts that
occupy the lesion core.”2 These observations suggest that MICALs may contribute to the regu-
lation of post-injury responses such as neural scar formation.?® Protein distribution patterns of
vertebrate MICALSs in the nervous system are currently unknown.

MICALSs in Semaphorin Signaling
Invertebrate Signaling

Drosophila PlexA is a receptor for the transmembrane semaphorin Sema-1a, and
PlexA-Sema-1a interactions are required for the generation of embryonic neuromuscular con-
nectivity and for the establishment of longitudinal CNS axon tracts.>*? A yeast two-hybrid
screen for PlexA-interacting proteins identified D-MICAL as a novel component of neuronal
Sema-1a signaling.!? Expression, biochemical, and genetic interaction experiments show a di-
rect interaction between D-MICAL and PlexA which is required for the effects of Sema-1a on
motor axon pathfinding,'” How do these observations fit into our current view of Sema-1a/
PlexA signaling? Similar to what has been found in vertebrate species, invertebrate semaphorin
receptors are likely to be composed of multiple subunits. In addition to PlexA, the Sema-1a
rcccgtor complex is thought to contain at least one more component, off-track (Otk) (Fig.
2).3° Otk, a putative receptor tyrosine kinase, associates with PlexA in vitro and modulates
Sema-1a/PlexA signaling events through unidentified mechanisms. Another transmembrane
protein that may function as a receptor component with PlexA is the receptor-type guanylyl
cyclase Gyc76C (Fig. 2).>* Genetic data reveal a neuronal requirement for the Gyc76C cata-
lytic cyclase domain in Sema-1a repulsion. Although it remains to be determined whether or
not Gyc76C associates directly with PlexA, Gyc76C may provide an in vivo link between
semaphorin and cGMP signaling pathways previously characterized in vitro.”® Similar to
D-MICAL, the last four amino acids of Gyc76C fit the consensus for a PDZ (PSD-95,
Discs-large, zona ocludens-1) domain-binding motif. This raises the intriguing possibility that,
as has been observed for other signaling networks, PDZ domain containing scaffolding pro-
teins may serve an important role in recruiting and assembling the Sema-1a signaling complex.
Vertebrate semaphorin receptor subunits such as neuropilin-1 have been shown to regulate the
interaction between plexinA receptors and their downstream effectors (see, for example ref.
36). It will be of great interest to determine whether Sema-1a coreceptor proteins such as Otk,
or perhaps even Gyc76C, serve similar functions and thereby regulate the function of PlexA
interacting proteins such as D-MICAL.

The intracellular signaling pathways downstream of the PlexA receptor complex are poorly
defined. The A-kinase anchoring protein (AKAP) nervy and the small GTPase Rac are the only
other cytosolic proteins, in addition to D-MICAL, that have thus far been implicated in Sema-1a/
PlexA signaling.”’ Rac does not bind directly to PlexA, but increasing the level of plexA in
vivo enhances the neuronal phenotype produced by the expression of a dominant-negative Rac
mutant.”#* Nervy binds PlexA and couples this Sema-1a receptor to (¢cAMP-dependent) type
I1 protein kinase A (PKA RII), providing the potential for spatiotemporal specific phosphory-
lation of target proteins under the control of local changes in cAMP (Fig. 2).*! Interestingly,
D-MICAL has several consensus PKA phosphorylation sites and, like nervy, binds to the PlexA
cytoplasmic region. Although the exact D-MICAL and nervy binding sites on PlexA are un-
known, genetic evidence argues against the idea that D-MICAL and nervy compete for PlexA
binding, as has been suggested for certain RhoGTPases and vertebrate plexins.'>!'® Whether or
not nervy is involved in regulating the activity of D-MICAL through its ability to localize
cAMP-dependent PKAs remains to be determined. Vice versa, it is unknown whether D-MICAL
influences the activity of Sema-1a receptor or signaling proteins such as Otk or nervy. How-
ever, the observation that site-directed mutagenesis of the D-MICAL monooxygenase region
blocks Sema-la-mediated axon repulsion supports the intriguing hypothesis that
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Figure 2. Schematic representation of invertebrate semaphorin signaling. Semaphorin-1a(Sema-1a)
binds PlexA on the growth cone surface to influence axon pathfinding decisions in the Droso-
phila PNS and CNS. The receptor tyrosine kinase off-track (Otk) is a component of the PlexA
receptor complex and is required for Sema-1a-mediated axon repulsion. The receptor-type
guanylyl cyclase Gyc76C also functions with Sema-1a and PlexA and may be part of the PlexA
receptor complex. The intracellular signaling cascades downstream of Sema-1a and PlexA are
poorly understood but include at least two PlexA-binding proteins, D-MICAL and nervy. The
function and mechanism-of-action of these signaling cues are largely unknown but it has been
postulated that nervy, whichis an A-kinase anchoring protein, may function to control the activity
of D-MICAL through cAMP-dependent phosphorylation events. The other plexin receptor found
in Drosophila, in addition to PlexA, is PlexB. PlexB is a functional receptor for Sema-2a and both
Rac and RhoA have been reported to bind to PlexB. PlexA and PlexB can form heteromultimeric
receptor complexes. This biochemical association allows for cooperative guidance effects and
may enable PlexA access to PlexB-dependent signaling pathways (e.g., involving Rac), and vice
versa (e.g., involving D-MICAL).

D-MICAL-mediated redox reactions function to regulate the activity of the Sema-1a/PlexA
signaling complex.’

In addition to plexA, the Drosaphila genome includes another plexin, plexB. PlexB is ro-
bustly expressed in the embryonic nervous system, is a functional receptor for Sema-2a, and is
required for motor and CNS axon pathfinding.*? Interestingly, PlexA and PlexB serve both
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distinct and shared neuronal guidance functions. For example, defects in the intersegmental
nerve (ISN)b are strikingly similar in plexA- and plexB-deficient flies, while defects in
longitudinally projecting CNS projections are clearly distinct.3*#2 The cooperative actions of
PlexA and PlexB in patterning certain neuronal tracts can be explained by their ability to form
heteromultimeric receptor complexes in vivo (Fig. 2).42 Genetic and biochemical experiments
suggest that this association enables PlexA access to signaling molecules that only bind to PlexB,
and vice versa. For example, although D-MICAL does not bind directly to PlexB, a robust
genetic interaction was observed between D-MICAL and plexB for ISNb defects.®? Similarly,
Rac genetically interacts with both plexA and plexB bur fails to bind to PlexA (Fig. 2).3%
Expression analyses reveal widespread and overlapping plexA and plexB expression in the em-
bryonic nervous system.3#2 It is remains to be determined whether PlexA and PlexB associate
simply as a result of coexpression in a subset of neurons or because of as yet unidentified
molecular mechanisms. Genetic analyses further reveal that neuronal expression of plexA in a
plexB murant background reduces the severity of ISNb defects. In reciprocal experiments, PlexB
cannot replace PlexA function.? These observations coupled with the genetic interactions be-
tween plexB and D-MICAL suggest that PlexA may be able to substitute for PlexB through its
ability to recruit D-MICAL, while the inability of PlexB to substitute for PlexA may stem from
its inability to directly recruit D-MICAL.

Vertebrate Signaling

Although the role of D-MICAL downstream of PlexA and PlexB has been firmly estab-
lished, the neuronal function(s) of MICALs in vertebrate species remain largely unknown.
However, current evidence hints at vertebrate MICALs contributing to Sema3/neuropilin/
plexinA signaling (Fig. 3). First, MICAL, neurog)ilin, and plexinA expression patterns overlap in
several different regions of the nervous system.?>*>%> Second, the COOH-terminal portion of
human MICAL-1 interacts with the C2 cytoplasmic region of human plexinA3, while mouse
MICAL-2 interacts with mouse plexinA4.'® Third, pha.rmacolo;ical inhibitors with the ability
to block flavoprotein monooxygenases similar to MICALs*®*” neutralize axon repulsion in-
duced by Sema3A and Sema3F, but not by Sema6A or additional unrelated repulsive gnidance
cues (Figs. 1B-E).!>?2 Overall, these experiments hint at the intriguing possibility that, similar
to the invertebrate situation, vertebrate MICALs function in plexinA signaling. However, many
questions remain about the putative role of MICALs in Sema3 repulsion. For example, do
endogenous MICALs and plexinAs interact in neurons; are MICALs required for the Sema3
responsiveness of vertebrate neurons in vitro and in vivo? Future studies will undoubtedly
address these and other issues.

Several distinct classes of cytosolic signaling proteins have been implicated in repulsive Sema3
signaling including CRMPs, RhoGTPases, and multiple intracellular protein kinases.!!!%14
Unfortunately, our understanding of the linear and network relationships among these differ-
ent cues is still rudimentary. Given their large multidomain structure, which allows for a plethora
of protein-protein associations, MICALSs are excellent candidates for recruiting and assembling
critical components of the Sema3 signaling complex. Members of at least two classes of Sema3
signaling cues, the CRMPs and RanBPM, associate with MICALs (Fig. 3).164850 \Whether any
of the other cytosolic cues implicated in Sema3/plexinA signaling bind MICALs remains to be
determined. However, the association of MICALSs with several proteins at present thought not
to be involved in signaling events involving plexinAs, CRMPs and RanBPM suggests that
MICALSs may not only function to transduce Serna3 signals but could also link Sema3 signal-
ing to other signaling cascades, including those regulating cell adhesion or vesicle trafficking
(see below).

A MICAL Connection to the Cytoskeleton?

In addition to an NH,-terminal flavin adenine dinucleotide (FAD)-binding monooxygenase
domain, MICALSs contain a calponin homology (CH) domain, a LIM domain, proline-rich
stretches and COOH-terminal coiled-coil motifs (Fig. 1A). Furthermore, available sequence
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Figure 3. A potential role for MICAL proteins in vertebrate Sema3 signaling. Upon binding of
Sema3s to neuropilins, a neuropilin/plexinA/CAM receptor complex is assembled and down-
stream signaling pathways are activated. Several lines of evidence suggest a role for MICALs
downstream of Sema3s and plexinAs. Similar to the invertebrate situation, MICALs may bind the
plexinA cytoplasmic domain to mediate repulsive Sema3 signals. At least two other classes of
proteins involved in Sema3 signaling, i.e., CRMPs and RanBPM, have been reported to bind
MICALs. In addition, MICALs bind CasL and may sequester this protein away from integrin
signaling complexes in response to Sema3 binding thereby inhibiting cell adhesion. This figure
is simplified to only contain MICALs and their Sema3 interacting partners. For a more compre-
hensive overview of Sema3 signaling see references within the text. CAM, cell adhesion mol-
ecule; CRMP, collapsin response mediator protein; FAK, focal adhesion kinase; ROS, reactive
oxygen species. IF, intermediate filaments; RanBPM, Ran-smalf GTPase binding protein.

data suggest that MICAL-1, but not MICAL-2 and -3, contains a highly charged polyglutamic
acid-rich stretch, and D-MICAL, but not mouse or human MICALs, contains a
COOH-terminal PDZ domain binding motif. The founding member of the MICAL famil(_l‘,‘
MICAL-1, was originally identified as a binding partner for CasL, a member of the p130

(Cas) family.'® MICAL-1 associates with the SH3 domain of CasL through a proline-rich
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Pro-Pro-Lys-Pro-Pro (PPKPP) sequence near its COOH terminus and colocalizes with CasL
in the perinuclear region of HeLa cells (Fig, 1A).!® CasL acts as a docking protein for signaling
molecules critical for $1-integrin-mediated formation of focal adhesions, sites where the actin
cytoskeleton is attached to the extracellular matrix.*"? Interestingly, binding of semaphorins
to plexins leads to a rapid disassembly of integrin-dependent focal adhesions, resulting in actin
depolymerization and ultimately cell contraction.> Similarly, Sema3A inhibits integrin-mediated
adhesion of endothelial cells to the extracellular matrix.* Together, these observations support
the view that plexin-mediated inhibition of substrate adhesion is required for in vitro collapse
responses. But how might plexins modulate integrin function? Several recent studies shed light
on molecular mechanisms that may link plexin- and integrin-dependent signaling cascades.
The central role of CasL in B1-integrin signaling coupled with its ability to bind MICAL-1,
invite the speculation that MICALs may function to sequester CasL following plexin activa-
tion, thereby hampering integrin signaling and locally decreasing cell adhesion (Fig. 3). Other
proposed, but not mutually exclusive, routes of plexin-induced inhibition of integrin signaling
include the reduction of R-Ras and/or PIPKIy661 kinase activity. Sema3 ligand binding trig-
gers the dissociation of the RacGEF FARP2 from the plexinAl receptor and as a result Rac1 is
activated. Activated Racl facilitates binding of Rnd1 to plexinA1 which activates the plexinA1l
GAP domain and stimulates GTPase activity for R-Ras. The resulting decrease in active R-Ras
contributes to the suppression of integrin-mediated adhesion. After dissociation from plexinAl,
FARP?2 associates with and inhibits PIPKIY661 kinase activity resulting in a further decrease in
adhesion. Similar mechanisms have been proposed to underlie SemadD-plexinB1 signaling
events.!>365956 The disassembly of adhesive complexes as a result of plexin receptor activation
is confirmed by the observation of decreased phosphorylation of focal adhesion components,
such as focal adhesion kinase (FAK), following stimulation of NIH-3T3 cells expressing plexinB1
with Sema4D.> Like MICAL, FAK binds to CasL at its NH,-terminal SH3 domain.!®%7
Thus, MICAL may not only sequester CasL but also block FAK-CasL associations and, as a
consequence, modulate FAK phosphorylation and function (Fig. 3). Similarly, MICALs may
interfere with the binding and function of other proteins that interact with the CasL SH3
domain including the protein tyrosine éahosphatases (PTP)-1B and PTP-PEST, and the gua-
nine nucleotide exchange factor C3G.!

Mammalian cells contain three types of cytoskeletal filaments: actin-containing filaments,
tubulin-containing microtubules, and intermediate filaments (IFs). Emerging evidence sug-
gests that MICALs may associate with or regulate the dynamics of several of these cytoskeletal
components. The COOH-terminal region of MICAL-1 associates with the intermediate fila-
ment vimentin (Fig. 1A; amino acids 769-1067 H-MICAL-1), and MICAL-1 and vimentin
expression patterns overlap in nonneuronal cells.'® Although the biological significance of
MICAL-vimentin interactions remains unknown, MICAL-1 could act as a novel IF-associated
protein involved in maintaining cytoskeletal integrity, as has been shown for other IF-interacting
protein such as MAP2 and plectin.’®%

Another MICAL-interactor is the small GTPase rabl. Rabl binds MICAL-1, -2 and -3 at
their COOH-terminus in a nucleotide-dependent manner’ 1’60(Fig. 1A; aa 1028-1067 of
H-MICAL-1). Rabl has been shown to play a major role in the secretory pathway by targeting
vesicles to their target destinations through interactions with the microtubule and/or actin
cytoskeleton.%2 Interestingly, the spatial distribution of EGFP-tagged MICAL-1 and -3 in
Hela cells resembles that of cytoskeletal components such as tubulin and actin, and treatment
with nocodazol, a microtubule depolymerizing agent, results in a loss of this MICAL network-like
staining.% Similarly, MICAL-L2 colocalizes with the actin cytoskeleton in MTD1A and
NIH-3T3 cells, and treatment with cytochalasin D, an actin depolymerizing agent, disrupts
MICAL-12 distribution patterns.”® This, together with the ability of MICAL-L2 to bind an-
other member of the rab family (rab13)%° suggests that MICALs may function in linking rab
GTPases to the cytoskeleton.

Although there are no additional MICAL-interacting molecules known to date, there are
several well-conserved domains within the MICAL coding sequence that could serve to link
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MICAL: to the cytoskeleton. Although the function and mechanism-of-action of the
NH;-terminal MICAL flavoprotein monooxygenase domain is unknown, redox signaling
modification of amino acids within cytoskeletal or signaling proteins has been shown to modu-
late their function.’>%*7° In addition, oxidation of actin leads to disassembly of actin fila-
ments, collapse of actin networks, reduced interactions between actin and actin crosslinking
proteins, and decreased actin polymerization.®>¢” Calponin homology (CH) domains
are found in many other adaptor proteins and have been implicated in both actin- and
microtubule-binding.%® Finally, LIM domains, conserved double-zinc finger motifs, are found
in various cytoskeleton regulatory proteins.®>’® Future studies focusing on the identification
and characterization of proteins that bind the various MICAL domains will be essential for
providing novel insight into the biological function(s) of MICALSs, including their putative
role as cytoskeletal regulators.

MICALS: Redox Regulators of Axon Guidance Events?

Sequence, structural and biophysical analyses show that the highly conserved NH;-terminal
portion of murine MICAL-1 has the architecture and characteristics of a flavoenzyme of the
monooxygenase family (Fig. 1F).!>”!7? Flavoprotein monooxygenases are oxidoreductases that
use FAD to catalyze the insertion of one atom of molecular oxygen into their substrates. In
addition, in some contexts these enzymes can act as oxidases and generate reactive oxygen
species (ROS).”>7% Two lines of experimental evidence suggest that the MICAL monooxygenase
domain is required for mediating repulsive semaphorin function. Site-directed mutagenesis of
functional residues in the D-MICAL monooxygenase region attenuates repulsive Sema-1a sig-
naling in vivo and flavoprotein monooxygenase inhibitors neutralize Sema3-induced axon re-
pulsion in vitro.!®?* These observations hint at a novel role for redox reactions in repulsive
semaphorin signaling.

The topology of the MICAL-1 flavoenzyme most closely resembles that of p-hydroxybenzoate
hydroxylase (PHBH), a nicotinamide adenine dinucleotide phosphate (NADPH)-dependent
flavoprotein monooxygenase.”> Comparison of the MICAL-1 structure before and after addi-
tion of NADPH reveals that, similar to PHBH, the MICAL-1 flavin ring can switch between
two discrete positions (‘in’ and ‘out’). In contrast to other monooxygenases, this conforma-
tional change is coupled with the opening of a channel to the active site, suggestive of a protein
substrate (Fig. 4).”2 This is especially interesting since the substrates of hydroxylases have clas-
sically been thought to be small molecules” (e.g., p-hydroxybenzoate, steroids and amino ac-
ids). The monooxygenase domain of all MICALS contains an extensive patch of basic poten-
tial, suggestive of a binding surface for a positively charged protein substrate.”? It is noteworthy
in this regard that both actin and several actin-related proteins are highly acidic.”” Alterna-
tively, other MICAL domains {e.g., calponin homology and LIM domains) may function to
bind flavoenzyme substrates and present them to the monooxygenase region (Fig. 4). Determi-
nation of the structure of other MICAL domains in combination with the monooxygenase
domain will help to validate these different scenarios.

In addition to directly modifying potential substrates through redox reactions, MICALs
may influence intracellular signaling events through the generation of ROS (Fig. 4). It haslong
been thought that ROS such as O,’, H,O,, OHe® and NO were predominanty damaging to
the cell because of their reactive nature and ability to alter the integrity of macromolecules such
as DNA, lipids and proteins. Recently however, it has become clear that the restricted genera-
tion of ROS is physiologically essential in several signal transduction pathways. Regulated
oxidation and reduction (redox) reactions can modify transcription factors or enzymes, includ-
ing GTPases, in order to regulate basic cellular functions such as growth, differentiation and
adaptation to external stimuli.®*’®7° Many of these responses are elicited by cytokines and
growth factors resulting in transient bursts of ROS.8%%2 In the presence of NADPH, MICAL-1
can reduce molecular oxygen to H,0, a signaling molecule involved in a multitude of biologi-
cal processes including protein phosphorylation.®’#># It is now also widely accepted that
ROS can alter the integrity of the actin cytoskeleton.®># One example of ROS regulation of
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Figure 4. How MICALs may mediate plexin signaling. 1) The flavoprotein monooxygenase (MO)
domain of MICAL may modulate the activity of a substrate to influence downstream signaling
events. 2, 3) Cytoskeletal components, semaphorin (co)receptors or other cytosolic and trans-
membrane proteins bound to or in the vicinity of the MICAL protein may be modified by the MO
domain directly (2) or through the production of reactive oxygen species (ROS) (3). 4) MICAL acts
as a protein scaffold and forms a multi-component signaling complex that mediates
semaphorin-induced axon steering events. Int: interactor.

the actin cytoskeleton is ROS-directed depolymerization of F-actin under the control of the
small GTPase Rac1.87%8 Racl-mediated activation of NAD(P)H oxidase generates ROS which
can downlegulate Rho activity leading to the formation of membrane ruffles and cell move-
ment.® Whether or how MICAL flavoenzyme-mediated redox signaling is exactly involved in
the regulation of the neuronal cytoskeleton remains to be determined.

Concluding Remarks

Genetic and biochemical evidence supports a prominent role for D-MICAL in repulsive
semaphorin signaling. Site-directed mutagenesis and pharmacological inhibitor studies fur-
thermore indicate that the evolutionary conserved MICAL flavoprotein monooxygenase do-
main is likely essential for mediating repulsive semaphorin signaling in vivo, supporting a
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novel and unexpected role for redox signaling in axon guidance. In addition, their large
multidomain structure suggests that MICALs may serve as protein scaffolds to recruit, as-
semble and/or activate (part of) the semaphorin signaling network. However, as outlined here,
many questions remain about MICAL function and mechanism-of-action. For example, do
MICALs directy bind to cytoskeletal components, and is MICAL-induced redox signaling
involved in regulating cytoskeletal dynamics? What is the substrate of the MICAL
monooxygenase domain, and how is the activity of this flavoenzyme regulated? Do vertebrate
MICALSs, similar to D-MICAL, function in semaphorin/plexinA signaling? Semaphorins are
implicated in the onset and/or progression of human brain disease and have been proposed to
act as molecular inhibitors of regenerating axons in the injured CNS. Given the prominent
expression of MICALs in the intact and injured adult nervous system? it will be of great
interest to examine whether MICALs can serve as therapeutic targets for counteracting or
controlling semaphorin-mediated effects in the injured or diseased brain.
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CHAPTER 5

Signaling of Secreted Semaphorins
in Growth Cone Steering

Sangwoo Shim and Guo-li Ming*

Introduction

ecreted semaphorins [class 3 semaphorins (3A-3F) in vertebrates and class 2 in inverte-
S brates] play essential roles in the establishment of neuronal circuitry by mediating axon

steering and fasciculation during development of the nervous system.!*> Semaphorin 3A
(Sema3A) was the first secreted form of semaphorins purified from adult chick brains and
characterized as a chemorepellant with the ability to induce rapid collapse or repulsion of
dorsal root ganglion (DRG) growth cones in vitro and to repel populations of neurons in
vivo.*® In the grasshopper, a graded distribution of Sema-2a has been shown to be essential in
guiding the tibial (Til) pioneer neurons in the developing limb.’ Like other families of guid-
ance cues, such as netrins and ephrins, semaphorins function not only as repellents but also as
attractants to neuronal growth cones, depending on the composition of receptors and signaling
cascades presented in the cells. Sema3C, for example, can act as a chemoattractant to embry-
onic cortical axons.!? Sema3B has recently been shown to attract and repel commissural axons
in vitro and is critical for the positioning of antetior commissural projection.'! In a slice over-
lay assay, Sema3A was shown to attract the dendritic growth cones of cortical neurons,'? while
repelling the axonal growth cones of the same neurons.'> The molecular mechanisms in medi-
ating and modulating growth cone steering responses to class 3 semaphorins have been best
characterized within the semaphorin family both in vitro and in vivo, and are the main focus of
this chapter. Interested readers can consult other chapters of the book and several other com-
prehensive reviews on semaphorins and their signaling.>!41¢

In Vitro Neuronal Growth Cone Steering Assays

Since in vitro assays have been indispensable in determining the function and molecular
mechanisms of class 3 semaphorin signaling in growth cone steering, we will first briefly intro-
duce and describe some of these in vitro assays. For all growth cone steering assays, a gradient
of the semaphorin protein is produced, either by being released from source cells (natural
semaphorin producing cells or cell lines transfected with semaphorin expression constructs), or
from a micropipette loaded with purified recombinant protein.
Growth Cone Turning Assay'”®

This assay has been extensively used with Xengpus spinal neurons, retinal ganglion cells and
mammalian neurons to determine signaling mechanisms of various diffusible guidance cues,
including class 3 secreted semaphorins. A microscopic gradient is established by controlled
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pulsatile ejection of solutions containing semaphorins from a micropipette and the growth
cone responses within the gradient can be quantified by the degree of the turning angle with
respect to the original direction of neurite extension. The in vitro gradient is very stable and
reliable, thus allowing quantitative analysis of the steering decision of individual neuronal growth
cones in response to a defined gradient of guidance cues. In addition, pharmacological and
genetic manipulations as well as high resolution imaging of cellular events (e.g,, Ca®* imaging)
are relatively easy to be achieved in this system.

Collagen Gel Repulsion Assay'*°

In this assay, neuronal tissue explants and aggregates of COS cells expressing class 3 secreted
semaphorins are embedded in three-dimensional collagen gels for coculture of a few days.
Axonal outgrowth is then visualized by fixation and immunostaining with antibodies to
neurofilament. The chemotropic activity of the protein of interest is quantified by the axon
outgrowth ratio P/D, where P is the extent of axonal outgrowth on the side proximal to the
COS cell aggregate, and D is the extent of axonal outgrowth distal to the cell aggregate. A P/D

ratio below one, therefore, indicates chemorepulsion.

Slice Overlay Assay'>*’

In this assay, dissociated cells isolated from the developing nervous system are labeled and
cultured over neural tissue slices from various developmental stages and regions. This system
can potentially provide individual neuronal growth cones with an environment that better
mimics the endogenous milieu. The axonal or dendritic orientation of dissociated cells in re-
sponse to guidance cues provided by the slice is then analyzed by the morphology of neurons.

Receptor Complex in Mediating Growth Cone Turning Responses

to Class 3 Semaphorins

The chemotropic effects of class 3 semaphorins on growth cone steering are mediated by a
functional receptor complex comprised of neuropilins (Neuropilin-1 and Neuropilin-2) as the
ligand-binding component®>?° and Plexin-As (A1-A4) as the signal transducing component
(Fig. 1).7-® The neuropilin/plexin receptor complex appears to have different binding speci-
ficity for class 3 semaphorins and exhibits mostly complementary and distinct temporal and
spatial expression profiles in developing neurons of both the central (CNS) and the peripheral
nervous systems (PNS), which may explain the neuronal subtype specificity of chemotropic
effects of class 3 semaphorins.

The growth cones of cultured embryonic Xenopus spinal neurons or retinal ganglion cells
exhibit robust repulsive turning responses to a gradient of Sema3A in a chemotropic growth
cone turning assay.'®>® Similar repulsive responses were observed in a collagen gel repulsion
assay using mammalian sensory neurons.’! Neuropilin-1 and Plexin-Al mediate
Sema3A-induced repulsion in these neurons, since application of a function-blocking antise-
rum against the extracellular domain of Neuropilin-1 or overexpression of a truncated form of
Plexin-Al lacking the highly conserved cytoplasmic domain completely abolished the growth
cone repulsion.'®?>*! In addition, dendritic growth cones also require Neuropilin-1 function
for Sema3A-induced guidance responses. Experiments using function-blocking antibody in a
slice overlay assay showed that Neuropilin-1 serves as a Sema3A receptor in mediating both the
chemoattractive guidance of cortical apical dendrites towards the pial surface and the
chemoregulsive guidance of cortical axons toward the white matter in response to a Sema3A
gradient.!>1?

Similar to Sema3A, other members of the class 3 semaphorin family (Sema3B, 3C, 3D, 3E,
3F) also exhibit chemotropic guidance activities in vitro but differ in their binding specificities
for neuropilins. For example, Sema3B, 3C and 3F appear to preferentially bind to the
Neuropilin-2 homodimer or Neurozpilin-ll 2 heterodimer, whereas Sema3A preferentially binds
to Neuropilin-1 homodimers.?*%° Tt has been shown that sympathetic axons coexpress
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Neuropilin-1 and Neuropilin-2, whereas sensory axons express only Neuropilin-1, therefore,
sensory axons are sensitive to Sema3A, whereas sympathetic axons show responsiveness to all
three Sema3s.23** Interestingly, Sema3B and Sema3C were shown to block Sema3A binding
to Neuropilin-1 and abolish the repellent actions of Sema3A on sensory neurons by competing
the binding to Neuropilin-1.%

In addition to Plexin-Al, other Plexin-A family members are involved in transducing the
signals of class 3 semaphorins, but with less specificity. Overexpression of a dominant negative
form of Plexin-A2 in DRG sensory neurons renders their axons insensitive to Sema3A,> sug-
gesting that Plexin-A2 also partially contributes to the receptor signaling of Sema3s. In a more
recent study using the collagen gel repulsion assay, analysis of Plexin-A3, Plexin-A4 and
Plexin-A3/-A4 double knockout mice showed that while Plexin-A3 and -A4 together mediate
the responses to class 3 semaphorins in both sensory and sympathetic neurons, Sema3A repul-
sive signaling is mediated principally by Plexin-A4 via Neuropilin-1 and Sema3F repulsive
signaling is mediated principally by Plexin-A3 via Neuropilin-2.3>%?

The specificity of receptor binding and repulsive effects of different class 3 semaphorins
seems to be conserved in both PNS and CNS. Differential expression patterns of class 3
semaphorins*** and their receptors (neuropilins?*3>% and plexins**%) in the developing
hippocampus and afferent connections have also been imaplicated in the specificity of the
chemorepulsive actions of different class 3 semaphorins.?>>#3¢ Notably, hippocampal axons
explanted from the embryonic dentate gyrus (DG), CAl and CA3 regions express both
Neuropilin-1 and Neuropilin-2 and are repelled by both Sema3A and Sema3F in a collagen gel
repulsion assay.>¥ Moreover, function-blocking antibodies against Neuropilin-1 block the re-
pulsive effect of Sema3A but not Sema3E* while hippocampal axons from Neuropilin-2 knock-
out mice (Nrp2-/-) lose their responsiveness to Sema3F but not Sema3A.?® Analysis of Plexin-A3
knockout mice with collagen gel repulsion assays showed that Plexin-A3 also contributes to
chemorepulsive effects of Sema3A and Sema3F on hippocampal axons.>?

Intracellular Mediators for Class 3 Semaphorin-Induced Growth

Cone Turning

While the intracellular pathways, from the receptor activation to changes of cytoskeleton
proteins that result in growth cone steering in response to class 3 semaphorins, are still not fully
understood, several molecules and mechanisms have been identified to be involved in the cyto-
plasmic signaling of this family of guidance cues over the past decade.

Protein Kinases

After the initial observation of tyrosine phosphorylation of plexins in vitro,?” several cyto-
plasmic kinases have been implicated in semaphorin-plexin-mediated growth cone responses
(Fig. 1). For example, tyrosine kinase Fes,® threonine-serine kinase cyclin-dependent kinase 5
(Cdk5)% and glycogen synthase kinase-3 (GSK-3)*! have been shown to mediate
sema3A-induced growth cone collapse. However, the functional roles of these molecules in
growth cone steering have not been fully explored. A correlative study using Sema3A and fyn
knockout mice also suggests a role of Fyn, a Stc family nonreceptor tyrosine kinase, in mediat-
ing the guidance of apical dendrites of large pyramidal neurons to sema3A.% In cortical slices
prepared from null mutants, some pyramidal neurons exhibit an atypical morphology of den-
dritic orientation in both fyn-/- and Sema3A-/- cortices using Golgi impregnation analysis.
This study, however, did not provide direct evidence for the role of Fyn in dendritic guidance
in response to Sema3A.

MICAL

The MICAL (molecule interacting with Cas ligand) family of cytosolic, multidomain, fla-
voprotein monooxygenases has recently been identified as a binding partner to plexins and is
involved in semaphorin-plexin-mediated axon guidance.*? Interestingly, the monooxygenase
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enzyme activity seems to be required for growth cone turning responses to Sema3A and 3E In
a collagen gel repulsion assay, a flavoprotein monooxygenase inhibitor neutralizes Sema3A-
and Sema3F-mediated repulsion of both DRG and superior cervical ganglion (SCG) axons,
respectively.*43 These results, together with a recent report that 12/15-lipoxygenase is re-
quired for Sema3A-mediated axonal collapse,* suggest an important role of oxidation on the
regulation of inhibitory effects of class 3 semaphorins on neuronal growth cones.

Rho Family of GTPases

Direct growth cone turning is mediated by biased cytoskeletal reorganization localized within
a growth cone. Small GTPases of the Rho family (which include Rac, Rho and Cdc42) provide
an imgortant link between semaphorin receptor signaling and cytoskeletal dynamics in neu-
rons.® Although many of the Rho GTPases, such as Rnd, Rac and Rho, have been shown to
mediate semaphorin signaling in other biological events, their roles in mediating growth cone
turning has not been firmly established. Their regulators, including activator GEFs (guanine
exchange factors) and inactivator GAPs (GTPase activating proteins), however, have been shown
to be involved in Sema3A-induced growth cone turning. Recently, a FERM domain-containing
Rac-GEF protein, FARP2, has been identified to serve as a physical link between Sema3A
binding and Rac activation.**” Sema3A-induced repulsion of axons of DRG neurons was
completely abolished when these neurons were infected with adenovirus encoding short hair-
pin RNA (shRNA) against FARP2 or mutant forms of FARP2.* Interestingly, the intracellular
domain of plexins contains two highly conserved regions that share a high degree of homology
to the GAP domain as well as containing two arginine residues that are essential for the cata-
lytic activity, thus plexin itself may function as a GAP. Indeed, several lines of evidence demon-
strated that Plexin-Al and Plexin-B1 are GAPs for the Ras-family GTPase R-Ras and the
activation of GAP activity of plexins leads to inactivation of R-Ras, resulting in detachment of
cells from the extracellular matrix. %84 Together with the observation that stimulatory B1 integrin
antibodies significantly block Sema3A-mediated growth cone repulsion,?” these studies impli-
cate the importance of membrane adhesion for Sema3A signaling and growth cone migration.

New Protein Synthesis

Local protein synthesis in the axon has been implicated in acute growth cone responses to
several families of guidance cues, including Sema3A. Sema3A treatment resulted in a marked
increase in protein synthesis in isolated growth cones of Xenopus retinal ganglion cells within
minutes.*® In addition, both Sema3A-induced growth cone collapse and repulsive turning were
blocked by protein synthesis inhibitors. p42/p44 MAP kinase (MAPK) activated by Sema3A
may be upstream to Sema3A-induced protein synthesis and subsequent chemotropic activity
of growth cones.’’ Recently, it was shown that Sema3A induces intra-axonal translation of
RhoA mRNA, and this local translation of RhoA is necessary and sufficient for Sema3A-mediated
growth cone collapse.”® B-actin is another potential candidate protein that is translated in
response to guidance cues, since B-actin mRNA is transported down to growth cones®® and
disruption of B-actin mRNA and protein localization to the growth cone leads to impaired
growth cone motility.

Microdomain Signaling

Lipid rafts are plasma membrane microdomains enriched with cholesterol and
glycosphingolipids, which provide an ordered lipid environment for localized trafficking and
signaling.” A recent study showed that lipid rafts also mediate inhibitory effects of Sema3A on
growth cones in both Xenopus spinal neurons.*® Disruption of lipid rafts by membrane choles-
terol depletion effectively blocks Sema3A-induced repulsion and extension of growth cones in
Xenopus spinal neuron cultures.>® In addition, a brief exposure to Sema3A increases the associa-
tion of Neuropilin-1 with lipid rafts, implying asymmetric receptor-raft association and local-
ized signaling in the growth cone during guidance responses. Activation of MAPK following
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Sema3A treatment appears to depend on the integrity of lipid rafts and is required for
Sema3A-induced growth cone repulsion.>’ These results support a role for lipid rafts in medi-
ating growth cone guidance by providing a molecular platform for the localized assembly of
ligand-receptor complex and their downstream effectors for cytoskeletal rearrangement and
local protein sz'nthcsis, including Neuropilin-1, plexins, Src family kinases (SFKs), Rho-GTPases
and MAPK.5>%¢

Modulation of Growth Cone Turning Responses

to Class 3 Semaphorins

Cyclic nucleotides are potent modulators of growth cone turning in response to a group of
guidance factors. For class 3 secreted semaphorin-induced growth cone responses, elevation of
cyclic GMP (cGMP) signaling pathways converts Sema3A-induced repulsion of Xenopus spi-
nal neurons into attraction in a growth cone turning assay.'® Although cAMP analogs had no
direct effect on Sema3A-induced repulsion, the cAMP antagonist Rp-cAMPs blocks the con-
version of the turning response to Sema3A in the presence of 8-Br-cGMP suggesting that there
is some interaction between cAMP- and cGMP-dependent pathways.'® The modulatory role
of intracellular cyclic nucleotides in Sema3A-mediated repulsion was further supported by a
recent report using a collagen gel assay showing that chemokine stromal cell-derived factor 1
(SDF-1) reduces the responsiveness of growth cones to Sema3A by elevating cAMP levels.”’
Interestingly, the level of cytoplamic cGMP seems to act as an endogenous regulator of Sema3A
signaling because pharmacological and histological evidence suggests that asymmetric localiza-
tion of soluble gunanylyl cyclase to the developing apical dendrites of cortical neurons allows
Sema3A to act as a chemoattractant.'

Manipulation of the extracellular Ca?* concentration, blockade of TRPC1-mediated Ca®*
influx or inhibition of the activity of CaM kinase II-calcineurin by specific inhibitors does not
seem to influence Sema3A-induced growth cone repulsion of Xenopus spinal neurons.'8%%?
Electrical activity stimulation and resultant Ca?* influx, however, was shown to modulate
Sema3A-induced growth cone guidance behaviors by enhancing the repulsive activity of
Sema3A.% Since the enhanced repulsive effect by electrical stimulation is abolished either by
the removal of extracellular Ca?* or with the addition of Sp-cGMPs, a membrane-permeable
analog of cGMP, and mimicked by Rp-cGMPs, a competitive analog of cGMP without electri-
cal stimulation, it was proposed that electric stimulation may indirectly influence the growth
cone responses by mechanisms involving cGMP pathways.®® The molecular mechanisms of
cross-talk among cAMP, cGMP and Ca®* signaling are still elusive.

The functional cross-talk between cell adhesion protein L1 and Sema3A is implicated in
repulsive responses to Sema3A.¢"%2 L1, a member of the immunoglobulin superfamily of cell
adhesion molecule (Ig CAM), directly associates with Neuropilin-1 and L1-deficient cortical
and DRG axons lose their responsiveness to Sema3A, thereby acting as an integral part of the
Sema3A-Neuropilin-1 receptor complex. L1 may also serve as a modulator of repulsive Sema3A
signaling in two ways. First, L1 mediates the receptor internalization and thereby changes the
sensitivity of growth cones to semaphorins.®® Second, L1 may regulate the growth cone re-
sponses to Sema3A by decreasing the cGMP level. Addition of soluble L1-Fc chimera con-
verted the Sema3A-mediated repulsion of wild-type but not L1-deficient axons into attraction
through activation of NO/cGMP pathway.®62 On the other hand, blockade of soluble guanylate
cyclase prevented the L1-Fc-induced switch in the Sema3A responses.

Summary

Despite a tremendous amount of progress in the identification and characterization of many
new players as components of class 3 secreted semaphorin signaling in growth cone steering
(Fig. 1), our understanding of the molecular mechanisms is far from complete. More questions
remain to be answered: how are differential cytoskeletal changes within a growth cone achieved
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in response to semaphorins? What are the target(s) of cyclic nucleotide modulation? How does
a growth cone make a reliable decision in response to a shallow gradient? And finally, how does
a growth cone maintain its sensitivity to a decreasing concentration of semaphorins when it is
growing away from the source? With a high degree of interest in the field with the development
of novel technologies in analyzing growth cone steering, we expect to see a2 much more com-
plete picture of semaphoring signaling in the near future.
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CHAPTER 6

Modulation of Semaphorin Signaling by Ig
Superfamily Cell Adhesion Molecules
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Summary

uring axon navigation, growth cones continuously interact with molecular cues in
D their environment, some of which control adherence and bundle assembly, others

axon elongation and direction. Growth cone responses to these different environmen-
tal cues are tightly coordinated during the development of neuronal projections. Several recent
studies show that axon sensitivity to guidance cues is modulated by extracellular and intracellu-
lar signals. This regulation may enable different classes of cues to combine their effects and may
also represent important means for diversifying pathway choices and for compensating for the
limited number of guidance cues. This chapter focuses on the modulation exerted by Ig Super-
family cell adhesion molecules (IgSFCAMs) on guidance cues of the class III secreted
semaphorins.

Introduction

In the developing nervous system, thousands of axon tracts form and are directed some-
times over long distances towards precise targets. The selective sorting and conveying of fiber
tracts is controlled by interactions between receptor molecules expressed on axon terminals,
the growth cones, and environmental cues. The different functional properties of these cues
and regulation of their expression patterns are key mechanisms for the segregation of axon
trajectories but other types of regulation might be mobilized to produce the tremendous diver-
sity of pathways needed for elaborating neuronal connectivity. Analysis at the individual level
revealed that growth cones equipped with functional receptors for guidance cues can display
both repulsive and attractive responses, depending on intracellular and environmental con-
texts.! These observations strikingly overwhelmed the view that guidance cues can be catego-
rized according to the nature of the effect they elicit. Importantly, they inferred the existence of
regulations of guidance decisions at any point along axonal pathways. Intracellular modulation
may enable axonal subpopulations expressing the same receptors to differently interpret a com-
mon set of environmental cues and therefore to select distinct pathways, while conversely,
extra-cellular modulation may lead guidance cues expressed in different environments to elicit
distinct effects. Both modes of regulation therefore represent important means for multiplying
pathway choices. Importantly, such mechanisms may also enable extra-cellular cues with dif-
ferent functional properties to combine and coordinate their effects. Several recent studies
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highlighted the influence of intracellular modulation in growth cone responses to guidance
cues and are the topic of other chapters in this book. Here we focus on the regulation exerted
by the Ig superfamily cell adhesion molecules (IgSFCAMs) on axonal responses to secreted
semaphorin signals and discuss some biological contexts in which they may contribute to the
guidance of axonal projections.

Soluble forms of IgSFCAMs Convert Repulsive Responses to Class

III Semaphorins into Attraction

As detailed in other chapters, extensive searches for molecular cues controlling axon trajec-
tory formation in the developing nervous system led to the cloning of a large axon guidance
family, the semaphorins.?® semaphorin members are subdivided into eight classes that share a
500 amino-acid “sema” domain, which is essential for their biological activity. The Class IIT
secreted semaphorins comprises seven members (from Sema3A to Sema3G,4-6), most of which
are considered as major chemorepellents. However these cues not only exert repulsive func-
tions, because several axon sub-populations were attracted rather than repelled by sources of
class 11T semaphorins.”!® Furthermore, growth cones can even change their response from
repulsion to attraction, when the intracellular level of cyclic nucleotides is increased.

Coincident extracellular signals also modulate semaphorin properties. In cocultures of corti-
cal tissue with transfected COS7 cell aggregates, a soluble form of the IgSFCAM L1 could
switch axonal responses to a class [II semaphorin, Sema3A, from repulsion to attraction.!! Such
effect of soluble L1 was also observed when Sema3A was physiologically released from ventral
spinal cord tissue. Functional links between IgSFCAM:s and class III semaphorins were further
evidenced by the recent finding that another [gSFCAM, NrCAM has similar properties to L1
but switches Sema3B and Sema3F signals from repulsion to attraction.!? In other culture assays
in which Sema3A, 3B or 3F was added to the medium of dissociated cell cultures, the growth
cone collapsing effect normally exerted by these cues was prevented by coincident addition of
soluble L1 or NrCAM. Thus, soluble forms of IgSFCAMs can modulate semaphorin signals.

L1, NrCAM, Neurofascin and CHL] are transmembrane glycoproteins found in vertebrates
that form, together with three invertebrate members, Neuroglian, tractin and LAD-1, a sub-group
of IgSFCAMs expressed in developing axon tracts and migrating cells. L1 IgSFCAMs establish
cis and trans homophilic and heterophilic interactions with IgSFCAM sub-groups, integrins
and various extracellular matrix components such as chondroitin sulfate proteoglycan.'* This
array of interactions enables L1 IgSFCAMs to mediate selective adhesive and anti-adhesive con-
tacts and thus to play critical roles in cell migration, axon growth, fascicle formation and main-
tenance.'>!> The extracellular part of L1 IgSFCAM proteins is composed of 6 Ig domains and
4 to 5 Fibronectin type III repeats. Their short and highly conserved cytoplasmic tail contains
tyrosine and serine phosphorylation sites and binding motifs for members of the ankyrin and
ERM cytoskeletal linked protein families (Fig. 1A).1%1” Multiple variants of L1 IgSFCAMs are
generated through alternative splicing and differential post-translational modifications such as
glycosylation and proteolytic processing,'® L1 IgSFCAMs can be released from the cell surface
following cleavage by Matrix Metalloproteases (MMPs), A Disintegrin and Metalloprotease (Adam
proteins), plasmin/plasminogen and furin convertase activities.!8%° During the last five years
interesting links have emerged between Adams, MMPs and axon guidance.”” Adams are trans-
membrane proteins present in the growth cones and were shown to regulate axon behaviors
through processing of guidance receptors and ligands.”®?° These activities appear to be required
at selected choice points along axon pathways. Pharmacological inhibition of MMP functions
in Xenopus brain preparations, as well as genetic manipulations of Drosophila Adams result in
axon guidance errors.*>*? Soluble forms of IgSFCAMs are biologically active and IgSFCAM
proteins extracted from various regions of the developing nervous system have different molecu-
lar weights, suggesting that transmembrane forms are processed in vivo.123334 Soluble L1 has
also been detected in the developing brain where it might be released from environmental cell
surfaces as well as from axons themselves.?! Soluble IgSFCAMs are thus probably available for
modulating semaphorin signals during axon navigation.
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Figure 1. Functional interactions between IgSFCAMs and class Il semaphorins. A) Structure of
the 1gSFCAM L1, binding partners and mutations. Functional studies of L1 mutations have
established that res;dues of several Ig and FN domains of L1 are critical for homophilic and
heterophilic binding.%%¢? B) Binding profile and requirement for IgSFCAMs in Semaphorin
signaling. Sema3A only binds Nrp1 and requires Nrp1/L1 complex formation for mediating
repulsion. Sema3B and Sema3F bind both Nrp1 and Nrp2, but they require Nrp2/NrCAM
complex formation for mediating repulsion and attraction. C-D) Molecular interactions be-
tween 1gSFCAMs and Nrps and growth cone responses to Semaphorins. C) Growth cones
expressing Nrp1 and L1 are repelled by Sema3A and soluble L1 switches this response to
attraction. Growth cones lacking L1 are not repelled by Sema3A and soluble L1 cannot elicit
attraction: axons are insensitive to the cue. D) Soluble L1 can bind to L1, other IgSFCAMs and
Nrp1 on the growth cone. Soluble L1 containing pathological mutations that interrupt L1
homophilic binding or binding to other IgSFCAMs, are still able to switch the Sema3A re-
sponse. In contrast disruption of L1/Nrp1 binding prevents the effect of soluble L1, showing
that Nrp1 is an obligatory receptor for soluble L1 in the modulation of Semaphorin signaling.
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Transmembrane forms of IgCAMs Are Components of Class III

Semaphorin Receptors

What are the molecular bases for the modulation of semaphorin signals by IgSFCAMs?
Axonal receptors for class III semaphorins are multimolecular complexes formed by neuropilins
(Nrpl or Nrp2), which are the binding sub-units, and members of the Plexin-A (from Al to
A4) family, which transduce the signal.” Although Nrp/Plexin complexes are considered to be
fully functional receptors, some contexts exist in which these complexes include additional
molecular partners. As shown several years ago, the transmembrane form of L1 is also associ-
ated to Nrpl, the Nrp member utilized in the Sema3A receptor complex, and growth cones
lacking L1 are insensitive to the repulsive effects exerted by Sema3A. The response to other
class III semaphorins, which also bind Nrp1, was unaffected, suggesting a specific requirement
for L1 in Sema3A signaling.!! NrCAM associates with Nrp2 and is involved in axonal re-
sponses to Sema3F and Sema3B. In the latter case, it appears to be required for both attractive
and repulsive effects, as shown by the use of NrCAM function-blocking antibodies in coculture
experiments (Fig. 1A).1

IgSFCAM/Nrp complexes could be detected in precipitation experiments from transfected
COS7 cells and from embryonic or neonatal brain extracts.'®!! The interaction is constitutive
and not disrupted in the presence of semaphorin ligands (Sema3A for L1/Nrpl and Sema3F
for N)CAM/Nrp2). Chimeric Fe-constructs of IgSFCAM ectodomains bind to Nrp express-
ing cells, indicating that these proteins associate by their extracellular domains. Finally, detec-
tion of semaphorin binding to transfected COS7 cells demonstrates that IgSFCAM/Nip cis
and trans interactions neither disrugt the semaphorin binding activity of Nips nor their asso-
ciation with plexin A proteins.!®!1%¢ Altogether, these finding are consistent with a model in
which IgSFCAMs are molecular partners of Ntps in class III semaphorin receptor complexes.

Molecular Interactions Underlying the Modulation of Semaphorin

Signaling by Soluble IgSFCAMs

How does the presence of an IgSFCAM in the semaphorin receptor relate with the proper-
ties of the corresponding soluble IgSFCAM to modulate the response to semaphorin signals?
Insights into this question were given by considering a rare human disease caused by mutations
in the gene encoding L1 on the X chromosome. L1 mutations are responsible for a spectrum of
neurological disorders collectively referred to as X-linked hydrocephalus or MASA Syndrome. !
About 150 mutations have been found, some of which lead to truncated proteins that do not
reach the cell surface, disrupt L1 protein interactions or alter L1 expression level (Fig. 1A).16

To determine which L1 binding partner in the growth cone mediates the switch of Sema3A
responses from repulsion to attraction, we sought to compare the functional properties of soluble
mutated L1 either deficient for homophilic binding or for interactions with major [gsSFCAM
partners such as Tag-1/Axonin and F3/contactin.'> Mutated L1 forms were added to cocultures
of cortical explants and ventral spinal cord secreting Sema3A. Mutated forms that did not bind
to L1 efficiently reversed axonal responses to Sema3A, as did those deficient for binding to
Tag-1/axonin or F3/contactin. Further, L1 forms with increased binding affinities for these
IgSFCAM s did not gain efficiency in switching the Sema3A signal.3¢ This lack of correlation
between the functional properties of L1 forms and their binding profile indicated that al-
though interactions between soluble L1 and IgSFCAM partners present in the growth cones
are likely to occur in a physiological context, such interactions are not instrumental for modu-
lation of Sema3A signaling.

In contrast, one of the tested mutations, the L;sgy affecting the first Igl domain of L1 did
not alter L1/IgSFCAM interactions but totally blocked the reversion of Sema3A signal by
soluble L1 (Fig. 1D). Further analysis showed that this mutation interrupts the binding of
soluble L1 to Nrpl, suﬁgesting that Nrpl is the principal axonal receptor for soluble L1 in-
volved in the reversion.’® The use of these L1 mutated forms also allowed the mapping of the
amino-acid sequence that mediates L1 binding to Nrp1. Several peptides were generated from
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the L1 sequence surrounding L0 and a five amino-acid peptide could mimic the switch by
soluble L1, indicating that the L1/Nrpl binding motif is present in the peptide. This motif
also mediates L1/Nrp] cis interaction, because transmembrane L1 with the L;30y mutation no
longer coprecipitated with Nrp1.36 Iroh and collaborators recently generated aknock-in mouse
expressing a truncated form of L1, which lacks the Ig6 domain.>” Surprisingly, although the
deletion interrupts major L1 protein interactions, such as homophilic and heterophilic bind-
ing to IgSFCAMs and integrins, none of the guidance defects induced by L1 genetic ablation
(which recapitulate those associated to the L1 human disease) were seen in the knock-in mouse
model. Thus, the functions affected in the disease are preserved in this mouse and are not
mediated by homophilic binding and association of L1 with integrins. Interestingly, neurons
collected from the knock-in mice were found to still be responsive to Sema3A (ref. 37) a find-
ing that provides additional support to the idea that some aspects of the L1 human disease
could be due to alterations of functional links between L1 and Sema3A signaling. Another
finding was that soluble L1 failed to elicit attractive responses of L1-deficient growth cones to
Sema3A, indicating that the formation of L1/Nrpl complex in cis is needed for the switch
initiated by the binding of soluble L1 to Nrpl in trans.>® Thus, the modulation of Sema3A
signaling occurs in specific contexts that enable appropriate conformation of soluble IgSFCAMs,
their transmembrane counterparts and Nrps to assemble into macrocomplexes (Fig. 1).

Receptor Internalization and Modulation of Sema3A Signaling

As detailed in this paragraph, repulsive and attractive behaviors of axonal growth cones to
Sema3A differ in the dynamics of their cell surface receptor expression. Sema3A (as well as
other repellents) was shown to induce F-actin reorganization and endocytosis of receptor
components during growth cone collapse.?® This endocytosis appears to require the activity
of the small RhoGTPase racl and to mediate fast desensitization of the growth cones to
Sema3A exposure.>#0 L1 was also found to be internalized and recycled at distinct domains
of the growth cone during its progression on L1 substrates.*'#? The rapid internalization of
L1 is mediated by an alternatively spliced exon encoding the RSLE sequence, which creates
a YRSL motif in the cytoplasmic domain of L1 that is recognized by the AP adaptor for
clathrin dependant endocytosis.?! This feature is specific to neuronal L1 forms as the exon is
differentially spliced in other cell types such as Schwann cells.*? Interestingly, cell contacts
regulate L1 endocytosis via phosphorylation and dephosphorylation of the tyrosine residue
in the motif, and this control of cell sutface expression levels enables context-dependent
modulation of L1 functions.**

The coupling of L1 to clathrin-dependant endocytic machinery is also utilized for internal-
izing Sema3A receptor components. Experiments performed on transfected COS7 cells indi-
cated that Nrpl and L1 are cointernalized by Sema3A treatment whereas Nrp1 remains at the
cell surface, when expressed alone.*” L1 forms lacking the YRSLE sequence or containing the
L120v mutation failed to internalize Nrpl. It is important to note that the capacity to internal-
ize N1pl is probably not exclusive to L1 because Sema3A also induced endocytosis in Nrp1/
plexin Al expressing COS7 cells. Nevertheless in cultures of cortical neurons, Sema3A signifi-
cantly increased endocytosis, as measured by Rhodamin-Dextran uptake, and also decreased
L1 cell surface expression at the endocytic spots.®> Such a link between L1 endocytosis and
semaphorin signaling was also suggested by the finding that knock-down of CRMP-2, a mem-
ber of the collapsin response mediated protein family, required for growth cone response to
semaphorins (for details see other chapter), resulted in the inhibition of L1 endocytosis in
cultured neurons.®® Thus, Sema3A induces internalization of plexin A, L1 and Nrpl, but it
remains to be determined whether L1 or plexin A mediates this process.

Strikingly, in similar types of experiments, the modulation of Sema3A signal by soluble L1
was correlated with a blockade of L1/Nrp1 internalization.®” In transfected COS7 cells treated
with a combination of Sema3A and soluble L1 or its mimetic peptide, Nrp1/L1 surface ex-
pression was maintained. The same treatment applied to cortical neurons collectively blocked
the growth cone collapse, the Rhodamin-dextran uptake and the reduction of L1 cell surface
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localization.® Thus, differences in the localization or the dynamics of the Sema3A receptor
may undetlie the opposing growth cone responses, with receptor internalization associated
with repulsion but not with attraction.

What could be the functional consequences of different receptor dynamics for the growth
cone? First, internalized and cell surface receptors could be coupled to different signaling ma-
chinery. Alternatively, similar cascades could be initially activated but at distinct levels and/or
duration, leading to bifurcation downstream in the signaling cascade. Interesting links are ef-
fectively made between signaling cascade components and ligand/receptor sub-cellular com-
partmentalization, and endocytosis not only serves for termination of the signal.¥’-#8 For ex-
ample, the MAPK pathway is often (but not exclusively) activated upon receptor endocytosis.
MAPK activation triggered by L1, which mediates the growth-promoting properties of the
cue, is indeed subordinated to L1 internalization.* Phosphorylation of Erk1/2 MAPK effec-
tors is also required for growth cone responses to Sema3A, as shown by the use of pharmaco-
logical inhibitors in Xenopus retinal cultures.*® It remains unclear whether MAPK activation
depends on receptor internalization in this context, but if so, modifications of receptor inter-
nalization would certainly modulate it. Differences in the signaling cascades controlling repul-
sive and attractive behaviors have been illustrated by the finding that stimulation of nitric
oxide (NO) and ¢<GMP production switches Sema3A repulsion to attraction. Whether differ-
ences in receptor dynamics are able to control the levels of these messengers is however not
known.*® Second, regulated endocytosis could be part of the mechanisms by which the ad-
herence of growth cone structures is adjusted to modifications of growth cone direction. Inter-
nalization of L1 could result in a local decrease of adhesion, which could be eventually ampli-
fied by homomultimerization and linkage of L1 to other adhesion systems such as integrins.?°
Removal of adherence forces could facilitate withdrawal of the growth cone membrane. Con-
versely, by blocking L1 internalization, which was shown to result in increased adherence within
minutes (ref. 51), soluble L1 could stabilize the growth cone structures to favor attractive be-
havior (Fig. 2).

Biological Contexts for Regulation of Semaphorin Signals
by IgSFCAMS

A requirement for IgSFCAMs in growth cone responses to semaphorins has been suggested
for several classes of axons. Initially, ventral Sema3A expression was observed to delineate the
boundary between the caudal medulla and the spinal cord, a region in which axons descending
ventrally from the cerebral cortex, cross the midline towards the dorsal funiculus, and then
project to contralateral spinal motoneurons and interneurons. Corticospinal axons from
wild-type but not L1-deficient mice were repelled by this ventral source of Sema3A." This
observation was consistent with a previous analysis of L1 knockout mice, which showed abnor-
mal ventral growth of axons at the midline crossing level.*> NrCAM was found to be required
for the response of axons forming another major commissural projection, the anterior commis-
sure, which interconnects olfactory and temporal cortical structures of the brain.'® Defects of
the anterior commissure were found in Sema3B and NrCAM null mutants as well as in Sema3F
and Nrp2 knockouts.!%%35% Thus, modulation of the sensitivity to semaphorins may be per-
haps needed for commissural axons to take appropriate guidance decisions before, during or
after midline crossing.

Regulation of Pathway Choices at the Midline?

Midline crossing is a highly complex process, which has been studied extensively using
the model of spinal commissural projections.*® It requires a dynamic regulation of growth
cone sensitivity to long-range and short-range midline-derived chemo-attractants and re-
pellents.’® Several protein families were found to control guidance decisions at the mid-
line including class III semaphorins, as revealed by the defects of midline crossing ob-
served in Nrp2 null mutant embryos.”” Notably, L1 I[gSFCAMs also critically regulate
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Figure 2. Direction of the growth cone response to class Il Semaphorins and regulations
triggered by 1gSFCAMs. A) Sub-cellular localization of the Sema receptor and activation of
signaling pathways. In (a) Endocytosis of the receptor leads to activation of signaling pathways
mediating a repulsive behavior. [n (b) the receptor is not internalized and triggers activation of
a different cascade, which includes NO and ¢cGMP production, and mediates an attractive
behavior. The question mark illustrates the possible contribution of the IgSFCAM to signal
transduction mechanisms. B) Functional coupling of mechanisms controlling adhesion and
guidance: a possible role for [gSFCAMs. a) Coendocytosis of Nrp and IgSFCam in growth cone
structures facing the Sema3 source is higher and this asymmetric internalization of IgSFCAMs
generates a polarized decrease of adhesiveness, which facilitates morphological growth cone
retraction and turning. b) Soluble IgSFCams inhibit receptor endocytosis, and by maintaining
cell surface expression of adhesion molecules, create a polarized increase of adhesiveness
which stabilizes the growth cone structures facing the source of Semaphorin and favors attrac-
tive behavior. In both cases, adhesive features of the growth cone are controlled by the level of
IgSFCAM cell surface expression, and are adapted to the direction of the growth cone response.

midline crossing by spinal commissural axons. Injection of function blocking antibodies
or electroporation of siRNAs to L1 IgSFCAM transcripts in the chick embryo resulted in
striking defects of midline crossing.’®> Sema3B and Sema3F are synthesized by midline
or surrounding cells of the ventral spinal cord and interestinsgly, commissural axons gain a
repulsive response to these cues at the post-crossing stage.”” Modulation of semaphorin
responses by [gSFCAMs would certainly make sense in such situations where growth cones
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alter, modify or gain sensitivity to environmental cues in a short amount of time and
limited space. Although this remains speculative, fast and reversible modifications of
[gSFCAM cell surface expression, achieved by regulated-endocytosis or locally activated
proteolytic processing leading to IgSFCAM removal and extra-cellular release, could par-
ticipate in the modulation of growth cone sensitivity to semaphorin signals occurring at

the midline (Fig. 3).

Waiting Periods in Target Inervation?

Another possible context for an IgSFCAM/semaphorin interplay is the temporal pattern
of target innervation. Waiting periods during which afferents are prevented to enter their
targets have been described for several systems of projections and assumed to allow matura-
tional changes to occur in the target field.%*%2 In the chick embryo, sensory and motor axons
wait in the plexus at the base of the limb for about one dagg and during this period, axon
fascicles destined for common target muscles are organized.®*? L1 and PSA-NCAM medi-
ate important signals for the selective rearrangement of motor axon tracts and subsequent
pathway choices in the limb. These cues were also suggested to modulate the interactions
between axons and guidance cues in the plexus.%? Interestingly, recent work showed that
motor axons prematurely invade the limb in Sema3A null mutant mice, suggestin()g“ that
Sema3A is one of the cues controlling waiting periods and in-growth to target fields.

Innervation of target cells is often achieved by emission of collaterals from primary axons,
as is the case for central afferents of DRG sensory neurons. These initially grow towards the
dorsal root entry zone (DREZ) and extend longitudinally, to avoid entering the neural tube.
Collaterals are then formed, which select specific pathways to innervate appropriate grey
matter layers, depending on their sensory modality. Roles for both Sema3A and IgSFCAMs
were proposed in the timing and patterning of spinal innervation. In ovo injection of func-
tion blocking antibodies to IgSFCAMs induced premature entry in the dorsal horn and
pathfinding errors. L1/axonin-1 interactions were found required for nociceptive innerva-
tion of the dorsal horn, and contactin/NrCAM interactions for proprioceptive innervation
of the ventral horn.®> Interestingly, repulsion by Sema3A was also proposed to restrict the
early growth of sensory afferents in the DREZ, and later to prevent nociceptive afferents
from innervating the ventral horn.%%” Thus, modifications of growth cone sensitivity to
semaphorins could be part of the processes leading to premature entry and pathfinding er-
rors due to IgSFCAM function blocking antibodies. Altogether, these data bring several
contexts in which IgSFCAM and semaphorin/Neuropilin signaling could function in com-
mon mechanisms for regulating waiting periods and pathway choices. '

Conclusions

The chemorepulsive properties of class I semaphorins have been extensively documented
and shown to contribute to the guidance of both central and peripheral nerve projections.
Although fewer studies illustrate attractive behaviors to semaphorins, undoubtedly this type
of response also contributes to axonal pathfinding, Whether switch of axon responses to
semaphorins is indeed indispensable during axon navigation is much more hypothetical, but
unquestionably, the bi-functional potential of guidance cues provides a means for amplify-
ing the number of pathway choices dictated by limited sets of signaling molecules. The
recruitment of IgSFCAM:s to semaphorin receptors may be part of the mechanisms by which
adhesiveness of growth cone structures is adjusted during changes in axon direction. It may
also allow the bipotential nature of growth cone responses to semaphorins to be exerted in
line with coincident environmental cues encountered along axonal pathways. Many ques-
tions remain unanswered. Where and when is such modulation of growth cone sensitivity
exerted? What are the intracellular molecular pathways? Are other IgSFCAMs able to regu-
late semaphorin signals? Insights should come with the characterization of signaling events
specifically implicated in attractive and repulsive behaviors.
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Figure 3. IgSFCAMs and axonal responses to class {1l Semaphorins. A) Guidance decisions and
pathway choices that could involve modulation of growth cone responses to Semaphorins by
IgSFCAMSs. a) Spinal commissural axons grow towards the ventral floor plate in which they cross
the midline. The regulation of growth cone sensitivity to Semaphorins and interactions involv-
ing 1gSFCAMs both contribute to guidance decisions at the midline. b) Motor (MN) and DRG
sensory axons are arrested atthe base of the limb. During this waiting period, axons defasciculate
and rearrange according to the identity of their target muscles. Both [gSFCAMs and Semaphorins
contribute to the timing of the waiting period and the patterning of muscle innervation. (c)
Central afferences extended by DRG sensory neurons wait in the dorsal root entry zone (DREZ),
prior to emit collaterals which select distinct pathways for innervation of grey matter layers.
Both IgSFCAMs and Semaphorin (Sema3A) were suggested to control the waiting period in the
DREZ and the segregation of projections destined for ventral and dorsal innervation. B) Process-
ing of IgSFCAMSs that could influence the nature of growth cone responses to Semaphorins. a)
IgSFCAMs are complexed to Nrps: the growth cone has a repulsive behavior, during which the
complex is internalized. b) Modification of growth cone features, characterized by increased
endocytosis or activation of intrinsic or extrinsic protease activity, leads to removal of {gSFCam
cell surface expression. The IgSFCAM/Nrp complex is disrupted: the growth cone is desensi-
tized. C) Modification of environmental features, such as an activation of protease activity, leads
to the release of soluble IgSFCAMSs, which bind to Nrps and block the receptor endocytosis: the
growth cone switches its response from repulsion into attraction. Such regulation of growth
cone sensitivity could contribute to guidance decisions in the contexts described in (A).
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CHAPTER 7

Proteoglycans as Modulators of Axon
Guidance Cue Function

Joris de Wit* and Joost Verhaagen

Abstract

rganizing a functional neuronal network requires the precise wiring of neuronal
O connections. In order to find their correct targets, growth cones navigate through the

extracellular matrix guided by secreted and membrane-bound molecules of the slit,
netrin, ephrin and semaphorin families. Although many of these axon guidance molecules are
able to bind to heparan sulfate proteoglycans, the role of proteoglycans in regulating axon
guidance cue function is only now beginning to be understood. Recent developmental studies
in a wide range of model organisms have revealed a crucial role for heparan sulfate proteoglycans
as modulators of key signaling pathways in axon guidance. In addition, emerging evidence
indicates an essential role for chondroitin sulfate proteoglycans in modifying the guidance
function of semaphorins. It is becoming increasingly clear that extracellular matrix molecules,
rather than just constituting a structural scaffold, can critically influence axon guidance cue
function in development, and may continue to do so in the injured adult nervous system.

Introduction

Correct wiring of neuronal connections requires precise steering of growth cones. Axonal
growth cones are instructed by secreted and membrane-bound guidance molecules as they
navigate through the extracellular matrix (ECM) towards distant targets. These axon guidance
cues can act as growth cone attractants or repellents, and can be short-range (membrane-attached)
or long-range (diffusible) in nature.! Four major famlhes of axon guidance cues have been
identified; the slits, netrins, ephrins and semaphorins.? An i important constituent of the ECM
are the proteoglycans, cell surface and ECM molecules consisting of a core protein and co-
valently attached glycosaminoglycan (GAG) sidechains. These highly sulfated GAG sidechains
are made up of large polymers of repeating disaccharide units and can be grouped in two major
classes, heparan sulfate (HS) and chondroitin sulfate (CS) chains, depending on the disaccha-
ride structure. A large variety of HSPGs and CSPGs is found in the developing and mature
nervous sytem.

Once considered to metely act as structural components of the ECM, proteoglycans are
now widely recognized as essential modulators of hgand-receptor interactions in key signaling
pathways in many developmental processes.* Secreted proteins of the fibroblast growth factor
(FGF), Wat, transforming growth factor § (TGF-f8) and Hedgehog families have been shown
to be functionally dependent on the presence of HSPGs. HSPGs can regulate the activities of
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these developmental signaling pathways by controlling the extracellular distribution of secreted
ligands and by facilitating ligand-receptor interactions.>® Although most research has thus far
focused on the role of HSPGs in development, recent insights suggest an equally important
role for CSPGs.”

While many axon guidance proteins were biochemically purified on the basis of their hep-
arin binding properties,®1° the functional role of HSPGs in regulating axon pathfinding is
only now beginning to be understood. Recent in vitro and genetic studies in model systems
ranging from worm to mouse have illustrated the importance of HSPGs in modulating axon
guidance cue function and point to a similar role for CSPGs as well. Here, we will review the
evidence for a role of proteoglycans in regulating the activity and distribution of secreted and
transmembrane proteins of the major axon guidance cue families in nervous system develop-
ment and speculate on the role these interactions might play in the regeneration and plasticity
of adult injured neurons.

Role of Heparan Sulfate Proteoglycans in Axon Guidance

The binding of secreted guidance cues to proteoglycans in the ECM can serve a role in the
localization of soluble proteins, thereby establishing gradients or defining boundaries to pro-
vide spatial information for navigating growth cones, but might also be of relevance for their
biological activity. Initial indications for the involvement of HSPGs in axon guidance came
from studies that analyzed axon tract development following experimental manipulation of
HSPGs. The addition of exogenous HS or the enzymatic removal of HS resulted in
defasciculation and guidance defects of specific pioneer axon tracts in cultured cockroach em-
bryos.!! Similarly, exogenous HS treatment or enzymatic digestion of HSPGs resulted in pro-
found retinal axon growth and guidance defects in the Xenopus visual system.'>!3 The observed
axon guidance defects following experimental manipulation of HSPGs suggest that guidance
cues functionally associated with HSPGs are competed away by exogenous HS treatment or
displaced following enzymatic removal of HS. Recent work on the Slit family of guidance cues
has provided compelling evidence for a functional association of secreted guidance molecules
with HSPGs. In addition, emerging evidence indicates a role for proteoglycans in axon guid-
ance mediated by the transmembrane semaphorin Sema5A. Below, we will discuss the role of
HSPGs in axon guidance mediated by secreted and transmembrane proteins of the Slit, netrin,
semaphorin and ephrin gene families.

Slits and Heparan Sulfate Proteoglycans

Biochemical studies have shown that Slit proteins bind to HSPGs. The mammalian Slit2
protein was purified from postnatal brain membrane fractions using heparin columns.” Upon
expression in heterologous cells, secreted Slit2 is tightly bound to cell surfaces from which it
can be removed with a heparin wash.'® Slit2 binds to the GPI-anchored HSPG glypican-1, and
this binding is decreased by competition with excess heparin or enzymatic removal of HS
chains.!>'® Examination of the Slit protein distribution in Drosophila has shown that Slit is
mainly associated with the surface of Slit-producing midline §lial cells and can also be detected
on the surface of commissural axons crossing these cells.!”"1® Slit2 protein associates with the
surface of reactive astrocytes in the injured rodent cerebral cortex,' suggesting a limited diffu-
sion of Slit proteins in tissue.

Recent evidence has shown that the binding of Slit proteins to HS is essential for their
biological activity. Enzymatic removal of cell surface HS by heparinase treatment decreased the
affinity of Slit2 for its receptor Robo and abolished the repulsive activity of Slit2 on olfactory
axons, showing that HS is required for Slit2-mediated repulsion in vitro.? Similarly, a more
recent study showed that the repulsive effect of Slit2 on Xenopus retinal axons is lost when these
axons are treated with exogenous HS or heparinase.?! These in vitro results are supported by
recent genetic evidence from zebrafish, worm, fly and mouse, which demonstrated a functional
role for HS in modulating Slit-mediated axon guidance at the midline.



Proteoglycans as Modulators of Axon Guidance Cue Function 75

Conditional disruption of the HS-polymerizing enzyme Extl in mouse brain results in
severe defects in the formation of major commissural tracts and guidance errors of retinal axons
at the optic chiasm.?? In Exz/ null mice, retinal axons from one eye misproject into the optic
nerve of the contralateral eye. A similar misrouting of retinal axons at the optic chiasm also
occurs in Skt1/Skr2 double knockout mice,? but is absent in Sk#2 single mutant mice. Lower-
ing the Ext! gene dosage in a Skit2 null background resulted in severe retinal axon guidance
errors, similar to Exz] null mutants and Skz1/S/iz2 double null mutants, showing a genetic
interaction between Slit2 and HS.?? In a genetic analysis of zebrafish mutants identified in a
screen for retinal axon projection defects, Lee et al cloned the zebrafish Ext2 and Ext13 genes.?*
Loss of one of these HS-synthesizing enzyme encoding genes results in defects in the topo-
graphical sorting of retinal axons in the optic tract, but does not affect retinal axon pathfind-
ing.2¥ Upon loss of both Ext genes however, retinal axons display severe guidance defects in
addition to ozptic tract sorting defects, which phenocopy the retinal pathfinding errors in Robs2
mutant fish. 7425 Together, these studies in mouse and zebrafish demonstrated an essential role
for HS in Slit-mediated guidance of retinal axons at the optic chiasm in vivo.

Whether Slit proteins bind HS chains carried by a specific proteoglycan core protein could
not be concluded from these studies. Recent work in Drasophila in which a HSPG core protein
was deleted showed a critical, cell-autonomous role for the transmembrane HSPG syndecan in
Slit-mediated axon guidance at the midline.2%%” Loss of syndecan from axons resulted in mid-
line guidance errors similar to those observed in Skif and Robo mutant flies.26:27 Interestingly,
deletion of syndecan in Drosophila also affected the extracellular distribution of Slit protein.*’
In syndecan mutants, Slit protein could still be detected on the surface of Slit-producing mid-
line glial cells, but was no longer present on the surface of axons, suggesting that the HSPG
syndecan regulates the extracellular distribution of Slit protein on axons. In line with this, the
phenotype that results from loss of syndecan in Drosophila could be completely rescued by
expression of syndecan in neurons, but not in midline cells, showing that syndecan functions
in neurons.2%’ The role of Drosophila syndecan in Slit-mediated midline guidance is in appar-
ent contrast to the binding of mammalian Slir2 to glypican-1."> However, axonal expression of
the membrane-attached HSPG glypican also rescued the syndecan mutant phenotype,? sug-
gesting functional redundancy at the level of the HS-carrying core protein. A cell-autonomous
role for syndecan in Slit-Robo signaling in midline axon guidance was also found in C. elegans.?
The precise mechanism of HSPG function in modulating Slit-Robo signaling at the midline is
still unclear. Although these results suggest a role in regulating the local distribution of Slit
ligands, syndecan was also found to bind to both Slit and Robo,” suggesting that HSPGs
could also act as essential coreceptors.

An additional level of complexity in the role of HSPGs in modulating Slit-mediated axon
guidance is achieved by secondary modifications of HS by sulfotransferase and epimerase en-
zymes. The modifications of the HS chain by these enzymes are highly variable and result in an
enormous variation in patterns of sulfation and epimerization, which are thought to play a role
in the interaction of distinct proteins with HS.*® The importance of specific HS sulfation
patterns was demonstrated in the Xenopus visual system, where inhibition of HS sulfation or
exogenous application of experimentally desulfated heparin caused retinal axon pathfinding
defects similar to those resulting from enzymatic removal of HS.'® Analyses of C. elegans mu-
tants lacking one or more HS-modifying enzymes revealed marked axon guidance defects,
showing that distinct HS modifications are required for specific guidance decisions in vivo.
Some of these pathfinding errors could be linked to the Slit-Robo signaling pathway.*
Slit-Robo-mediated guidance of specific classes of inter- and motor neurons was shown to
depend on secondary HS modification by one epimerase and a sulfotransferase in some, but
not all cases, indicating that Slit-mediated axon guidance requires HS modification in a cell
type-specific manner.”®*° Thus, the precise local composition of HS chains could critically
influence axon guidance decisions at specific choice points. Taken together, genetic evidence
from several model systems has shown an essential role for HSPGs in modulating Slit-Robo
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signaling in axon guidance at the midline in vivo. HSPGs may function both in regulating the
extracellular localization of Slit ligands and as a coreceptor in the Slit-Robo signaling complex.

Netrins and Heparan Sulfate Proteoglycans

Netrins were purified from embryonic brain membrane fractions using heparin columns,
suggesting that netrins can bind HSPGs.® When expressed in heterologous cells, netrins
associate with the cell surface.>! Netrins contain a C-terminus enriched in basic residues,
which could mediate its binding to negative charges on the cell surface including ECM
components such as glycosaminoglycans.®>? In agreement with this, analysis of the protein
distribution of netrins in embryonic and adult neural tissue has shown that netrin proteins
are predominantly associated with cell surfaces and act at short-range. Netrin-1 protein in
the embryonic mouse retina is associated with netrin-producing glial cells near the optic disc
and acts locally at a short-range to guide retinal axons into the optic nerve.*® Drosophila
netrin proteins are detected on the cell surface of the midline glial cells that produce them
and on the surface of commissural axons.>* To directly test whether midline-derived netrins
act at a short- or long-range in the guidance of midline crossing commissural axons in Droso-
phila, Brankatschk and Dickson employed a gene targeting strategy to tether the endog-
enous netrin B protein to the membrane of the netrin-secreting cells at the midline.*” In the
complete absence of netrins, commissural axons still reached the midline but failed to cross
it. Anchoring netrin B to the cell surface abolished its long-range activity but preserved its
short-range attractive function. In the absence of long-range guidance by netrin, commis-
sural axons grew normally towards the midline and managed to cross it. These results suggest
that midline-derived netrins act locally at short-range to facilitate midline crossing by com-
missural axons, rather than acting as long-range attractants.?> A detailed immunohistochemical
examination of netrin-1 distribution in the embryonic chick nervous system supports the
idea that netrin-1 does not diffuse far from its source.’® In the adult rat spinal cord, bio-
chemical and immunohistochemical analyses showed that netrin-1 protein is not freely soluble
but is associated with membranes or ECM.*” Although the localization of netrins in tissue
suggests an association with ECM constituents such as proteoglycans, the exact binding
partner of netrins has not been identified.

Association with ECM components could play a role in localizing netrin protein in tissue,
but has also been shown to regulate netrin function. The attractive turning of retinal growth
cones towards a gradient of netrin-1 is converted to repulsion when the ECM molecule laminin-1
is present in the culture medium.® In agreement with this, a laminin-1 peptide mimetic caused
retinal axon guidance errors at the optic nerve head, when applied to the developing retina in
culture. Thus, depending on the context in which it is presented, netrin-1 can act as an attrac-
tant or a repellent, showing that ECM molecules can modulate the growth cone response to
this secreted guidance cue.

Functional evidence that proteoglycans modulate netrin function in axon guidance in vitro
or in vivo is currently lacking. Heparin has been implicated as gart of the netrin receptor
complex, either through direct binding to the netrin receptor DCC* or through indirect bind-
ing to DCC via netrin.*® Nonetheless, HS does not seem to be absolutely required for netrin
binding to its receptor, as competition experiments with excess heparin do not interfere with
netrin binding to DCC.%#! Experiments in which netrin binding to DCC was analyzed fol-
lowing enzymatic removal of endogenous HS have not been reported to our knowledge. The
above experiments suggest that netrin’s interaction with heparin through its C-terminal do-
main mainly serves a role in protein distribution and is not required for its biological activity.
However, striking phenotypic similarities between ExzI null mice and mice defective in
netrin-DCC signaling have suggested a role for HS in modulating netrin-mediated axon guid-
ance in vivo. As discussed in the previous paragraph, disruption of the HS-polymerizing en-
zyme Extl in the nervous system results in severe defects in mouse forebrain commissures.”* In
Ext] null mice, the cotpus callosum, hippocampal commissure and antetior commissure are
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absent and the axons that normally give rise to these commissural tracts are misguided,
resulting in the formation of Probst bundles.?? Intriguingly, the absence of these commissures
and the formation of Probst bundles also occur in nesrin and DCC knockout mice.*>#* The
finding that commissural axon guidance defects occurring in netrin/ DCC deficient mice are
phenocopied in ExtI null mice, together with netrin’s heparin binding properties,® suggests
that HS could play a role in netrin-mediated guidance of forebrain commissural axons. Inter-
estingly, this idea is further supported by the absence of hippocampal and anterior commis-
sures resulting from disruption of the HS-modifying sulfotransferase Ndst1 in mice.* On the
other hand, no evidence was found for a role of HS modification by three different HS modi-
fying enzymes in netrin-mediated guidance in C. elegans.*® Thus, it remains to be seen whether
HS affects netrin function or that of other soluble guidance molecules in the wiring of fore-
brain commissural axons.

Secreted Semaphorins and Heparan Sulfate Proteoglycans

The secreted semaphorin Sema3A was purified from adult brain membrane fractions.
Secreted semaphorins contain a C-terminal basic region that could mediate their binding to
negative charges on cell surface and ECM components.*> Upon expression in neuroblastoma
cells, recombinant Sema3A associates with the cell surface and can be removed from the cell
surface with exogenous glycosaminoglycans or a glycosaminoglycan-degrading enzyme, sug-
gesting that secreted semaphorins could bind to ECM components such as proteoglycans.
Detailed mapping studies of the protein distribution of secreted semaphorins in the nervous
system are not available. In the human subiculum, Sema3A has been reported to show a punc-
tate surface labeling of cell body and dendrites.” In the human cerebellum, Sema3A displays a
punctate distribution around Purkinje cells, suggestive of secretion of Sema3A from Purkinje
cell dendrites into the ECM or association with presynaptic terminals originating from other
sources.”® In rat Purkinje cells, the same antibody produced a different, intracellular staining
pattern.*® Sema3F displays a vesicular distribution in human cell lines and labels processes and
nerve terminals in adult human brain.” Thus, secreted semaphorins appear to localize to cell
surfaces, nerve terminals and intracellular organelles.

To date, there is no direct evidence that proteoglycans modulate axon guidance by secreted
semaphorins, but there are some indications that suggest a role for proteoglycans in secreted
semaphorin function. Neuropilin-1, an essential component of the Sema3A receptor com-
plex,”®>! can bind heparin.>? Binding of vascular endothelial growth factor 165, a neuropilin-1
ligand that is structurally distinct from secreted semaphorins,” to neuropilin-1 and
neuropilin-1-expressing cells is enhanced by addition of heparin.’*>* A similar enhancing ef-
fect of heparin addition was observed on the growth cone collapsing activity of Sema3A, sug-
gesting that association of Sema3A with HS could serve to potentiate Sema3A signaling.*®
However, HS removal of Xenopus retinal axons by heparinase treatment does not affect
Sema3A-induced growth cone collapse.?! Furthermore, Kantor et al observed no effect of
heparinase treatment on alkaline phosphatase (AP)-tagged Sema3F binding to tissue sections
or on Sema3F-mediated repulsion of axons originating from the habenula nucleus,’” arguing
against a role of HS in secreted semaphorin function in these neurons, at least in vitro. A clue
for a role of HS in secreted semaphorin function in vivo may come from the developmental
defects in commissural tract formation in the Ext! knockout mouse.?? Secreted semaphorin
signaling has been shown to be essential for the formation of forebrain commissural tracts. The
anterior commissural tract is severely disorganized following loss of Sema3F, Sema3B, neuropilin-2
and Plexin A4.°%°! Furthermore, disruption of secreted semaphorin signaling through
neuropilin-1 causes defects in corpus callosum formation®? and loss of Plexin A3 results in
mistargeting of hippocampal commissural axons.%® The phenotypic similarities in commis-
sural tract malformation between mice defective in secreted semaphorin signaling and Exz/
mice are intriguing and suggest a role for HSPGs in secreted semaphorin-mediated guidance of
commissural axons.

45



78 Semaphorins: Receptor and Intracellular Signaling Mechanisms

Eph Receptors and Heparan Sulfate Proteoglycans

The transmembrane HSPG syndecan-2 plays a critical role in the development of dendritic
spines. gzndecan—Z becomes localized to dendritic spines as hippocampal neurons mature in
culture.” Interestingly, overexpression of syndecan-2 in young, immature neurons induces the
formation of dendritic spines, an effect which is dependent on the PDZ domain binding site in
the intracellular domain of syndecan-2.% The receptor tyrosine kinase EphB2 colocalizes with
syndecan-2, coimmunoprecipitates with syndecan-2 and phosphorylates syndecan-2.%> Fur-
thermore, phosphorylation of syndecan-2 is required for clustering of syndecan-2 and
syndecan-2-induced formation of dendritic spines. Conversely, inhibition of the kinase activity
of EphB2 prevents syndecan-2 clustering and spine formation. Together, these studies suggest
that activation of postsynaptic EphB2, possibly by presynaptic B-ephrins,%%%” phosphorylates
and clusters syndecan-2, which could subsequently recruit cytoplasmic effector proteins via its
PDZ domain binding site. The signaling pathways initiated by these effector proteins could
then lead to structural alterations in dendritic spines. One syndecan-2-binding protein is
synbindin.®® Immuno-electron microscopy showed that synbindin localizes to vesicles in the
dendrite, suggesting that syndecan-2 may regulate the trafficking of vesicles at postsynaptic
sites that eventually become dendritic spines.

The functional significance of Eph receptor-HSPG interactions in axon guidance in vitro
or in vivo is at present uncertain. Similar to mice defective in secreted semaphorin and netrin
signaling, Eph receptor mutant mice display forebrain commissure guidance defects®*”® which
partially phenocopy those of Ext! null mice.? In C. elegans, HS modification does not appear
to play a role in ephrin-mediated guidance of specific interneuron axons, although a role for
HS modification in ephrin-mediated axon guidance was not ruled out in this study.*

Semaphorin5A and Heparan Sulfate and Chondroitin Sulfate
Proteoglycans

Compelling evidence for a role of proteoglycans as modulators of semaphorin function
comes from a recent study by Kantor et al on the transmembrane semaphorin Sema5A.>
Sema5A is expressed by neurons in the habenula nucleus (Hb) which give rise to the fasciculus
retroflexus. In addition, Sema5A is expressed in prosomere 2, a subdivision of the embryonic
forebrain, which is normally avoided by Hb axons (Fig. 1). Surprisingly, membrane prepara-
tions of HEK 293 cells expressing SemaSA act as an attractant for Hb axons, whereas Sema5A
in prosomere 2 membrane preparations has a repellent influence on Hb axons.”® Thus, SemaSA
functions as a bifunctional guidance cue, exerting both attractive and repulsive effects on the
same population of Hb axons. Sema5A contains two clusters of thrombospondin repeats, pro-
tein domains which are known to interact with GAGs,’! suggesting that proteoglycans might
interact with Sema5A. Indeed, heparinase treatment and pharmacological interference with
HSPG synthesis in axons abolished the attractive effect of Sema5A, showing a cell-autonomous
requirement for HSPGs in Hb axons for the attractive effect of Sema5A (Fig, 1). A candidate
HSPG is syndecan-3, which is expressed on Hb axons and coimmunoprecipitates with Sema5A.
The trajectory of Hb axons in Sema5A null mutant mice has not been determined as Sema54
null mutants die around embryonic day 12 in utero.”? However, the fasciculus retroflexus is
defasciculated in Ex¢I null mice,” indicating a requirement for HS in the guidance of Hb
axons in vivo. Together, these data suggest that an HSPG expressed on the surface of Hb axons
acts as an essential component of a receptor mediating the attractive effect of SemaSA.

Intriguingly, the repellent effect of Sema5A in prosomere 2 membranes on the same popu-
lation of Hb axons was found to depend on a different GAG. In the presence of CSPGs,
SemaSA converted from an attractive cue into an inhibitory cue for Hb axons.>> Enzymatic
removal of CS by chondroitinase treatment abolished the repulsive effect of prosomere 2 mem-
branes on Hb axons. Therefore, CSPGs act as modulators of SemaS5A function by switching
this artractive guidance cue to an inhibitory cue. Taken together, this study demonstrates that
the attractive effect of SemaSA on Hb axons depends on axonally expressed HSPGs, whereas
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Figure 1. HSPGs and CSPGs regulate Sema5A function. A-D) Schematic lateral view of the
embryonic (E13.5-15.5) rat diencephalon, based on (ref. 55). A) axons of neurons in the habe-
nula nucleus (Hb) are funneled between prosomere 1 (pros1) and prosomere 2 (pros2) and form
the fasciculus retroflexus (FR) in control embryos. Pros1 secretes the chemorepellent Sema3F
(red dots).5®120 Sema5A is expressed on Hb axons and in pros2 and interacts with endogenous
binding partners in these locations, which can be visualized by incubating sections with an
alkaline phosphatase (AP)-tagged Sema5A ectodomain (AP-Sema5A®™) fusion protein (indi-
cated with blue color).>> B) treatment of diencephalic explants with Sema5A function blocking
antibodies (schematically indicated with the absence of blue coloring of the FR and pros2)
results in the aberrant invasion of the normally avoided pros2 by Hb axons. C) treatment of
diencephalic explants with heparinase reduces the binding of AP-Sema5A®* to the FR (absence
of blue coloring), butnotto pros2. In the absence of HS in Ext1 null mice, the FR is defasciculated.>
In the presence of axonal HSPGs, Sema5A normally functions as an attractant to maintain the
FR as a tightly fasciculated tract. D) treatment of diencephalic explants with chondroitinase
reduces the binding of AP-Sema5A®® to pros2 (absence of blue coloring) but not to the FR, and
results in the aberrant invasion of pros2 by Hb axons.>® In the presence of CSPGs in the pros2
environment, Sema5A normally acts as a repellent to channel the FR between prost and pros2.
A color version of this figure is available online at www.Eurekah.com.

the inhibitory effect of Sema5A on Hb axons depends on CSPGs in the prosomere 2 environ-
ment (Fig. 1). This shows that the composition of sulfated proteoglycans in the extracellular
environment can critically modulate the growth cone response to this membrane-bound guid-
ance cue, reminiscent of the laminin-induced conversion of attraction to repulsion of the se-
creted guidance cue netrin-1.%8 Thus, the specific local composition of the ECM can modulate
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axon guidance decisions to secreted and membrane-bound guidance cues to a great extent. The
exact molecular mechanism by which CSPGs convert Sema5A’s attractive function into an
inhibitory function is at present poorly undetstood. CSPGs could act as a coreceptor and
activate intracellular signaling molecules. Alternatively, CSPGs could promote interactions of
Sema5A with a repulsive receptor or interfere with other receptor components that mediate the
attractive effect of SemaSA. Several studies indicate that CSPGs can associate with guidance
cues to modulate growth cone guidance, suggesting that modulation of axon guidance func-
tion by CSPGs may constitute a more general theme. The role of CSPGs in axon guidance will
be discussed in the next paragraph.

Role of Chondroitin Sulfate Proteoglycans in Axon Guidance

Indications for a role of CSPGs in axon guidance come from in vitro and in vivo studies
showing aberrant axon tract development following experimental manipulation of CS levels.
Several studies have focused on the role of CSPGs in axon guidance in the visual system. In
most cases, the CS-binding axon guidance cues mediating these effects have not been identi-
fied, with the exception of Sema5A-CSPG interactions in the guidance of Hb axons (discussed
in the previous paragraph). Below, we will discuss the evidence pointing towards a role of
CSPGs in regulating guidance of retinal, thalamic, motor and midbrain commissural axons,
and speculate on the axon guidance cues involved.

Initial evidence for the involvement of CSPGs in axon guidance was provided with the
demonstration that the treatment of retinal explant cultures with chondroitinase’® or exog-
enous CS”* caused retinal axons to grow into a region within the retina that would normally
exert a repulsive influence on these axons.” The finding that both CS removal by chondroitinase
treatment and addition of exogenous CS resulted in aberrant axon growth suggested that these
treatments displaced repulsive guidance cues associated with CS. Experiments on retinal axon
guidance in the Xenopus visual system in vivo showed that exogenous CS, though not
chondroitinase treatment, caused retinal axons to defasciculate widely from their trajectory
within the optic tract and to invade forebrain regions normally avoided by these axons (Fig.
2).76 A similar effect has been found in chick embryos, where removal of endogenous CS by
chondroitinase injection resulted in an anterior enlargement of the optic tract and aberrant
invasion of the telencephalon.”” Remarkably, the retinal axon guidance defects induced by CS
treatment in Xenopus embryos were clearly distinct from the retinal axon pathfinding defects
caused by heparin/HS treatment in the same experimental paradigm, which consisted of a
characteristic ‘bypass’ of the tectum (Fig. 2).'%' This suggests that exogenous CS might dis-
place a specific CS-binding factor in the Xengpus visual system. A candidate CS-binding cue is
Sema3A, which is strongly expressed dorsally near the Xenopus optic tract (Fig. 2) and repels
retinal axons.”® In vitro, recombinant Sema3A can be removed from cell surfaces by exogenous
CS or chondroitinase treatment.®® Another candidate CS-binding cue is netrin-1, which is
expressed dorsally to the optic tract and can repel retinal axons (Fig. 2).”” Netrin-1 can bind to
the small CSPG decorin (Dr. D. Litwack, personal communication and see ref. 80). Interest-
ingly, blocking Sema5A function in mouse organotypic culture also causes retinal axons to
stray out of the optic nerve.®! The expression of Sema5A in the Xenopus visual system has not
been reported however. In mouse brain slice preparations, chondroitinase treatment results in
retinal axon guidance defects at the optic chiasm, including defasciculation, growth into inap-
propriate regions and misrouting into the contralateral optic stalk.®? Ephrins,??34 slits?>#> and
netrins® have all been shown to regulate axon routing at the optic chiasm, but whether
chondroitinase treatment affects localization or biological activity of any of these guidance cues
at this important choicepoint is currently unknown. Besides affecting the localization of guid-
ance cues, manipulation of CS could also modulate adhesive interactions along the optic tract.8%8

Outside the visual system, indications for a functional association of guidance cues with
CSPGs come from a study on the adhesion and outgrowth of thalamic neurons.®?? When plated
on mouse embryonic cortical slices, thalamic neurons normally avoid the cortical plate region
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Figure 2. Exogenous HS and CS disrupt retinal axon targeting in Xenopus embryos. A-D) Sche-
matic lateral view of stage 39-41 Xenopusbrain, based on (refs. 12, 13,21, 76, 78). A, projection
of retinal axons in control embryos in relation to secreted axon guidance cue expression. The
approximate regions of guidance cue expression are colored. The retinal axons (arrowheads)
normally project through the optic tract into the optic tectum (indicated with dotted line),
avoiding the telencephalic and diencephalic regions. Sema3A (red) is strongly expressed in a
region in the telencephalon dorsal to the optic tract and in the posterior tectum in close proximity
to retinal axons.”8 Slit2 (yellow) is expressed in the anterior and posterior margin of the tectum,
as well as the dorsomedial border of the tectum (not shown) and in the diencephalon anterior
to the optic tract.?! Netrin-1 (blue) is expressed in a dense patch in the diencephalon and in a
posterior to anterior gradient from the midbrain/hindbrain boundary into the optic tectum.” B,
addition of exogenous heparin or HS severely disrupts retinal axon taggleting. The axons take an
aberrant dorsal turn in the diencephalon and bypass their target.'>'* Exogenous HS might
interfere with Slit2 function, which is dependent on HS in retinal axon guidance.21 Another
retinal axon guidance factor likely to be affected by HS treatment is FGF-2 (not shown).'? C,D)
various phenotypes following addition of exogenous CS. Exogenous CS severely disrupts retinal
axon targeting. The axons are widely dispersed from their normal trajectory in the optic tract (C)
and invade the normally avoided telencephalon and diencephalon (D).7® Exogenous CS could
interfere with netrin-1 or Sema3A function in retinal axon guidance. D, dorsal; V, ventral; A,
anterior; P, posterior. A color version of this figure is available online at www.Eurekah.com.
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and preferentially adhere to the subplate and intermediate zone. Interestingly, treatment with
chondroitinase abolished these layer-specific differences, allowing attachment and neurite out-
growth of thalamic neurons on the formerly inhibitory cortical plate region. Competition ex-
periments with exogenous CS mimicked the effects of chondroitinase treatment, strongly sug-
gesting that CS-bound guidance cues mediated the layer-specific effects.®” An interesting
candidate for the CS-associated repellent activity in the corrical plate is Sema3A. Sema3A is
strongly expressed in the embryonic cortical plate but not in the intermediate zone®®®! and a
repulsive gradient of Sema3A has been shown to be present in cortical slices.?? Furthermore,
Sema3A acts as a repellent for thalamic axons.”® In Sema3A knockout mice however, the
thalamacortical projection appears normal,”"** suggesting the presence of additional cues to
guide thalamic axons to their cortical targets.

Chondroitinase treatment of zebrafish embryos resulted in the formation of abnormal
sidebranches of ventral motor nerves.” This abnormal motor axon outgrowth could be par-
tially reproduced by treatment with exogenous CS B, but not with CS C or heparinase, sug-
gesting that differences in the sulfation pattern of CS sidechains might influence the binding of
guidance cues. Following CS removal, some ventral motor nerve sidebranches extended into
the posterior half of the somite, a region normally avoided by these axons. Interestingly, the
ventral motor axon repellent Sema3A2, closely related to the mammalian Sema3A, is expressed
in the posterior half of the somite,”® suggesting that the manipulation of CS levels affected the
localization of Sema3A2 in this region.

Following exposure to exogenous CS, axons in the postoptic commissural trace in Xenopus
embryos fail to make a turn into the midbrain ventral commissure, and instead continue to
grow longitudinally or instead make an aberrant dorsal turn.”” Interfering with the function of
the netrin receptor DCC, which is expressed on these axons, caused a similar phenotype, sug-
gesting that netrin-1 is involved in the guidance of forebrain axons in the ventral commis-
sure.”® The addition of exogenous CS could displace netrin-1 from CSPGs, thereby removing
an attractive cue that normally directs these axons into the ventral commissure and exposing a
repulsive cue, possibly Sema3A,” which causes forebrain axons to turn dorsally. Taken to-
gether, several studies have indicated a role for CSPGs in modulating axon guidance in mouse,
Xenopus and zebrafish embryos. Although direct evidence for the CS-binding guidance cues
involved is currently lacking, these studies hint at the intriguing possibility that CSPGs modu-
late secreted semaphorin and netrin function.

Proteoglycans and Guidance Molecules in the Regeneration
of Adult Neurons

Proteoglycans and several axon guidance molecules continue to be expressed in the mature
nervous system. The failure of regeneration of adult CNS neurons is believed to be the result of
multiple intrinsic and extrinsic causes. A major contributing factor to regenerative failure is the
extracellular CNS environment. As described in the preceding pages a number of axon guid-
ance molecules collaborate with proteoglycans to form molecular barriers that are important
for the correct and stereotypical guidance of developing axons. Do these interactions also occur
in the mature and injured nervous system? And are these interactions part of a biological sce-
nario that is prohibitive to synapse formation during adulthood and axonal regrowth following
neural injury?

CSPG expression increases quickly after a spinal cord injury and occurs in meningeal cells,
reactive astrocytes and in cells of the oligodendrocyte lineage. Astrocytes and oligodendrocytes
express neurocan, phosphacan and brevican. Versican and NG2 are synthesized by oligoden-
drocyte lineage cells associated with the scar. Also the GAG contents of some of the CSPGs
formed in the scar increases.'®*1%! Evidence for an inhibitory role of the CSPG and HSPG
GAG chains has been obtained in vitro and in vivo. In a culture system of the glial scar the
inhibitory effects of the scar towards neurite outgrowth could be overcome by treatment with
chondroitinase ABC (chABC).1921%% More recently this enzyme was applied in vivo in several
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regeneration paradigms. Impressive regeneration of the lesioned adult rat nigrostriatal path-
way occurred after treatment of this brain lesion with chABC.!* Infusion of chABC in the
spinal cord following a lesion of dorsal column axons provoked regeneration of sensory fi-
bers.!% In this study enhanced fiber regeneration was accompanied with upregulation of
growth-associated protein-43 in the regenerating neurons and a certain degree of functional
improvement. ChABC treatment has now been combined with a number of other regenera-
tion promoting treatments usually resulting in a more potent regenerative response. For in-
stance, Schwann cell cables that serve as permissive conduits for regenerating spinal cord axons
are normally sealed off at their distal end by a CSPG rich scar. This problem appears to be
solved to some extent by infusing chABC distally to implanted Schwann cell cables, because
this resulted in significant regeneration of fibers from the transplant into the distal spinal
cord.!% Although much more is known about the role of CSPGs than HSPGs in
neuroregeneration, HSPGs have also been implicated in the inhibition of the regeneration of
injured peripheral axons. Treatment of peripheral nerve grafts with heparinase I prior to trans-
plantation into a transected peripheral nerve induced a twofold increase in the number of
regenerating axons in these grafts.'”” Whether the enhanced regenerative axonal growth is the
result of removal of (a) protein(s) that bind to the HS-GAG chains, to the removal of HS-GAG
chains as such, or another mechanism is currently not known.

Interestingly, infusion of chABC into the visual cortex reactivates ocular dominance plastic-
ity in the adult visual cortex.'% Normally, neurons in the visual cortex loose their anatomical
plasticity around the end of the first month after birth. The stabilization of synapses in the
visual cortex coincides with the formation of perineuronal nets around cortical neurons. These
nets are composed of ECM molecules, including CSPGs, which are denuded from their GAG
chains by chABC. This apparently frees these neurons from an inhibitory activity resulting in
prolonged plasticity.!% Thus, removal of the GAG chains of CSPGs is a strategy to promote
injured nerve fibers to regenerate and affects the anatomical plasticity of intact, stable neuronal
circuits in the adule. While the beneficial effects of chABC treatment have now been shown in
various paradigms, the molecular mechanism by which CSPGs prevent neurite outgrowth and
synaptic plasticity are poorly understood. To our knowledge, no neuronal cell surface receptors
that interact directly with CSPGs have been identified. Thus, the signaling events that mediate
the effects of CSPG remain largely elusive.

Members of almost all families of guidance molecules are expressed by cells of the neural
scar or in oligodendrocytes. Secreted semaphorins occur in the meningeal fibroblasts that in-
vade the center of the lesion within the first weeks.!%%11% Reactive astrocytes express Ephrin-B2!!!
and Slir2." Oligodendrocytes around the scar express the transmembrane semaphorins
Sema4D,!'2 SemaSA!'? and EphrinB3.''4

The expression of CSPG and axonal guidance cues following neural injury in the CNS have
mostly been studied separately. The expression patterns of Sema3A in relation to other proteins
implicated in neurite outgrowth inhibition, the CSPGs, tenascin-C and myelin-derived in-
hibitors has been studied in some detail in transection lesions of the dorsal column and in
relation to sensory fiber regeneration.!’> CSPG and tenascin-C expression overlapped with
Sema3A in the meninges and in the dorsolateral cap of scar tissue that is mostly comprised of
meningeal fibroblasts. The area of expression of tenascin-C and CSPG extended deeper into
the ventral aspect of the lesion where no Sema3A positive cells were present. Conditioning
lesions enabled injured ascending sensory axons to regrow across areas of strong CSPG and
tenascin-C expression, while areas containing both Sema3A as well as CSPGs in the dorso-lateral
portion of the scar were avoided by regenerating sensory fibers.!!> Thus, conditioning lesions
that enhance the growth state of ascending sensory neurites'>11¢ promoted nerve sprouting
into areas of CSPG expression but failed to induce outgrowth into CSPG-Sema3A positive
areas of the neural scar.

The growth inhibitory properties of meningeal fibroblasts are associated with the cell-surface
rather than with soluble factors. Conditioned media from cultured meningeal fibroblasts do
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not block neurite outgrowth'!” and do not induce growth cone collapse.''® Cocultured astro-
cytes and meningeal fibroblasts cluster in separate patches, thereby defining distince cellular
territories for postnatal DRG neurons. These neurons do not cross the interface between astro-
cytes and meningeal fibroblasts but their axons can cross to astrocytes when seeded on fibro-
blasts.!!® This is another indication that inhibitory factors are localized on the cell surface or
ECM and that the meningeal cell is an important source of these inhibitors. In this coculture
system perturbation of semaphorin signaling bgt a neuropilin-2 antibody partially reversed the
repellent effect of the meningeal boundary.'’> Membrane extracts from cultured adult and
neonatal meningeal fibroblast induce collapse of embryonic DRG growth cones, which can be
blocked by neuropilin-1 antibodies and is absent in membrane extracts from Sema3A-deficient
meningeal fibroblasts.!'® Meningeal fibroblasts from Sema3A knockout mice are a more per-
missive substrate than cells from wild-type littermates. Thus Sema3A is a major neurite
growth-inhibitory factor in meningeal fibroblasts and appears to be presented as a substrate
molecule associated with the cell membrane or the ECM."'® As described above, removing the
GAG chains with chABC or competing for binding with soluble CS releases recombinant
Sema3A into the medium, indicating that Sema3A can bind to CS chains.® As previously
mentioned, the mechanisms by which CSPGs inhibit neurite outgrowth are poorly under-
stood. One explanation for the failure of regenerating axons to grow into CSPG-Sema3A posi-
tive scar tissue may be that repulsive proteins that bind to the GAG-chains of CSPG, e.g.,
Sema3A, form inhibitory molecular complexes with each other. Work in the developing ner-
vous system provides evidence for the presence of differentially localized CS-binding mol-
ecules, conferring specific inhibitory or stimulatory activity.® Interactions with HSPGs and
CSPGs can convert the transmembrane SemaS5A from an attractive into an inhibitory axon
guidance cue.>® Sema5A is one factor produced by oligodendrocytes that may inhibit regenera-
tion in the optic nerve'' and perhaps elsewhere in the CNS. Because CSPGs are upregulated
after a lesion this may result in a relative enrichment of highly repulsive Sema5A-CSPG com-
plexes in the injured CNS. Whether CSPG-semaphorin interaction indeed occurs in the scar
and how this affects the inhibitory activity of these molecules on regenerating axons is a fasci-
nating question that has to be addressed in future studies on the inhibitory mechanisms active
in the neural scar.

Concluding Remarks

Over the past few years, developmental studies have begun to reveal an essential role for
proteoglycans in regulating key signaling pathways in axon guidance. The importance of
HSPGs as modulators of axon guidance cue function is best illustrated for the Slit family of
axon guidance cues, where a crucial function of HSPGs is conserved from worm to mouse.
Besides Slits, HSPGs in the form of syndecans also function in EphB2 and Sema5A signal-
ing, suggesting a common theme in modulating axon guidance cue function. Recent work
has also indicated the importance of CSPGs in modifying the guidance function of Sema5A.
In addition, the axon guidance defects that arise from experimental manipulation of HS and
CS suggest that other soluble guidance cues such as netrins and secreted semaphorins could
also functionally associate with heparan and chondroitin sulfate proteoglycans. Taken to-
gether, it is becoming increasingly clear that different molecules in the ECM can critically
modulate axon guidance decisions. Yet exactly how proteoglycans modulate axon guidance
cue function is still pootly understood. In the case of Slit proteins, HSPGs might function
both in regulating the extracellular localization of Slit ligands as well as in acting as an essen-
tial coreceptor in a Slit-Robo signaling complex. Whether proteoglycans have similar func-
tions in regulating signaling by other guidance molecules is largely undetermined. So far,
most studies have focused on the importance of GAG chains in modulating guidance cue
function. Given the large diversity in HSPG and CSPG core proteins in the nervous system,
it is likely that additional roles for the core proteins will be discovered as well. Investigating
the axon guidance phenotypes following genetic disruption of genes encoding core proteins
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and GAG chain synthesizing and modifying enzymes, as well as determining the protein
distribution of axon guidance cues following manipulation of HS/CS will further contribute
to our understanding of the role of proteoglycans in modulating guidance cue function.
Furthermore, given the importance of proteoglycans in impeding the regenerative response
of adult injured axons and the presence of axon guidance cues such as secreted semaphorins
in the injured spinal cord, it will be of great interest to determine whether proteoglycans
continue to function as modulators of axon guidance cue function in the adult nervous
system as well.
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CHAPTER 8

Semaphorin Signals in Cell Adhesion

and Cell Migration:
Functional Role and Molecular Mechanisms

Andrea Casazza,' Pietro Fazzari' and Luca Tamagnone'*

Abstract

ell migration is pivotal in embryo development and in the adult. During development
‘ a wide range of progenitor cells travel over long distances before undergoing terminal

differentiation. Moreover, the morphogenesis of epithelial tissues and of the cardiovas-
cular system involves remodelling compact cell layers and sprouting of new tubular branches.
In the adult, cell migration is essential for leucocytes involved in immune response. Further-
more, invasive and metastatic cancer cells have the distinctive ability to overcome normal tissue
boundaries, travel in and out of blood vessels, and settle down in heterologous tissues. Cell
migration normally follows strict guidance cues, either attractive, or inhibitory and repulsive.
Semaphorins are a wide family of signals guiding cell migration during development and in the
adult. Recent findings have established that semaphorin receptors, the plexins, govern cell
migration by regulating integrin-based cell substrate adhesion and actin cytoskeleton dynam-
ics, via specific monomeric GTPases. Plexins furthermore recruit tyrosine kinases in receptor
complexes, which allows switching between multiple signaling pathways and functional out-
comes. In this article, we will review the functional role of semaphorins in cell migration and
the implicated molecular mechanisms controlling cell adhesion.

Introduction

Semaphorins were initially identified as evolutionarily conserved axonal guidance cues in
the assembly of the neural circuitry. However, it is now clear that they form a collection of
more than twenty soluble or membrane-bound molecular signals (in vertebrates), involved in a
range of different processes that often implicate the regulation of cell-substrate adhesion and
directional cell migration.

The receptors for semaphorins belong to a family of plasma membrane molecules, the
plexins.! Two plexins are found in invertebrate genomes, whereas nine genes are known in
humans. Interestingly, a common structural domain, known as the “sema domain”, is present
in the extracellular region of semaphorins, plexins and scatter factor receptors, which under-
lines the phylogenetic link between these gene families.>> It was recently shown that the struc-
ture of the sema domain is a so-called “beta-propeller”, similar to that found in o-integrins.*
In addition to the sema domain, the extracellular region of plexins, semaphorins and B-integrins
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Table 1. Identified semaphorin receptors

Semaphorin Receptor(s)
Secreted Sema3A Neuropilin-1 + Plexins (PlexinAs, PlexinD1)
Sema3B Neuropilin-1/Neuropilin-2 + Plexins?
Sema3C Neuropilin-1/Neuropilin-2 + Plexins (PlexinA2?)
Sema3E PlexinD1, Neuropilins?
Sema3F Neuropilin-2 + Plexins (PlexinA3)
Membranebound SemadA TIM2 (low affinity)
Sema4D PlexinB1 (PlexinB2), CD72 (low affinity)
Semab5A PlexinB3, Proteoglycans (via TSP repeats)
Sema6bA PlexinA4
Sema6B PlexinA4?
Sema6D PlexinA1
Sema7A PlexinC1, Integrin-betal (affinity unknown)
Viral (secreted) A39R PlexinC1

contains cysteine-rich “PSI” domains, further underlining the structural similarity between
semaphorin receptors and integrin receptor complexes. The cytoplasmic domain of plexins,
instead, lacks any striking homology to known proteins or functional motifs, but it contains
two amino acid stretches weakly similar to GTPase Activating Proteins (GAPs), and it was
recently shown to catalyse the inactivation of R-Ras monomeric GTPase.” In addition to that,
plexins are found in association with receptor- and nonreceptor-type tyrosine kinases.®

Many secreted class 3 semaphorins are unable to interact with plexins directly. Therefore
plexins form receptor complexes with neuropilins, which provide a high-affinity binding site
for secreted semaphorins. ' Notably, neuropilins also interact with vascular endothelial growth
factors (VEGFs) and with their tyrosine kinase receptors (VEGF-Rs). Although neuropilins
carry a small conserved cytoplasmic tail, there are contradictory results on the signaling compe-
tence of this domain. According to many reports, neuropilins only provide a ligand-binding
platform in the complex and the intracellular signaling is mediated by the associated plexins;
other findings, however, suggest an independent signaling function of the intracellular domain
of neuropilins.'® Intriguingly, certain semaphorins have been reported to interact with other
receptors, in addition to plexins and neuropilins. An up-to-date index of the identified
semaphorin receptors can be found in Table 1. Moreover, transmembrane semaphorins (sub-
classes 1, 4, 5 and 6) may signal in a bi-directional manner, since they carry intracellular do-
mains that can mediate so-called “reverse” signaling into expressing cells (in addition to the
classical “forward” signaling elicited in cells expressing the receptors).! 112

Functional Role of Semaphorins in Cell Adhesion and Cell Migration

Initially, most studies on semaphorins focused on their repelling activity for extending axons.
Subsequently, it was demonstrated that they regulate the migration of a variety of cells, includ-
ing neuronal precursors, neural crest cells, oligodendocytes, endothelial cells, leucocytes, epi-
thelial cells and tumor cells derived from carcinomas, melanomas, etc.®? As summarized in
Table 2, several semaphorins can negatively regulate integrin function, cell adhesion and cell
migration. However, semaphorin signaling is multifaceted, and a subset of these ligands (e.g.,
Semad4D, Sema6D and Sema7A) was furthermore shown to elicit integrin activation/
cell-substrate adhesion, axon outgrowth and cell chemotaxis in distinctive conditions (see Table
2). Although the molecular mechanisms responsible for these antagonistic activities have not
been completely understood, they seem to implicate distinctive signaling pathways, dependinag
on the targeted cells and on the different components of semaphorin receptor complexes.®!
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Cells that express
semaphorins
(membrane-bound and/or
secretedished)

Migrating cells that express
semaphorin receptors

Figure 1. Semaphorin signals act in juxtacrine, paracrine and autocrine manner. A)
Membrane-bound semaphorins expressed by guidepost cells can mediate localized signals to
guide migration (e.g., Sema6D, Sema6A); B) secreted/shed molecules can diffuse in the area of
expressing cells, and demarcate itas a “no entry” zonefor cell populations expressing the specific
receptors (e.g., Sema3A, Sema3F); C) migrating cells may establish autocrine loops of secreted/
shed semaphorins, to police their own migration (e.g., Sema3A).

As mentioned above, semaphorins include secreted and membrane-bound molecules. In
addition, certain membrane-bound semaphorins (e.g., Sema4D) are proteolytically released
(“shed”) in the extracellular space in active form. 1415 Available data indicate that the control of
cell migration by semaphorin signals follows three paradigms, illustrated in Figure 1: (A)
membrane-bound semaphorins at the cell surface can mediate localized signals to guide migra-
tion; (B) secreted/shed molecules can diffuse in the area of expressing cells, and demarcate it as
a “no entry” zone (or instead form a chemotactic gradient) for cell populations expressing the
specific receptots; (C) migrating cells may establish autocrine loops of secreted/shed semaphorins,
to police their own migration: e.g., it was found that the inactivation of autocrine Sema3A
signaling in endothelial cells results in increased directional persistence.'®

What are the molecular pathways underlying the control of cell adhesion and cell migration
by semaphorins? It is known that integrin-mediated adhesion and cell migration are intimately
linked processes, since the latter crucially depends on a dynamic regulation of cell tethers to the
extracellular matrix (ECM); for a more general review on this topic, see reference 17. Thus,
migration must be considered a cyclic multistep process. Migrating cells continuously sense
extracellular guidance cues at their polarized “leading edge”. These signals, including the
semaphorins, may either support further movement in a specific direction (“attractive” cues) or
prevent it (“repelling” cues). In response to a repelling cue, the leading edge collapses and small
protrusions test the environment, until the cell gets polarized towards a new “permissive” direc-
tion. Therefore, repelling cues not only define “off” territories where the migration of a specific
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cell is not allowed, but also serve to put directional migration “on hold”, and reset the threshold
for attractive signals. In contrast, when stable adhesive complexes are established, the cell body
is pulled forward by cytoskeletal contraction; this results in cell translocation and restarts the
extension cycle. It should be undetlined that cell migration requires a dynamic regulation of
cell-substrate adhesion; in fact, it is hampered both in the presence of stiff adhesive structures,
and when integrin function is impaired and adhesive structures cannot form or cannot connect
with the actin cytoskeleton. For a long time, semaphorins have been shown to elicit depoly-
merization and remodeling of the actin cytoskeleton, thereby blocking leading edge extension
and inducing lamellipodia retraction (often indicated as the “collapsing response”). Accumu-
lating evidence now shows that semaphorins can negatively regulate integrin function and
cell-substrate adhesion. By this means, they can greatly affect cell and axon navigation, since
the leading edge of a migrating cell (or an axon growth cone) is steered not only by “polarizing”
attracting signals and “depolarizing” repelling signals, but also by changes in the “permissive”
cues locally provided by the adhesive substrate.

We will now discuss the experimental data supporting the role of semaphorins in the regu-
lation of cell adhesion and cell migration in vivo, whereas in the second part of the review we
will sketch a picture of the signaling pathways currently implicated in these functions.

Axon Guidance

Semaphorins have a prominent role to wire the neural network by guiding axon pathfind-
ing. Notably, the mechanisms controlling axonal extension share remarkable similarities with
those acting in cell migration. In fact, at the tip of the axon, a specialized structure termed the
growth cone explores the surrounding environment, via repeated cycles of protrusion and col-
lapse. The mechanistic explanation of this process classically focused on the regulation of
cytoskeletal dynamics. However, it is well known that integrin-mediated adhesion does play a
role in axon guidance, and guidance cues may regulate the affinity of axons to ECM compo-
nents;'®!? for a review see reference 20. Nonetheless, direct links between semaphorins and
integrins during axon guidance were provided only recently. By a series of elegant experiments
in vitro and in vivo, Pasterkamp and colleagues showed that the GPI-linked Sema7A is neces-
sary to promote axon outgrowth from the olfactory bulb.?! In this model, Sema7A elicits the
activation of integrin-f1 and promotes axon outgrowth via MAPK activation downstream to
integrin signaling. In principle, semaphorins known to inhibit integrin activation, such as
Sema3A and Sema3E, may act in an opposite manner: thereby preventing integrin activation
and growth cone adhesion in areas from where the axon is steered away. Direct evidence of this
mechanism, however, is currently missing.

An intriguing insight into the connection between semaphorins and integrin-mediated ad-
hesion in axon guidance emerges from the functional role of Sema3B in the formation of the
anterior commisure (AC). This is a bipartite tract formed by an anterior (ACa) and a posterior
(ACp) limb that converge into a common fascicle during development. Sema3B exerts a dual
funcrion on these axons: being attractive for ACa and repulsive for ACp.?? Although the impli-
cated mechanisms are not fully understood, it was found that FAK, a Src-like tyrosine kinase
associated with integrin-based focal adhesions, is recruited to the membrane and gets phospho-
rylated only in ACa neurons (those attracted by the semaphorin). Furthermore, pharmacologi-
cal inhibition of Sr, likely implicated in FAK activation, converts the attractive response of
ACa neurons into repulsion.??

During development, axonal growth cones are eventually guided by specific signals to con-
nect with target cells and form synapses, later to be remodeled in the adult. Pre and postsynap-
tic membranes are actually linked by cell junctions, similar to those found between epithelial
cells and between immune-response cells (the “immunological synapse”). A role for semaphorins
in the formation and plasticity of synapses was initially proposed in Drosophila, where both
secreted Sema2 and the transmembrane Semala were found to regulate synaptogenesis, through
different mechanisms.!?* In mammals, during hippocampal development, exuberant synaptic
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connections are normally eliminated, followed by the retraction of redundant “nonconnected”
axons. Noteworthy, in mice lacking PlexinA3 or NP2, the pruning of unnecessary synapses
and axon collaterals is impaired.?* Therefore, semaphorins not only act as topographical guid-
ing cues, but can also provide temporally-restricted signals controlling the stability of cell-cell
contacts, for instance in synaptic plasticity. Intriguingly, since the expression of many semaphorins
is maintained in the adult nervous system, these findings could pave the way for studying the
potential role of semaphorin signaling in synaprtic plasticity disorders.

Neuronal Migration

During the development of the central nervous system (CNS), cell migration is a funda-
mental process, since neurons and glial cell usually originate in proliferative zones that are far
from the sites where they will ultimately reside. The role of the semaphorins in the control of
this migratory process is currently emerging.

Most of the neurons migrate radially, using “radial glia” as a track, and the regulation of this
process is believed to be essentially contact-mediated. A significant population of GABAergic
neurons, instead, arises in the ventricular zone of the subpallium and undergoes tangential
migration. While a small fraction of these cells is then sorted to the striatum, the majority
avoids this region, ending their journey in the piriform cortex and the neocortex. In vivo and
ex vivo experiments®>?® showed that the striatum expresses Sema3A and Sema3E The neurons
avoiding this area express both neuropilin-1 and -2, while those invading the striatum do not
express any competent semaphorin receptors. In fact, loss of neuropilin function hijacks the
control of migration into the striatum, thus increasing the number of neurons entering this
area and reducing the number of those migrating to the cortex.?’ In sum, neuropilin expression
segregates different subpopulations of GABAergic neurons, and semaphorin signaling is re-
quired for their sorting toward specific locations.

Another example of semaphorins controlling neuronal migration is found in cerebellar de-
velopment. Here granule cells proliferate after birth in the external granular layer (EGL), from
where they start an inward radial migration, through the molecular layer (ML) and on the
“track” of Bergmann glia, into the internal granule layer (IGL). The role of the transmembrane
semaphorin Sema6A in this process was recently demonstrated by gene-ablation experiments,
providing a fascinating example of the fine-tuned clockwork of neural development.?” In
SemaGA-deficient mice, the inward migration of granule cells is impaired as many of them
remain ectopic in the ML (where they differentiate and connect with the mossy fibers). An
extensive analysis of these mutants revealed that, surprisingly, granule cell development is oth-
erwise completely normal (e.g., concerning proliferation, differentiation, survival and even
neurite extension). The authors suggest a model in which SemaGA acts as cell-cell contact
repellent, providing the cell body of granule cells with a “go” signal to leave the EGL and start
the inward radial migration. Notably SemaGA expression in granule cells is turned off as soon
as they leave the EGL.

Neural Crest Cell Migration

Neural crest cells originate in the dorsal region of the neural tube and migrate out to periph-
eral districts. They are in fact the precursors of a remarkable assortment of differentiated cell
types, including pigment cells (melanocytes), skeletal cartilage cells (chondroblasts), cells “pat-
terning” heart development, autonomic ganglion cells, and glial cells of the peripheral nervous
system. The analysis of these cells in vitro provided one of the first examples that semaphorins
can regulate cell migration, beyond axon guidance.?® Studies in chicken embryo have later
revealed that neural crest cells in the hindbrain and in the trunk express neuropilin receptors,
and are selectively excluded from those regions containing Sema3A and Sema3E?’ Moreover,
ectopic expression of Sema3A or Sema3F in vivo (or expression of soluble neuropilins as decoy
receptors) results in the disruption of the normal “streams” of migrating cells. These findings
are consistent with loss-of-function experiments in mice. In fact, both Sema3A and NP1
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knock-out animals display defects in the migration of neural crest cells of the sympathetic
lineage, leading to the mislocalization of mature sympathetic neurons and to an impaired de-
velopment of sympathetic ganglia.*® Similar functions were recently reported for Sema3F in
mouse and in zebrafish development.33 In addition, in experiments on explanted sympa-
thetic ganglia, Sema3A, possibly due to its repelling activity, promoted cell aggregation and
tight neurite fasciculation.®® Notably, a subset of migrating neural crest cells characterized by
the expression of PlexinA2 is crucially implicated in cardiac development®*** (sec below).

Oligodendrocyte Migration

As mentioned above, cell guidance is fundamental for migrating glial precursors too. Al-
though little is known about the specific cues controlling this process, it is assumed that some
of them may be common to axon pathfinding and neuronal cell migration. In fact, there is
evidence indicating a potential role of different semaphorins in oligodendrocyte migration.?
Moreover, it was reported that oligodendrocyte precursors recruited to the optic nerve express
both neuropilin-1 and -2; interestingly, a subpopulation of these cells is repelled by Sema3A,
whereas Sema3F acts as chemoattractant and mitogenic factor.’® Other reports indicated a
specific expression of transmembrane semaphorins Sema5A and Sema4D in oligodendrocytes,
suggesting a role in the regulation of axon pathfinding, myelination and nerve regeneration.””%®

Angiogenesis

There is consistent evidence that semaphorin signals regulate endothelial cell migration and
angiogenesis (for details, see an associated review by Neufeld and coworkers in ref. 39). Sema3A
was shown to inhibit both the adhesion of endothelial cells to the extracellular matrix and their
directional migration.!%? Moreover, Sema3A- and Sema3E-deficient mice display defects in
vascular development,'®%! and Sema3F and SemaGA were shown to act as anti-angiogenic
factors in experimental tumors.*>* On the other hand, Sema4D (and other members of sub-

class 4) were consistently reported to have pro-angiogenic activity in vitro and in vivo.%>46

Organ Morphogenesis

The role of Sema3A, Sema3C and Sema6D in cardiac development is well documented
in vivo by gene-loss experiments. Secreted semaphorins Sema3A and Sema3C regulate the
migration of neural crest cells that play a crucial role in shaping the heart and the aortic
outflow in mice.>**** In chick, Sema6D signaling was found to affect the organogenesis of
both the ventricle and the cardiac outflow tract. Interestingly, the transmembrane semaphorin
Sema6D acts bidirectionally: by forward signaling via PlexinA1, and by “reverse” signaling,
via the association of Abl-regulatory proteins to its cytoplasmic tail. >3 Moreover, for-
ward signals mediated by Sema6D-PlexinA1l interaction can either be attractive or repelling
in different cell populations, depending on the receptor tyrosine kinase associated with the
plexin, i.e., VEGFR2 or OTK, respectively. On the other hand, “reverse” signals elicited into
Sema6D-expressing cells seem to promote invasive growth. For more details on this topic,
see reference 49,

The morphogenetic role of semaphorins has also been extensively addressed in lung devel-
opment. Moreover, lung development may provide a general example of tubulogenesis and
branching morphogenesis, as observed in other organs (e.g., kidney, pancreas etc.). This pro-
cess begins from a simple epithelial sheet that ends up as a branched tubular structure. Notably,
the remodelling of epithelial layers somewhat parallels the migration process of a single cell,
since the entire cluster trails the movements of the cells at the leading edge, sensing the envi-
ronmental guidance cues. In analogy to neural development, we speculate that semaphorins act
by defining permissive and restrictive regions during branching morphogenesis, to carve the
shape of the epithelial tree. In fact, at the early stage of lung organogenesis (embryonic days
11-13) Sema3A is expressed in the distal mesenchyme, while neuropilins are found in the
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epithelium of terminal buds. It was shown in organotypic cultures that Sema3A inhibits the
branching of lung epithelium, while Sema3C and Sema3F increase the branching and slightly
promote epithelial cell proliferation.®>! These data support a model in which the differential
distribution of semaphorins, in concert with that of growth factors and other morphogenetic
cues, coordinates the shaping of the lung epithelial tree.

Numerous reports have indicated a developmental role of semaphorin signals in preventing
ectopic cell contacts during epidermal morphogenesis in the nematode C.elegans; in particular,
semaphorins are implicated in the sorting of cells into distinct rays of the developing male
tail>>>* Moreover, although the interpretation of the morphogenetic process differs, two re-
cent reports have established a role of Semala/PlexinA signalin§ in regulating the developmen-
tal migration of vulval precursor cells in the same organism.>>>°

Leucocyte Migration

Scattered reports have shown that semaphorins can affect leucocyte migration, as assayed by
in vitro migration assays.”’>°> However, functional in vivo evidence of this activity is still lack-
ing. On the other hand, knock-out mouse models generated in H. Kikutani’s lab have clearly
demonstrated that class 4 semaphorins Sema4D and Sema4A regulate the immune response
mediated by lymphocytes and dendritic cells.®! Interestingly, PlexinA1 was shown to have a
role in the “adhesion” between lymphocytes and regulatory cells®? (the so called “immunologi-
cal synapse”), inviting the idea that semaghorins could police this association. This matter is
reviewed in detail in an associated review.5?

Tumor Cell Migration

Tumor cell migration is a fundamental process in cancer progression, as it sustains local
invasion and metastatic dissemination. Notably, it depends not only on the activity of motogenic
factors and guidance cues, but also on mechanisms dissolving the extracellular matrix and
inhibiting tumor cell apoptosis. Several scattered reports have indicated an altered expression
of semaphorins in cancer (inter alia see refs. 64,65). Experimental evidence in vitro and in vivo
supports these data, suggesting that semaphorin signaling can act to promote or to inhibit
cancer progression, depending on the receptor complex involved.#446667 One interesting
example is Sema4D, which was shown to inhibit the migration of carcinoma cells expressing
the receptor PlexinB1,% while it sustains the constitutive activation of the oncogenic receptor
Met (associated with the plexin) in other cells.**”° Noteworthy, semaphorins found to inhibit
the migration of tumor cells, also affect integrin-dependent adhesion or integrin expression. #>%87!
The effect of tumor-produced semaphorins in vivo is further explained by an interference with
cancer-associated angiogenesis.*>** For a detailed review of this exciting field of ongoing re-
search, see reference 39.

Signaling Molecules Mediating Semaphorin Function in Cell
Adhesion and Migration

The cytoplasmic domain of plexins, or SP domain, is split into two highly conserved re-
gions, separated by a “linker domain” with more divergent sequence.”? This domain lacks any
striking homology to known proteins or functional motifs; however it includes short sequences
with similarity to GTPase activating proteins’> (or GAPs), and it was recently shown to medi-
ate GAP activity for R-Ras, leading to the inactivation of this small GTPase.” Figure 2 shows
many intracellular signal transducers that have been implicated in plexin-mediated functions,
some of which interact directly with the SP cytoplasmic domain.”* However, it remains largely
unclear how these different pathways connect to mediate functional responses to semaphorins.
In this review, we will focus on those molecules known to have a role in the control of cell
adhesion and cell migration.
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Figure 2. Plexins associate with a range of signal transducers implicated in the control of integrin
function and cytoskeletal dynamics. The figure schematically depicts most of the players impli-
cated in the control of cell adhesion and cell migration mediated by semaphorins (see the text
for details). Plexins and Receptor Tyrosine Kinases of the Met family share a common structural
domain known as the “sema domain” (shown in red), whose structure is a “beta-propeller”,
similar to that found in a-integrins. In addition to the sema domain, the extracellular region of
plexins contains two/three PS| domains (found in Plexins, Semaphorins and B-Integrins; shown
in green) and threeffour IPT domains (Ig-like, Plexins, Transcription factors; shown in blue),
which are putative protein-protein interaction motifs. The cytoplasmic domain of plexins con-
tains two conserved regions with intrinsic R-Ras-GAP activity (depicted in blue), and a linker
segment more variable in the family, which interacts with small GTPases, such as Rnd1 and Rac1
(shown in yellow). The cytoplasmic domain of plexins furthermore interacts with p190-RhoGAP,
controlling the actin cytoskeleton, and with FARP2, which sequesters and inactivate PIPKIgamma
{resulting in the destabilization of cell adhesive complexes). At the C-terminus of the plexins of
B subfamily there is a consensus sequence for PDZ domains, which mediates the selective
association with PDZ-RhoGEFs (see the text for details). A color version of this figure is available
online at http://www.Eurekah.com.

Monomeric G Proteins As Main Regulatory Switches for Plexin Signaling

Monomeric GTPases of the Rho and Ras family are pivotal regulators of intracellular cell
signaling. Through their activity, specific signals from the extracellular microenvironment may
be rapidly translated into cytoskeletal remodeling events, such as those regulating cell adhesion
and cell migration. It is therefore not surprising that these molecules play a pivotal role in
semaphorin signaling (for more details see ref. 75).

It was demonstrated that the cytoplasmic domain of plexins directly associates with GTPases
of the Rho family and with their regulatory proteins. For instance, activated GTP-bound Racl
was found to interact directly with the cytoplasmic domain of PlexinB1 and PlexinA1.767%
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However, plexins were not found to mediate GAP activity for Rac. Moreover, previous reports
showed that both the expression of dominant negative Rac’*8® and the treatment with an
inhibitory peptide for Rac®! block Sema3A-induced neuron growth cone collapse, indicating
the requirement for Rac activation in plexin signaling. Therefore, in an effort to explain its
functional role, this interaction was proposed to: (1) direct the localization of active Rac to the
cell membrane, where it could regulate cytoskeletal remodeling and protein trafficking;®? (2)
locally sequester the active form of the GTPase from its downstream targets, such as PAK1,
thereby inhibiting Rac signaling at the cell membrane;®*# (3) mediate a conformational change
in the cytoplasmic domain of the plexin, regulating its signaling activity or further interactions
with other cytoplasmic proteins;”® (4) control the targeting of plexin molecules at the cell
surface.3%8

Independent reports showed that another GTPase of the Rho family, Rnd-1, which is con-
stantly loaded with GTP due to low intrinsic GAP activity, can associate with the same region
of the intracellular domain of Plexins as Rac.3687 However, similar to Rac, plexins do not carry
any GAP activity to inactivate Rnd1. Instead, the association of this GTPase to the cytoplasmic
domain of plexins seems to act as a switch, to allow for further interaction with other transduc-
ers, such as R-Ras or GTP/GDP exchanger proteins (or GEFs) for RhoA.”®” Notably, muta-
tions in the primary sequence of this GTPase-binding region of plexins also affect cell surface
expression of the receptor, by unknown mechanisms.®> In conclusion, the interaction with
Racl and Rnd1 seems to play a major regulatory role upstream to plexin signaling, by policing
receptor activation and interaction with intracellular transducer molecules.

Further extracellular and intracellular mechanisms have been reported to provide regula-
tory switches for plexin signaling. For example Ig-like cell adhesion molecules (such as L1-CAM
or Nr-CAM) associate with neuropilins and may differentially regulate certain semaphorin
receptor complexes, depending on cell contact-mediated homophilic interactions with
neighbouring cells.®® Other intriguing findings implicate that the differential expression of
proteoglycans in diverse areas of the nervous system may assign either attractive or repelling
function to Sema5A signals.3 Furthermore, at the intracellular level, it was shown that the
balance between the cyclic nucleotides cAMP and cGMP may switch Sema3A signaling from
repulsion to artraction.”

Integrins and the Actin Cytoskeleton Are Major Targets of Plexin Signaling

Several reports show that plexin signaling primarily regulates integrin function. In most
instances, semaphorin stimulation leads to: decreased cell-substrate adhesion, decreased integrin
expression, block of integrin activation or transition of integrins in the inactive state, disassem-
bly of integrin-based cell adhesion complexes, actin cytoskeleton remodeling with loss of stress
fibers, and morphological rearrangements such as retraction of cell protrusions and cell round-
ing (see Table 2). In addition, loss of integrin activation (and of the associated “outside-in”
signaling) may explain other functional effects induced by semaphorins, such as reduced pro-
liferation rate and cellular apoptosis. In certain instances, however, semaphorins were reported
to regulate integrin function in the opposite manner: for example, Sema7A stimulation in-
duces the activation of B-integrins and of their associated intracellular pathway, including FAK
and MAPK.?!

The molecular mechanisms of integrin regulation by semaphorins are partly understood. At
present, a compelling evidence that semaphorins or their receptors can directly interact with
integrins is missing. However, plexins carry an intrinsic GAP activity for active R-Ras, a mono-
meric GTPase known to induce integrin activation.” Notably, two conserved arginine residues
are essential for R-Ras inactivation by plexins, and their point mutation results in the loss of
most (although not all) functional responses mediated by plexins.%7>%! R-Ras is a maJ'or posi-
tive regulator of integrin function:? it gets activated upon cell contact to the ECM,” and in
turn it sustains the clustering and activation of B1-integrin receptors (as well as others), it
enhances focal adhesion formation and cell adhesion, and it regulates positively cell spreading,
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cell migration and invasion, as well as axon outgrowth (for a general review see ref. 94). These
functions qualify R-Ras as the ideal target for the inhibitory activity of semaphorins; nonethe-
less the molecular mechanisms involved in this pathway are presently unclear.
Phosphatidylinositol-3 kinase (PI3K) and its main product PIP3 have been initially implicated
as major effectors of R-Ras,”® to elicit the recruitment at the cell membrane of exchange
factors activating Racl, thereby promoting integrin-mediated adhesion. However, two recent
reports demonstrated that R-Ras signaling instead induces RhoA activation and Racl inactiva-
tion at the leading edge, via still unknown pathways.”>»” Therefore, further studies are re-
quired to elucidate the mechanism whereby R-Ras inactivation mediated by semaphorins may
regulate cell adhesion and cell migration.

Interestingly, other findings indicate that RhoA regulation is fundamental in plexin signal-
ing. For instance, p190RhoGAP, a major negative regulator of RhoA,”® was recently shown to
associate with plexins and become activated upon semaphorin binding.”” Moreover, in
p190-deficient cells, plexin signaling was abrogated or significantly hindered.®® The regulatory
function of RhoA in cytoskeletal remodelling, cell adhesion and cell migration is rather com-
plex and multifaceted.'®!! During cell migration, the levels of active RhoA are highly dy-
namic: they are cyclically downregulated at the leading edge to disassemble the actin cytoskel-
eton and release cell-substrate adhesions, and this is transiently required to form cell protrusions.
However, once lamellipodia establish new integrin-mediated contacts, RhoA becomes acti-
vated and elicits the formation of thick actin cables connected to the adhesive complexes,
whose contraction is the “pulling” force in cell body translocation. Therefore, RhoA inactiva-
tion mediated by plexins inhibits acto-myosin contractility, disassembles actin cables and leads
to weak and unstable adhesive complexes, which in turn blocks directional migration.®® More-
over, activated p190 is known to recruit to the complex p120-RasGAP, a general downregulator
of Ras-like GTPases, including R-Ras;** this could provide an additional mechanism to medi-
ate R-Ras inactivation upon plexin signaling, and perhaps a functional link between the two
pathways. Noteworthy, since data suggest that semaphorin signaling requires the regulation of
both R-Ras and RhoA, further investigation is needed to establish the specific role of these
GTPases in different functional responses in vivo. For instance, recent findings indicate that
R-Ras expression in vivo is mostly confined to blood vessels,'®? which could underline a pre-
dominant role of this pathway in semaphorin-mediated control of angiogenesis.

It was also shown by many groups that plexins of the B subfamily can associate with a
subfamily of RhoA GTP/GDP exchangers (PDZ-RhoGEFs), via a unique and conserved
C-terminal sequence that is not found in other plexins.'%% This interaction is not influenced
by the ligand, but depends on the association of Rnd1 to the plexin®” and on the activity of
ErbB2 tyrosine kinase recruited in the complex.!% Therefore, in certain instances, the activa-
tion of plexins B can induce RhoA activation, which is likely to be involved in specific func-
tional responses mediated by plexins of the B subfamily, such as the pro-angiogenic activity of
Semaphorin 4D.% Plexin-associated RhoGEFs may furthermore be important in axon retrac-
ton, as demonstrated by expressing dominant negative forms of the RhoGEF or inhibiting
Rho-dependent kinase (ROCK) in neurons.!% Moreover, genetic evidence in Drosophila showed
that plexin signaling in axon guidance implicates Rho activation.? Intriguingly, PDZ-RhoGEFs
associated with plexin Bs are multi-domain proteins that could provide a selective platform for
the interaction with additional independent signaling pathways.!%°

Recent data highlighted the role of FARP2 (a FERM domain protein) to mediate
Sema3A-mediated integrin inhibition in neurons derived from dorsal root sensory ganglia
(DRG)."® Moreover, in FARP2-depleted neurons, Sema3A-mediated repulsion of neurite
outgrowth is suppressed. Noteworthy, FARP2 was found to interact with plexins of the A
subfamily, but not with PlexinB1. This molecule is likely to act by suppressing the kinase
activity of Phosphatidylinositol-4-Phosphate 5-Kinase Type Iy(PIPK-y¢61), which is associated
with integrin-based adhesive complexes. Intriguingly, a previous report indicated that
Sema3A-mediated neurite retraction requires instead the activity of another isoform of PIPK,
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called PIPK-Ia."!! Although not localized to focal contacts, PIPK-Ia. activity was shown to
induce vinculin dissociation from the adhesive complexes and release substrate adhesion.!!!
Therefore, the regulation of PIP2 levels at the cell surface seems to be an important mechanism
to account for semaphorin-mediated control of cell substrate adhesion and actin remodelling,

Plexins and Tyrosine Kinases: Receptor Complexes That Can Make
the Difference

Tyrosine phosphorylation is another major regulatory mechanism implicated in cell adhe-
sion and cell migration. Plexins do not carry an intrinsic kinase activity, however they can
trigger the activation of plexin-associated receptor-type and nonreceptor-type tyrosine kinases
(for a recent review, also see ref. 112). For cxamgle, PlexinB1 was found in complex with the
receptor-tyrosine kinases Met, Ron and ErbB2.%7%1% Upon semaphorin binding, the latter
become activated, and in turn they phosphorylate plexins on tyrosine residues. The functional
role of these interactions is currently under investigation: they could play a regulatory role on
the cytoplasmic domain of plexins, but also trigger independent motogenic and survival path-
ways such as those mediated by Racl and RhoA, PI3K-AKT, FAK/MAPK, etc. This may also
explain the bifunctional activity of Sema4D, which can either inhibit or promote cell adhesion
and cell migration, depending on the activation of the associated Met kinase.5>!13

Another interesting example is PlexinA1, which was found in complex with either VEGFR2
or the catalytic-inactive tyrosine kinase receptor Otk, in different cell populations.®® Upon
binding Sema6D, this plexin elicts alternative signaling pathways in different cells: those ex-
pressing Otk were repelled by the semaphorin, while those expressing VEGFR2 were attracted.
Notably, Otk is an orphan receptor kinase whose functional role in semaphorin signaling seems
to be conserved from invertebrates to humans.!'* In sum, the association with different kinase
partners could explain the switch between different functions mediated by semaphorins, by
eliciting independent transduction cascades.

Several nonreceptor-type tyrosine kinases have been implicated in semaphorin signaling,
many of which can be found in focal adhesive complexes (e.g., Fyn, FAK, PYK2 and Stc). In
particular, Gutkind and coworkers have demonstrated that—upon Sema4D stimulation—the
specific receptor PlexinB1 recruits PYK2 and Src cytosolic tyrosine kinases, eventually leading
to the activation of p110-PI3K and of its downstream pathway.”! Notably, this pathway is
independent of the ability to inactivate R-Ras and it is antagonistic to that reported in response
to Sema3E!'®> Moreover, there is evidence that it contributes to the chemotactic activity and
pro-angiogenic function of Sema4D in endothelial cells.”!

Some Open Questions

Semaphorins are known to trigger multiple signaling pathways, via plexins or alternative
(poortly defined) mechanisms. Moreover, semaphorin stimulation may lead to different func-
tional outcomes, depending on plexin-associated components in the receptor complex. A cur-
rently unanswered question is: how is the function of these semaphorin receptor complexes
regulated in cells?

Although there is clear evidence that semaphorin signals regulate cell adhesion, it is almost
completely unknown whether different integrin complexes are regulated by semaphorin recep-
tors in the same manner. Could semaphorin signals elicit a differential adhesion to various
ECM components found in tissues?

The functional link between regulation of integrin function and cell migration deserves
further investigation. For instance, we speculate that the effects on cell migration elicited by
semaphorins may depend on the grade of inhibition of integrin-mediated adhesion. Thereby, a
limited release of cellular tethers to the ECM could actually be synergistic with motogenic
signals.

The role of various small GTPases in semaphorin-mediated control of cell migration is less
than clear, and some conflicting evidence has been obtained in different experimental models.
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Notably, certain “endpoint” functional responses in vitro, such as cell or growth cone collapse,
may not reflect the dynamic nature of cell migration and axon guidance in vivo. Moreover, it is
known that interfering with the levels of expression or activity of small GTPases may produce
unpredictable basal effects. Thus, a more reliable analysis of the function of these molecules in
plexin signaling would require the real-time detection of their sub-cellular localization and
activation in living cells (e.g., by fluorescence-based techniques).

The membrane-bound or soluble nature of different semaphorins is often ignored in ex-
perimental studies, while this may be relevant to the function in vivo in several ways (localized
“clustered” cues vs. diffused gradients, reverse signaling, etc.). Thus, new functional assays need
to be developed to better address this issue in vitro.

Due to the seminal work of H. Fujisawa and collaborators, semaphorin receptors were
originally described as homophilic/heterophilic cell adhesion molecules.!'®!!” Later reports
confirmed this observation,5?!'8!1? suggesting the speculation that -by interfering with this
function- semaphorins may regulate not only cell-substrate adhesion, but also cell-to-cell adhe-
sion. Further analyses are thus required to test this hypothesis.

Finally, one intriguing aspect of semaphorin signaling in vivo is that independent cell types
within a tissue may express receptors for the same semaphorin, leading to a complex scenario of
integrated functional responses. For example, it is now clear that the development of neural
and vascular networks share a range of guidance cues (including semaphorins, neurotrophins
and VEGFs), which results in the coordinated arborization of vessels and neurites (for a review
see ref. 120). Moreover, it is intriguing to note that semaphorins in tumors may exert a double
functional role in cancer cells and in tumor-associated stroma. Future studies will tell how
signals mediated by semaphorins are functionally integrated in different tissues, during devel-
opment and in the adult.

Conclusions

Semaphorin signaling is now recognized as a major guidance code for axon pathfinding and
cell migration. These activities underlie the functional relevance of semaphorins and their re-
ceptors in complex developmental processes, such as the wiring of the neural network, the
migration of neural crest cells involved in organogenesis, and the patterning of the vascular
network. Furthermore, in the adult, the expression of semaphorins is maintained, and these
signals are suspected to have an important role in neural plasticity and regeneration, in the
immune function, and in cancer progression. Recent findings have established that the regula-
tion of integrin-mediated adhesion is an important outcome of semaphotin signals, which may
well account for their activities in axon guidance and cell migration. The molecular mecha-
nisms linking semaphorins to integrins now begin to be understood; however further studies
will be required to dissect the multiple intracellular pathways elicited by these signals.
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CHAPTER 9

Semaphorin Signaling
during Cardiac Development

Toshihiko Toyofuku and Hitoshi Kikutani*
Q number of semaphorins have been shown to play crucial roles as axon guidance cues in

the wiring of the nervous system, including axon fasciculation, branching, and target
election. However, increasing evidence has also attested to the significance of
semaphorins in the development of other organ systems, including the cardiovascular system.
Targeted disruption of certain semaphorins or their receptors has been shown to result in vari-
ous defects in the vascular system. Furthermore, several studies have suggested that some
semaphorins may contribute to the development of the cardiovascular system by controlling
the migration of endothelial cells, cardiac myocytes, or their precursors. In this review, we will
discuss how semaphorin signals are involved in regulation of cardiac cells and cardiac morpho-
genesis.

Cardiac Morphogenesis: An Overview

The heart is one of the first mesodermal tissues to differentiate just after gastrulation in the
vertebrate embryo."”> Cells that migrate anterior and lateral to the primitive streak in early
gastrulation contribute to heart tissues (Fig. 1A). Soon after their specification, precursors of
cardiac cells converge along the ventral midline of the embryo to form a linear heart tube
composed of myocardial and endocardial layers separated by an extracellular matrix (Fig. 1B).
In all vertebrates, the linear heart tube undergoes rightward looping, which is essential for
proper orientation of the right and left ventricles, and for alignment of the heart chambers with
the vasculature (Fig. 1C). The direction of cardiac looping is determined by an asymmetric
axial signaling system involving Nodal, Lefty, and Pitx2, which also affects the position of the
lungs, liver, spleen, and gut.? The linear heart tube becomes segmentally patterned along the
cranial-caudal axis into precursors of the aortic sac, conotruncus, pulmonary and systemic
ventricles, and atria. Upon rightward looping, the cranial (conotruncus) and the caudal por-
tions of the cardiac tube juxtapose dorsally and fuse to form a single outflow tract (truncus
arteriosus), and the middle portion of cardiac tube expands to form a single ventricle (Fig. 1D).
In the developing ventricle, interventricular septation separates the right and left ventricles,
each of which differs in its morphological and contractile properties. The left ventricle is com-
posed of distinct outer (compact) and inner (trabecular) layers. Trabeculae, finger-like projec-
tions comprised of myocardial cells, are necessary to support the increasing hemodynamic load
and to supply nutrients from inside without blood vessels during early embryonic heart
development.*
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Figure 1. The main transitions in early heart development. The whole isolated heart is shown
on the left, whereas a representative section is presented on the right. Staging in days of
embryonic development is based on mouse development. A) Cardiac progenitors are first
recognizable as a crescent-shaped epithelium (the cardiac crescent). B) Heart progenitors
move ventrally to form the linear heart tube, which is composed of an endothelial lining that
is surrounded by a myocardial epithelium. C) The linear heart tube undergoes a complex
progression termed cardiac looping, including endocardial cushion formation in the atrioven-
tricular canal and outflow tract, and trabecular formation in the ventricle. D) During the
remodeling phase of heart development, division of chambers by septation is completed. The
chambers and vessels are now aligned as in the adult heart and become fully integrated.
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Appropriate placement and function of cardiac valves is essential for division of the cham-
bers and for unidirectional flow of blood through the heart. Septation of the cardiac tube
into distinct chambers is achieved through regional swellings of extracellular matix with
proliferating mesenchymal cells, known as cardiac cushions, that will form the atrioventricu-
lar and ventriculoarterial valves. The formation of cardiac cushions is a complex event char-
acterized by the endothelial-to-mesenchymal transformation of a subset of endothelial cells
in the cushion-forming region, where they subsequently proliferate and complete their dif-
ferentiation into mesenchymal cells.?

The separation of the pulmonary and systemic circulations into two parallel circuits is
established by the separation of the truncus arteriosus into the aorta and pulmonary artery,
and in the formation of the conotruncal portion of the ventricular septum. This is accom-
plished in part by cardiac neural crest cells.>” Neural crest cells, which originate from neu-
roepithelial cells at the dorsal edge of neural tube, undergo epithelial-to-mesenchymal trans-
formation so that they migrate to form part of the mesenchyme of the outflow tract. After
septation, the vessels rotate in a twisting fashion to achieve their connections with the right
and left ventricles. Thus, the mechanism thar regulates the positioning of myocardial cells
in the dynamic remodeling of the cardiac tube may be necessary for the proper alignment
and structure of each chamber in that structure. It has been recently shown that some
semaphorins play roles in the positioning of cardiac cells during cardiac development by
regulating their migration,

Sema6D-Plexin-Al Axis in Cardiac Morphogenesis

One of the best characterized semaphorins in cardiac development is Sema6D, a member
of the class VI transmembrane-type semaphorin subfamily.® The expression of Sema6D is
first detected in the cardiac crescent and neural fold of E9 mouse embryo. Sema6D mRNA
was observed throughout the entire heart, including the conotruncal (CT) segment, the
atrioventricular segment, and the ventricular myocardium at E10.5. The expression of Sema6D
is higher in myocardial cells than in endocardial cells. In chick embryonic heart, Sema6D
exhibits a similar expression pattern.

The role of Sema6D in the developing heart has been revealed by a series of studies using
the chick embryo system. Inoculation of transfected cells that release a large amount of
soluble Sema6D into cultured chick embryos at Hamberger and Hamilton (HH) stage 9
results in enhanced looping of the cardiac tube and enlargement of the ventricular region. In
ovo inoculation of Sema6D producing cells or recombinant soluble Sema6D into HH stage
29 embryos also results in expansion of the ventricular cavity with a thin myocardial layer
and an enlarged endocardial cushion. In contrast, RNAi-mediated knockdown of Sema6D
inhibits looping of the cardiac tube. In the developing heart, Sema6D signals are largely
mediated by Plexin-Al, which is also expressed in the embryonic heart. Indeed,
RNAi-mediated knockdown of Plexin-Al or expression of truncated Plexin-Al results in
decreased ventricular size. Therefore, the Sema6D-Plexin-Al axis is critically involved in the
dynamic remodeling of the cardiac tube and formation of the ventricle and endocardial
cushion.

Sema6D Differentially Regulates Migration of Endothelial Cells in Distinct
Regions of Cardiac Tube

SemabD exerts distinct biological activities on endothelial cells in different regions of
the cardiac tube. For instance, Sema6D inhibits migration of outgrowing cells from the
ventricular segment. On the other hand, SemaéD promotes migration of outgrowing cells
from the conotruncal and atrioventricular valve segments, both of which fuse to form the
endocardial cushion later. These biological activities of Sema6D appear to be mediated by
Plexin-Al, because they are abrogated by RNAi-mediated knockdown of Plexin-Al or
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expression of truncated Plexin-Al in endothelial cells from the ventricle as well as the
conotruncal segments. How are two distinct biological activities mediated through the same
ligand binding receptor? In the nervous system of Drosophila, Plexin-A, a homologue of
mammalian Plexin-A family members, forms a complex with off-track (OTK), to transduce
the repulsive signaling of Sema-1a, a homologue of mammalian class VI semaphorins.’ Like
Drosophila Plexin-A, Plexin-Al forms a complex with a vertebrate homologue of OTK in the
endothelial cells of the ventricular region of the cardiac tube. The migration-inhibitory ac-
tivity of Sema6D is suppressed by RNAi-mediated knockdown of OTK in ventricular en-
dothelial cells. OTK is a member of the membrane-type tyrosine kinase family, although its
kinase activity is lost because of the absence of critical residues in the kinase domain (so-called
kinase dead). Notably, mice lacking the mammalian homologue to OTK exhibit several
defects, including failure of tube closure, which are known to be associated with defective
planar cell polarity.'® Thus, Sema6D functions as a positional cue for migrating cells through
the Plexin-A1/OTK receptor complex so as to regulate the shape and rotation of the cardiac
ventricle (Fig. 2).

On the other hand, Plexin-Al forms a complex with VEGF receptor type 2 (VEGFR2)
in endothelial cells of conotruncal segments. The Sema6D-induced migration of endothe-
lial cells is suppressed not only by RNAI against Plexin-Al, but also by RNAI against
VEGFR2. A narrow range of VEGF levels is critical for cardiac cushion formation, be-
cause either induction or suppression of VEGF induces similar defects in cardiac cushion
formation.!"!? The VEGF-mediated tyrosine phosphorylation of VEGFR2, an initial step
in the VEGF signaling pathway, is enhanced by Sema6D. Thus, Sema6D functions to
regulate cardiac-cushion formation by meodifying the signaling of VEGFR2 through
Plexin-Al on endothelial cells in the endocardiac cushion-forming region (Fig. 2). Indeed,
overexpression of Sema6D results in enlargement of endocardiac cushion. Thus, the dif-
ferential association of Plexin-Al with additional receptor components enables Sema6D
to exert distinct biological activities in adjacent regions, which is critical for complex car-
diac morphogenesis.

Reverse Signaling of Sema6D in the Cardiac Ventricle

The developing ventricular wall is composed of the outer myocardial layer (compact
layer) and trabeculae. Myocardial cells in the former express both Sema6D and Plexin-Al,
and cells in the latter express Sema6D but not Plexin-A1."* Knockdown of either Sema6D
or Plexin-Al leads to the generation of a small, thin ventricular compact layer and to
defective trabeculation. Ectopic expression of the Plexin-Al extracellular domain alone
can rescue the defective trabeculation induced by the suppression of Plexin-Al but not
that induced by suppression of Sema6D, indicating a role for Sema6D cytoplasmic signal-
ing in trabeculation (Fig. 3A). The Sema6D cytoplasmic region can associate with two
molecules; Abl kinase and Enabled (Ena), a member of the Ena/VASP family. Abl kinase
and Ena are known to play opposing roles in the downstream regulation of Drosophila
Robo, an axonal guidance receptor for Slit.'* Ena has also been implicated in reverse sig-
naling by Drosophila Semala. Upon binding to Plexin-A1, Abl kinase is recruited to the
cytoplasmic tail of Sema6D and activated, which results in phosphorylation of Ena and its
dissociation from Sema6D. In fate-mapping studies, myocardial cells carrying defects in
reverse signaling by Sema6D arrest in the compact layer, whereas expression of constitu-
tively active Abl kinase enhances the migration of cells from the compact layer to the
trabeculae. Thus, Sema6D acts through its cytoplasmic domain as a reverse signal to regu-
late trabeculation.

Semaphorin Signaling in Vascular Connections to the Heart
Neuropilins, a receptor for class-III semaphorins, are widely expressed in the developing
vasculature, and mice lacking neuropilin-1 or neuropilin-1 and -2 exhibit branching and
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remodeling defects, improper routing and connections, and ectopic termination of vessels.'”
Sema3A inhibits formation of endothelial lamellipodia and vessels.!®® However, neuropilins
are also receptors for a specific VEGF isoform (VEGF165) and modulate the activity of
VEGEF receptors;'? moreover, VEGF165 competes with Sema3A for binding to neuropilins.'®
Thus, the vascular effects of neuropilin-1 may reflect loss of VEGF rather than Sema3A
signaling. Mice expressing a variant of neuropilin-1 that are only capable of binding to VEGF,
but not to semaphorins, do not exhibit vascular defects,”” indicating that neuropilin-1 plays
a major role in vascular patterning as a VEGF coreceptor.

Mice lacking Sema3C exhibit persistent truncus arteriosus.?! Plexin-A2, which is usually
detected in cardiac neural crest, is patterned abnormally in several mutant mouse lines with
congenital heart disease, including those lacking the secreted signaling molecule Sema3C.?
It is noteworthy that Sema3C shows an attractive effect on cortical neurons through
neuropilins-1.2* Together with these findings, the complementary expression pattern of
Sema3C and Pexin-A2 raises the possibility that cardiac neural crest cells navigate from the
neural tube to the outflow tract of the cardiac tube by attractive signals involving the
Sema3C-Plexin-A2 axis.

Signals of Sema3A in Endothelial Cell Migration

As described above, class III semaphorins such as Sema3C may be involved in cardiac
morphogenesis. However, it remains largely unclear how class III semaphorins regulate mi-
gration of cardiac cells. A recent report showing the involvement of Sema3A in the regula-
tion of vascular endothelial cells may provide a clue to this issue. Serini et al'® showed that
Sema3A suppresses adhesion of endothelial cells, which may contribute to the regulation of
endothelial cell migration during vasculogenesis. In fact, Sema3A inhibits the function of
avf3 and avP5 integrins in endothelial cells, although the molecular mechanism underly-
ing this regulation is not known.

We have recently shown that the FERM domain-containing guanine nucleotide exchange
factor (GEF) FARP2 functions as an immediate downstream signal transducer of the
Plexin-Al-neuropilin-1 receptor complex in Sema3A-mediated repulsion of axons* (Fig.
4). Sema3A-induced dissociation of FARP2 from Plexin-A1l and activation of its Rac-GEF
activity triggers a series of biochemical events including Rac activation and the binding of
Rndl, a member of the Rho GTPase family, to Plexin-A1.%> This binding stimulates the
GAP activity of Plexin-Al for R-Ras, a member of the Ras GTPase family. Thus, the
downregulation of R-Ras leads to cytoskeletal disassembly, which is critical for
Plexin-A1-mediated growth-cone collapse.”® In parallel with this event, dissolved FARP2
competes with an isoform of type-1 phosphatidylinositol phosphate kinase, PIPKIy661, for
the FERM domain of talin. PIP,, catalyzed by PIPKIY661 in association with talin, is im-
portant for the stability of integrin-mediated focal adhesion,””?® and the inhibition of
PIPKIY661 kinase activity by binding to FARP2 downregulates integrin function. Such a
mechanism for class III semaphorin-mediated regulation of cell adhesion may also be in-
volved in control of migration of precursors of cardiac cells during embryonic development.

Summary and Perspectives

As discussed in this review, the patterning and morphogenesis of the heart can be de-
scribed in some detail, but the relevant molecular details are not completely understood. To
further comprehend heart development, we must completely define its basic units, then seek
the points of integration between various molecular systems affecting the developing heart
tube. The recent discovery that guidance molecules such as semaphorins regulate the dy-
namic remodeling of the cardiac tube should provide insights into the molecular mecha-
nisms undetlying cardiac morphogenesis.
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CHAPTER 10

Semaphorin Signaling in Vascular
and Tumor Biology

Gera Neufeld,* Tali Lange, Asya Varshavsky and Ofra Kessler

Abstract

he neuropilins were originally characterized as cell membrane receptors that bind axon

guidance factors belonging to the class-3 semaphorin subfamily. To transduce semaphorin

signals, they form complexes with members of the plexin receptor family in which
neuropilins serve as the ligand binding components and the plexins as the signal transducing
components. The neuropilins were subsequently found to double as receptors for specific
heparin binding splice forms of vascular endothelial growth factor (VEGF), and to be ex-
pressed on endothelial cells. This finding suggested that semaphorins may function as modu-
lators of angiogenesis. It was recently found that several types of semaphorins such as
semaphorin-3F function as inhibitors of angiogenesis while others, most notably
semaphorin-4D, function as angiogenic factors. Furthermore, semaphorins such as
semaphorin-3F and semaphorin-3B have been characterized as tumor suppressors and have
been found to exert direct effects upon tumor cells. In this chapter we cover recent develop-
ments in this rapidly developing field of research.

Receptors Belonging to the Neuropilin and Plexin Families
and Their Semaphorin Ligands

The Semaphorins

The semaphorins were originally identified as axon guidance factors that induce localized
collapse of neuronal growth cones, which is why they were initially named collapsins.! The
semaphorin family consists of more than 30 genes divided into 8 classes, of which the first two
classes are derived from invertebrates, classes 3-7 are the products of vertebrate semaphorins,
and the 8th class contains viral semaphorins (Fig. 1). The semaphorins were often referred to
by an array of confusing designations. This situation was clarified by the adoption of a unified
nomenclature for the semaphorins.2 The semaphorins are characterized by the presence of a
~500 amino-acids long sema domain that is located close to their N-termini. The sema domain
is essential for semaphorin signaling and determines the specificity of binding.? The X-ray
structures of semaphorin-3A (Sema3A) and semaphorin-4D (Sema4D) sema domains were
analyzed at the atomic level revealing a conserved B-propeller structure.? Class-3 semaphorins
are distinguished from other vertebrate semaphorins in being the only secreted semaphorins.
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Figure 1. The semaphorin family. The different semaphorin subclasses are shown. Classes 3-7
contain vertebrate semaphorins. The two main semaphorin subclasses containing members
reported to function as angiogenesis regulators are class-3 and class-4 semaphorins. Class-3
semaphorins are the only secreted vertebrate semaphorins. The subfamily contains seven known
members. They are distinguished by a small basic domain and by an Ig-like domain in addition
to the sema domain which is present in all semaphorins. Class-4 semaphorins are membrane
anchored semaphorins containing an Ig loop-like domain. For more details see the text.

In addition class-3 semaphorins are distinguished by the presence of a basic domain in their
C-terminus. Semaphorins belonging to the other classes are cell membrane bound proteins,
and are distinguished by the presence of specific structural features such as the thrombospondin
repeats found in class-5 semaphorins or by the GPI anchor found in class-7 semaphorins (Fig.
1). Active soluble semaphorins can be generated from some of these membrane anchored
semaphorins by way of proteolytic processing.? Semaphorins repel growth cones of elongating
axons by causing a locahzed collapse of the cytoskeleton in the growth cone thereby directing it
in the opposite direction.” Semaphorins such as Sema3A were also found to function as induc-
ers of aPoptos1s,67 as modulators of cell migration,®? and as factors that regulate cell adhe-
sion.’®"! When applied cxternally and nondirectionally, semaphorins induce a gcneral collapse
of the cytoskeleton in responsive cells which is manifested by cell contraction.!> Most of the
class-3 semaphorins bind to receptors belonging to the neuropilin family (Fig. 2). In-contrast,
semaphorins belonging to classes 4-7 as well as Sema3E, do not bind to neuropilins. They bind
directly to receptors of the plexin family (Fig. 3).1>14

Neuropilins

The neuropilin-1 (npl) receptor was initially identified as a neuronal cell surface antigen
(A5) in xenopus embryos.! It was subsequently renamed neuropilin'® and was found to func-
tion as a receptor for Sema3A. Almost simultaneously, a second member of the neuropilin
receptor family, neuropilin-2 (np2), was identified and found to function as a recepror for
another class-3 semaphorin, Sema3E!”!® The two neuropilins share a very similar domain
structure although the overall homology between np1 and np2 is only 44% at the amino-acid



120 Semaphorins: Receptor and Intracellular Signaling Mechanisms

CUB: Complement
binding demains

al
Semaphorin [

Binding <
Dom:lini !

FV/FVIII: coagulation
factor ¥/VI1I homology
domains

MAM: Meprin,
A5 domain

Soluble

Npl Npl Np2a Np2b

Figure 3. The neuropilin receptor family. The two members of the neuropilin family are
membrane-anchored receptors containing very shortintracellular domains. Interestingly, there
exist two np2 splice forms in which the transmembrane and intracellular domains are com-
pletely different (np2a and np2b). The Sema3A binding domain of np1 is located between the
a2 and b1 domains and overlaps partially with the VEGF1¢5 binding domain. The MAM domain
is required for receptor dimerization and for interaction with other receptors. For more details
see the text.

level.!” Both neuropilins contain two complement binding (CUB) like domains (al and a2
domains), two coagulation factor V/VIII homology like domains (b1 and b2 domains), and a
meprin (MAM) like domain thought to be important for neuropilin dimerization and possibly
for the interaction of neuropilins with other membrane receptors (Fig. 2).!%% The binding site
of Sema3A in npl covers part of the second a-domain and part of the first b-domain.?! The
neuropilins are membrane spanning receptors but their intracellular domain is short and is
believed to be too short for independent signal transduction. It was demonstrated that to trans-
duce signals of class-3 semaphorins such as Sema3A and Sema3F the intracellular domain is
not required.? It was subsequently found that neuropilins form complexes with members of
the plexin family of receptors in which the neuropilin serves as the ligand binding part while
the plexin transmits the signal through the membrane of the target cells.!?!* Various class-3
semaphorins differentiate berween the two neuropilin receptors. For example, it was found
that Sema3A binds to npl but not to np2, while Sema3F binds well to np2 but only with a
much reduced affinity to np1.17:1%20

Plexins and Their Role in Semaphorin Signal Transduction

The vertebrate plexin family consists of nine genes grouped into four subfamilies. There are
four A type plexins, three B type plexins, and single C and D type plexins.?>?* Different plexins
serve as direct binding receptors for different types of semaphorins. Thus, plexin-Bl and
plexin-B2 are receptors for Sema4D,'# plexin-B3 is a receptor for Sema5A,% plexin-Al is a
SemaGD receptor,”® and plexin-D1 is a receptor for Sema3E!? to name but a few examples. As
mentioned before, most class-3 semaphorins do not bind directly to plexins but bind instead to
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Figure 3. The plexin receptor family. There are currently nine known mammalian members of
this family. They are grouped into 4 subfamilies. Members of the A, B and D subfamilies have
been found to function as modulators of angiogenesis. All plexins contain a sema domain and
MET-related sequences. The intracellular part contains tyrosine residues that can be phospho-
rylated but lack tyrosine-kinase activity and a split GAP domain.

neuropilins which associate with type-A plexins to form holo-receptors in which the plexins
serve as the signal transducing element.!>!* The plexins contain in their extracellular parts a
sema domain which apparently functions as an inhibitory domain that prevents activation in
the absence of ligand. In the case of plexin-Al, it was found that following the Sema3A binding
to npl, the sema domain of plexin-Al changes conformation enabling si%nal transduction
while in the absence of the sema domain plexin-A1 was constitutively active.”’ The extracellu-
lar domain of the plexins contain in addition sequences homologous to sequences found in the
Met subfamily of tyrosine-kinase receptors. These are designated Met related sequence (MRS)
domains and glycine-proline (G-P) rich motifs (Fig, 3).28 The plexins contain in their intracel-
lular domain a split cytoplasmic SP (sex-plexin) domain (Also known as the C1 and C2 do-
mains) which functions as a split GTPase activating (GAP) domain. This GAP like domain is
conserved quite highly throughout the plexin family although it is unclear whether it is func-
tional in all plexins.?? In the absence of ligand this split GAP domain is inactive. Both plexin-B1
and plexin-A1l contain a GTPase binding domain located between the two halves of the split
GAP domain which serves as a docking site for small GTPases such as Racl, Rnd1 and R-Ras.
In plexin-B1, it was found that the binding of Rnd1 activates the intrinsic GAP function of the
plexin resulting in the inactivation of the small GTPase R-Ras. This in turn results in the
inhibition of integrin function and localized cell detachment. A similar mechanism seems to
control the activity of the plexin-A1 GAP domain.?>3 In the case of plexin-Al, the binding of
Rnd1 can be inhibited by the small GTPase RhoD and this in turn inhibits Sema3A induced
signal transduction (Fig. 4).%!
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Figure 4. The main signaling pathways activated by the plexin-A1 and plexin-B1 following
activation by their respective Sema3A and Sema4D ligands. Following the binding of Sema3A
to np1, which is associated to piexin-A1 in the presence or absence of Sema3A, plexin-A1 is
activated. Rnd1 binds to the GTPase binding site leading to activation of the intrinsic GAP
domain, which leads to R-Ras inactivation and inhibition of integrin function. Simultaneously,
other pathways involving activation of CRMP-2 and MICAL’s lead to the reorganization of the
actin and tubulin cytoskeleton. In the case of plexin-B1, activation occurs directly, without
involvement of neuropilins. Inactivation of integrin function via R-Ras inactivation occurs
similarly. Cytoskeletal changes are triggered by the activation of Rho GEF’s via the PDZ binding
domain of plexin-B1. For more details see the text.

Additional small GTPases and their corresponding Guanine-nucleotide exchange factors
(GEFs) and GAPs participate in the transduction of plexin-mediated signals. It was shown that
B-type plexins possess a postsynaptic density-95/Discs large/zona occludens-1 (PDZ) binding
motif at the C-terminus through which GEFs such as PDZ-GEF and Leukemia-associated
Rho-GEF (LARG) bind to B-type plexins.??? The small GTPase Rho is activated followmg
the binding of these Rho-GEFs to plexin-B1, leading to activation of Rho Kinase and initia-
tion of a reorganization of the actin cytoskeleton in response to Sema4D.3%% The active form
of the small GTPase Rac also binds to the GTPase binding domain of plexin-B1 and thereby
enhances the binding of Sema4D to plexin-B1. To transduce signals, active Rac interacts with
p21-activated kinase (PAK) (Fig. 4). Activated plexin-B1 competes with PAK by sequestering
active Rac thereby inhibiting the activation of PAK which is one of the signal transducers that
control actin polymerization.*¢

The intracellular domain of the plexins does not contain a tyrosine-kinase domain. How-
ever, intracellular tyrosine-kinases such as Fes/Fps bind to Sema3A activated plexin-Al result-
ing in the phosphorylation of tyrosine residues in the intracellular domain of plexm-Al 37
Activated Fes also phosphorylates the CRMP-2 and CRAM proteins which control microtu-
bule dynamics (Fig. 4).>”* The intracellular tyrosine kinase Fyn was found to bind to the
intracellular domain of the plexin-A2 receptror upon stimulation with Sema3A, and to phos-
phorylate it. Activated Fyn also phosphorylates the serine-threonine kinase Cdk-5 which also
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assoctates with plexin-A2 in response to Sema3A. One of the CdkS5 substrates is Tau, a protein
that functions as a regulator of microtubule dynamics, indicating that recruitment of Fyn by
activated plexin-A2 is part of a mechanism by which activated type-A plexins regulate the
organization of the cytoskeleton.

Lastly, the intracellular domain of the drosophila homologue of plexin-Al, plexin-A, con-
tains a binding site that enables association with the flavoprotein oxidoreductase MICAL (mol-
ecule interacting with CasL), which was found to be essential for correct semaphorin-1a in-
duced axon repulsion in Drosophila. MICAL has several vertebrate homologues which have
been found to be important for the transduction of Sema3A and Sema3F signals, although the
exact mechanism remains to be elucidated. 42

The Role of the Neuropilins in VEGF Signaling

Vascular endothelial growth factor (VEGF) (also known as VEGF-A) is considered to be a
major angiogenic factor that plays an essential role in embryonic vasculogenesis and angiogen-
esis as well as in tumor angiogenesis.*> Multiple forms of VEGF are produced as a result of
alternative splicing, but three of these forms, VEGF, 1, VEGF¢s, and VEGF, g9 are considered
to be the major forms that are most frequently encountered. All VEGF forms bind and activate
the VEGFR-2 tyrosine kinase receptor which seems to be essential for the transmission of
VEGF-induced angiogenic signals.**** The VEGFR-1 tyrosine kinase receptot®® is also re-
quired for developmental angiogenesis.”” However, the role of VEGFR-1 in developmental
angiogenesis is considered to be primarily an inhibitory role because the intra-cellular part of
VEGER-1 is not required for correct vascular development.*® Nevertheless, recent experiments
employing VEGFR-1 function blocking antibodies indicate that contrary to previous assump-
tions, this receptor plays an important active role in VEGF induced angiogenesis, presumably
as a recruiter of bone marrow derived precursor cells to sites of active angiogenesis.

The major VEGF splice forms differ with respect to the expression of exons 6 and 7 of the
VEGF gene. Exons 6 and 7 encode independent heparin binding domains that are incorpo-
rated into the longer VEGF forms. In contrast, the shortest VEGF splice form, VEGF; 1, lacks
exons 6 and 7 altogether and does not bind to heparin. Experiments designed to characterize
differences between the VEGF splice forms lead to the identification of sglice form specific
VEGF receptors in endothelial cells.*® This receptor turned out to be np1.”! Subsequently, it
was found that the np2 also functions as a splice form specific VEGF receptor.’> The heparin
binding domains contained in exons 6 and 7 of the VEGF gene enable VEGF forms that
contain these exons to bind to neuropilins. VEGF;3; does not bind to neuropilins while
VEGF g5, which contains the })csgtide encoded by exon 7 binds to npl and to np2 and VEGF 45
binds to np2 but not to np1.°** The VEGF family contains four additional members. These
are PIGF and VEGF-B which bind to VEGFR-1 but not to VEGFR-2. The heparin binding
form of PIGF as well as VEGE-B were also found to bind to np1.5>>4 The last VEGF family
members are the lymphangiogenesis promoting agents VEGE-C and VEGF-D.”> VEGE-C
and VEGF-D bind to the VEGFR-2 and to the VEGFR-3 receptor, which are primarily ex-
pressed on lymphatic endothelial cells, enabling them to induce angiogenesis as well as
lymphangiogenesis. >3 Interestingly, it was observed that VEGE-C also binds to neuropilin-2,
which in turn is highly expressed in lymphatics.*%° However, whether np2 transduces VEGF-C
signals is still unclear.

Since both neuropilins function as splice form specific VEGEF receptors, it was not surpris-
ing that they were found to affect VEGF signaling and function in various experimental sys-
tems. The binding of VEGF¢s to npl enhances VEGF¢s induced migration of endothelial
cells in cells that express in addition to npl the VEGF receptor VEGFR-2.’! Mice lacking
functional npl receptors suffer from impaired neural vascularization and from defects in the
development of large arteries such as branchial arch arteries. In addition, the development of
the heart was strongly impaired in these mice, and failure of heart function was responsible for
their premature death.®! In contrast, the role of np2 in VEGF induced vasculogenesis and
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angiogenesis is less clear. The vasculature of mice lacking a functional np2 receptor develops
normally except for defects observed at birth in small lymphatic vessels.®*%? However, these
mice do not respond to VEGF 45 by retinal angiogenesis indicating that np2 is also important
for angiogenesis.®> The importance of np2 to vascular development is also highlighted in ex-
periments in which mice lacking both functional neuropilins were generated. These mice dis-
play a total lack of endothelial cells,* and their £henotype therefore resembles the phenotype
of mice lacking functional VEGFR-2 receptors.” Furthermore, mice lacking a functional np2
gene and containing only one functional npl gene also displayed vascular abnormalities that
were more severe than those observed in mice that lack both np1 alleles.*

Binding/competition experiments have demonstrated that the VEGF 65 and Sema3A bind-
ing domains of npl overlap.?! The overlap between the VEGF;gs and Sema3A binding do-
mains in npl means that Sema3A could modulate VEGF 5 activity by competition for bind-
ing to npl. It was indeed found that Sema3A can inhibit the angiogenic activity of VEGF 45 in
in-vitro angiogenesis assays.® This is not true in the case of Sema3F and np2. Sema3F binding
is not inhibited by VEGF¢s indicating that np2 contains separate binding sites for VEGF 45
and Sema3E®” Knock-in mice expressing a np1 variant lacking Sema3A binding ability but
retaining VEGF binding displayed normal vascular development but abnormal neural devel-
opment indicating that the VEGF binding ability of np! is critical for proper vascular develop-
ment but the semaphorin binding activity is not critical for vascular development. In contrast,
the Sema3A bindin& ability is required in addition to the VEGF binding ability for proper
heart development.

The Role of Class-3 Semaphorins in the Control of Angiogenesis

and Tumor Progression

Sema3A induced signaling mediated by np1 does not seem to be important for the develop-
ment of the vasculature based upon the analysis of a npl variant that binds VEGF but not
Sema3A.% However, in other systems it was observed that class-3 semaphorins can modulate
the development of the vasculature. Implantation of Sema3A containing beads in developing
chick embryo forelimbs inhibits limb vascularization.®? In another study it was found that
Sema3A produced by endothelial cells modulates vascular branching in the developing chick
brain by modulating integrin function.”® However, no effects of Sema3A on tumor progression
or tumor angiogenesis have been reported to date.

Even though VEGF binds efficiently to np2,>? it does not inhibit the binding of Sema3F to
np2, indicating that the semaphorin and VEGF binding domains of np2 are separate.” Never-
theless, in-vitro experiments have shown that Sema3F can inhibit both VEGF and bFGF in-
duced proliferation of endothelial cells. In addition, Sema3F was able to inhibit bFGF and
VEGF;¢s induced angiogenesis in two in-vivo model systems, and inhibited the development
of tumors from xenografted HEK-293 cells even though it did not inhibit the proliferation of
the HEK-293 cells in cell culture. Furthermore, the tumors that did develop were small and
contained a much reduced density of blood vessels.”! These observations suggest that Sema3F
can initiate an anti-angiogenic signaling cascade, possibly through the activation of np2/plexin
signaling, In a different study it was found that Sema3F repels endothelial cells, indicating that
it could inhibit angiogenesis through repulsion of angiogenic sprouts. Indeed, tumors develop-
ing from malignant melanoma cells expressing recombinant Sema3F were poorly vascularized,
and the metastatic ability of cells contained in these tumors was strongly impaired. The effects
on the merastatic potential of the melanoma cells were probably partially due to inhibition of
angiogenesis and partially due to a direct effect on the tumor cells.”?

Direct effects of Sema3F on the behavior of tumor cells were also noted in additional cell
types. Loss of the Sema3F gene is associated with the development of small cells lung carci-
noma (SCLC).”>7* When reexpressed in SCLC cells Sema3F completely suppressed the tum-
origenicity of the cells.””> Sema3F also inhibited the attachment and spreading and repulsed
MCEF-7 breast cancer cells.”®’” Sema3F binds to np2 which is considered to function, along
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with associated type-A plexins, as the signal transducing receptor for Sema3E'® However, Sema3F
also binds to np1, although with a 10 fold lower affinity. Interestingly, the effects of Sema3F on
the attachment and spreading of MCF-7 are mediated by the npl receptor.”® These effects
were associated with the down regulation of E-cadherin expression.”

The class-3 semaphorin Sema3B was also found to function as a suppressor of small cell
lung carcinoma development. Interestingly, a point mutation in Sema3B (T415]) reduces its
anti-tumorigenic activity leading to increased risk of lung cancer in affected African-American
and Latino-American populations.”® Its expression in the tumorigenic cells is reduced due to
cither loss of heterozygosity or due to promoter hypermethylation.”® As in the case of Sema3F,
reexpression of recombinant Sema3B in SCLC cells inhibits their tumorigenic properties.®%8!
The mechanism used by Sema3B to inhibit tumor development is unclear. One report indi-
cates that Sema3B antagonizes npl mediated effects of VEGF 45 on the tumor cells thereby
inducing apoptosis and inhibiting the proliferation of various lung and breast cancer derived
tumor cells.8? However, it was recently reported that the primary Sema3B receptor is np2.5?
Surprisingly, mice lacking a functional Sema3B gene display no gross abnormalities, indicating
that it does not fulfill a nonredundant role in embryonic vascular development.®*

Sema3C is another class-3 semaphorin that seems to signal through np2 or through np1/
np2 complexes.?> Recently, it was found that in the presence of plexin-D1, Sema3C can induce
signal transduction via np1 as well as via np2.86 The heart of mice lacking a functional Sema3C
gene does not develop normally.®” This observation fits with the phenotype of mice lacking a
functional plexin-D1 gene which also suffer from heart defects and in addition from vascular
patterning defects such as abnormal organization of inter-somitic blood vessels.538 Thus,
plexin-D1 mediated Sema3C signaling may be responsible for part of the observed defects
such as heart defects. However, it was recently reported that plexin-D1 also functions as a
receptor for Sema3E, the only class-3 semaphorin which does not bind to neuropilins.'? Sema3E
induces the collapse of the cytoskeleton of COS-7 cells expressing plexin-D1 and repels chick
embryo blood vessels. Interestingly, mice lacking a functional Sema3E gene displayed vascular
anomalies similar to the defects observed in mice lacking plexin-D1 such as abnormal pattern-
ing of intersomitic blood vessels. These abnormalities were generated independently of the
presence or absence of functional neuropilins, suggesting that semaphorins that signal via
neuropilins such as Sema3C do not play a role in the patterning of these vessels.!

The role of Sema3E in tumor progression had not yet been studied in derail. High level
expression of Sema3E was observed in several metastatic cell lines originating from mouse
mammary adenocarcinoma tutnors, indicating that high Sema3E expression levels are linked
to tumor progression.®> More recent work revealed that over-expression of recombinant Sema3E
in mammary adenocarcinoma cells induced the ability to form experimental lung metastases.
In vitro, Sema3E protein enhanced the migration and proliferation of endothelial cells and
pheochromocytoma cells. Interestingly, the active Sema3E form that promotes these activities
is 2 61 kDa Sema3E form that is generated by furin-dependent proteolytic cleavage.”® These
observations indicate that besides being the only class-3 semaphorin that does not require a
neuropilin for activation of signal transduction, Sema3E also differs from the other class-3
semaphorins by being the only one that seems to promote tumor progression. Since Sema3E
enhances proliferation and migration of endothelial cells, it is also likely to function as a
pro-angiogenic factor although this still requires proof.

Cell Surface Attached Semaphorins as Modulators of Angiogenesis
and Tumor Progression

Class 4 Semaphorins and Their Role in Tumor Progression

The membrane-anchored class 4 semaphorin Sema4D has recently become a focus of inten-
sive research as a result of its recently discovered role in immune recognition,” and as a result of
its newly discovered role as a regulator of tumor cell invasiveness. HGF/SF (hepatocyte growth
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factor/scatter factor) induces scattering, invasion, proliferation and branching morphogenesis,
and plays a role as a regulator of invasiveness and tumor spread in many types of tumors.”>?
The HGF/SF tyrosine-kinase receptor MET as well as MET like receptors such as the RON
receptor for macrophage stimulating protein contain a conserved sema domain, and were re-
cently found to associate and form complexes with several types of receptors belonging to the
plexin-B subfamily. When a plexin-B1/MET complex is challenged with Sema4D, the
tyrosine-kinase activity of MET is activated, just as if it were activated by HGF/SE leadjn§ )
the phosphorylation of MET. This in turn results in the stimulation of invasive growth.”*%
These observations implicate Sema4D as a potential inducer of tumor invasiveness and tumor
progression, although this has yet to be demonstrated experimentally. HGF/SF also functions
as an inducer of angiogenesis,”**” indicating that Sema4D may also be able to induce angiogen-
esis via a similar mechanism. Indeed, recent evidence indicates that Sema4D induces angiogen-
esis as a result of its interaction with the MET receptor.”®

The tyrosine-kinase receptor EtbB-2 which lacks a ligand of its own was also found to form
complexes with plexin-B1 and to be phosphorylated in response to Sema4D.”® Mutations in
ErbB-2 ate known to p%?' arole in the induction of tumorigenesis in breast cancer as well as in
other types of cancer.!” These observations suggest that activating mutations in plexin-B1
may perhaps be able to induce activation of ErtbB2 and MET in the absence of any ligand and
thereby contribute to tumorigenesis. These possibilities will have to be tested in the future.

Interestingly, it was also reported that activation of plexin-B1 by Sema4D can induce angio-
genesis via a MET independent mechanism. These MET independent pro-angiogenic effects
wete found to be dependent upon the COOH-terminal PDZ-binding motif of plexin-Bl
which binds the Rho GEF proteins PDZRhoGEF and LARG. The pro-angiogenic effects of
Sema4D were found in this study to be dependent upon the the activation of Rho-associated
signaling pathways.

Class 5 and 6 Semaphorins in Tumor Progression

Class-5 semaphorins are anchored to cell membranes and are characterized by seven type 1
thrombospondin repeats functionally important for tumorigenicity and metastasis (Fig. 1). A
random p-element insertion screen was used to identify genes that modulate tumor progres-
sion and rumorigenicity. One of the genes identified in this screen was the Drosgphila homo-
logue of the Sema5C gene, lethal giant larvae. Deletion of the lethal giant larvae gene leads to
the generation of highly invasive and widely metastatic tumors in adult flies. Further experi-
ments indicated that lethal giant larvae probably associates, via its thrombospondin repeats,
with the TGF-B like ligand DPP somehow modulating DPP induced signal transduction.'??

Vertebrates possess a Sema5C homologue as well as additional class-5 semaphorins
(Sema5A, SemaSB and Sema5D),'%%1%4 indicating that these homologues may play a role in
the development and progression of human tumors too, although this hypothesis still re-
quires experimental proof. Recently, this assumption was strengthened by experiments that
have shown that SemaS5A activates plexin-B3, a receptor that was also found to form com-
plexes with the MET tyrosine-kinase receptor® and by findings indicating that Sema5A
plays a role in the remodeling of the cranial vascular system.'® This is therefore one more
example of a semaphorin that interacts directly with a B type plexin and activates as a result
the MET tyrosine-kinase receptor which had been previously shown to play a role in tumor
progression and tumor angiogenesis.

A class-6 semaphorin that may be involved in tumor progression is Sema6B. Sema6B was
found to be expressed in two different human glioblastoma cell lines, and its levels were
down-regulated by trans-retinoic acid, an anti-tumorigenic, differentiation promoting agent.!
Another class-6 semaphorin, Sema6D, may function as a pro-angiogenic factor. Sema6D binds
directly to plexin-Al which was found to associate directly with the VEGFR-2 VEGF receptor.
These findings suggested that Sema6D binding to Plexin-A1 enhances the VEGFR2-signaling
pathway. When the effect of exogenous Sema6D on the tyrosine phosphorylation of VEGFR2
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was tested, it was found that Sema6D synergistically enhances VEGF-induced phosphoryla-
tion of VEGFR2, indicating that Sema6D and VEGF collaborate in signaling through a
Plexin-A1/VEGFR2 complex, and indicating that Sema6D has the potential to enhance VEGF
induced angjogenesis.

Semaphorins as Direct Regulators of Tumor Cell Behavior

Many types of tumor cells express neuropilins and plexins. It was recently shown that Sema3F
can also affect the behavior of tumor cells directly, via np1 and np2 receptors expressed on the
tumor cells. Sema3F inhibits VEGF induced spreading of MCF-7 breast cancer cells by inhib-
iting np1-mediated signaling’® and repulses C100 breast cancer cells as a result of its bmdmg to
np2 receptors expressed by this cell type.”” Similarly, Sema3B was found to antagonize the
anti-apoptotic effects of VEGF in NCI-H1299 lung cancer derlved cells, probably by interfer-
ing with neuropilin mediated VEGF signaling in these cells.5? These ﬁndmgs indicate that
Sema3B and Sema3F can directly affect the behavior of tumor cells expressing neuropilins.

Conclusions

The identification of the neuropilins as receptors for angiogenic factors of the VEGF family
implied that the alternative neuropilin ligands belonging to the class-3 semaphorin subfamily
may also regulate angiogenesis and vascular function. The past few years have indeed con-
firmed that some of these semaphorins are modulators of angiogenesis. Furthermore,
semaphorins such as Sema4D which do not interact with neuropilins have also been found to
regulate angiogenesis. Since tumor development depends on tumor angiogenesis it is not sur-
prising that some of these semaphorins also affect tumor development. Furthermore, since
neuropilins and plexins are expressed quite ubiquitously, it is no surprise that semaphorins
were also found to directly affect the behavior of many types of tumor cells directly, and thus to
function as promoters or inhibitors of tumor progression. We have so far only touched the tip
of the iceberg as far as understanding the role of the semaphorins in tumor progression is
concerned. The next few years will likely result in a flood of information, out of which it is
hoped that new and efficient cancer therapies will emerge.
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Semaphorin Signaling in the Immune System
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Abstract

emaphorins, a family of genes encoding guidance molecules in the nervous system,
S influence a variety of cellular mechanisms including migration, proliferation and

cytoskeleton reorganization. Interestingly, many members are expressed throughout
lymphoid tissues and by different immune cells like lymphocytes, NK, monocytes and den-
dritic cells. Besides, the array of functions semaphorins usually regulate during organogenesis
coincide with several key events required for the initiation as well as the regulation of the host
immune response. Thus, it is not surprising if a substantial number of them modulates im-
mune processes such as the establishment of the immunological synapse, differentiation to
effector and helper cells, clonal expansion, migration and phagocytosis. For this purpose,
immune semaphorins can signal via their canonical plexin receptors but also possibly by unique
discrete cell surface proteins or associations thereof expressed by, and critical to, leukocytes. A
growing list of semaphorins, receptors or related molecules keep being reported in the immune
system, and display nonredundant roles at controlling its integrity and efficacy.

Introduction

The immune system is a finely tuned process designed to recognize self-modified or foreign
antigens, while being made tolerant to self antigen through various central or peripheral processes.

In the periphery, after its encounter with antigen, the antigen-presenting cell (APC)
migrates via the lymphatic or the vascular networks towards lymphoid organ to present antigen
to specific T cells. This migration step involves changes in expression and regulation of adhe-
sion molecules and, in addition, cytoskeleton reorganization to allow crossing through endot-
helium barrier. This intense phase of cell-to-cell communication is achieved by the mean of
secreted molecules and the formation of the so-called immunological synapse for direct contact
with engagement of receptor complexes and costimulatory molecules, while other usually larger
molecules such as CD45 are excluded from the synapse.

Strikingly, many members of the semaphorin family control integrin-mediated migration
as well as the actin and tubulin networks dynamic in various circumstances. As semaphorins
can be membrane-associated or soluble, they are thereby suitable for either direct cell-cell inter-
actions or chimiotactism/chemorepulsion. Originally, semaphorins were described in the ner-
vous system, where they guide axons and neuronal progenitors to their appropriate targets. The
expression of semaphorins and their receptors at the surface of many lymphoid cells highlight
their importance not only as neuronal modulators but also as regulators of immunity through
overlapping mechanisms.
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Semaphorins: Receptor and Intracellular Signaling Mechanisms, edited by R. Jeroen Pasterkamp.
©2007 Landes Bioscience and Springer Science+Business Media.




Semaphorin Signaling in the Immune System 133

CD100/SEMA4D

Among all semaphorins expressed in the immune system, CD100, the product of the
SEMAA4D gene, has been the first and the most extensively studied member (For reviews see
ref. 1-4). In 1992, the cell surface protein was identified with monoclonal antibodies as a 150
kDa homodimeric molecule whose surface expression was upregulated after activation of
T-lymphocytes.® It was named CD100 in 1993 during the 5th International Workshop and
Conference on Human Differentiation Antigens, while in 1996, SEMA4D gene was cloned,
and matched to the semaphotin and immunoglobulin (Ig) gene families. The same year, a
highly similar murine homolog gene was also reported. Later, CD100 encoding gene was named
SEMA4D and classified in the class IV of the semaphorin genes with regard to its structural
features and membrane anchorage (see Table 1) for nomenclature of the genes and the mol-
ecules as approved by the respective Nomenclature Committees of the Human Genome, HGNC
http://www.gene.ucl.ac.uk/nomenclature , and of the International Union of Immunological
societies, IUIS, http://www.iuisonline.org).

Structure

CD100 is mainly found at the cell surface, as a 300 kDa disulfide-linked transmembrane
homodimer (Fig. 1). Each 150 kDa unit bears a 500-amino-acid cysteine-rich domain in its
NH;-terminal region, the “sema” domain which is typical of the entire semaphorin family with
degrees of sequence variation. In addition, SEMA4D possesses an Ig domain, a hydrophobic
transmembrane segment and a cytoplasmic tail.

However, from the full-length CD100 is derived a shorter cleaved form, referred to as soluble
CD100 (or sCD100); therefore CD100 is also released like a secreted class III semaphorin.
The proteolytic generation of this truncated CD100 is metalloproteinase-dependent. It was
shown by L.E Brass et al, personal communication, that MMP17/TACE may be responsible
for CD100 release from platelets, although the specific enzymes releasing it from activated
lymphocytes has yet to be described. The cleavage site is located close to the membrane in the
extracellular part of the protein, thus the 120 kDa processed monomer retains its cysteine 674
and remains dimerized by a disulfide bond. To date, there is no data indicating that soluble and
transmembrane CD100 have opposite functions, while we will discuss below whether cell
surface CD100 can act both as a receptor and a ligand.

Table 1. Official nomenclatures for semaphorin gene, proteins and their receptors

Gene Name Molecule Name
Semaphorin Class HGNC 1uis Old Name
m SEMA3A Collapsin-1,
H-Sema Il
v SEMA4A M-SemB
SEMA4D CD100 Collapsin-4,
M-Sema G
Vil SEMA7A CD108 H-Sema K1
Viral SEMAVA A39R
SEMAVB ARV sema
Receptor plexin-C1 CD232 VESP

Lyb-2, CD72
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Figure 1. The membrane-associated CD100 molecule consists of a standard 500-amino-acid
sema domain (cylinder) containing numerous cysteine residues, an g domain of the C2 type
(ovoid part), a hydrophobic transmembrane region, and a cytoplasmic tail. CD100 can also
undergo proteolytic processing due to a yet unidentified metalloproteinase in lymphoid cells.
The resulting Soluble SEMA4D (sCD100) consists of two disulfide-linked 120-kD subunits. The
cleavage site (white flash of lightning) is located COOH-terminal to the unique cysteine residue
responsible for the dimerization (Cys®”%) in the basic region that separates the Ig and transmem-
brane domains.

Expression

Cell surface expression of CD100 has been reported in most hematopoietic cell types. It is
mainly produced by T cells where its amount is increased after their activation, while the
proportion of sCD100 goes up after stimulation Nevertheless, CD100 mRNA can also be
detected in nonhematopoietic tissues such as the brain, kidney and heart. CD100 is not found
in the liver, the pancreas or the colon, nor in some non hematopoietic malignant cell lines.

Physiological Function

Human SEMA4D and mouse Sema4D genes have 88% homology but have not always
demonstrated identical tissue distribution and effects in both species. Because of this, we will
discuss separately results obtained in the human and the murine system.

Cytoplasmic Reverse Signaling and Inside-Out Regulation

The full-length CD100 has been associated in T and B-cells with a tyrosine phosphatase
activity. The protein tyrosine phosphatase (PTP) was shown to be CD45, a critical receptor-like
PTP involved in the differentiation of T lymphocytes and the activation of the LCK and Fyn
kinases. Interestingly, CD45 plays a major role in the activation of T and B lymphocytes, while
in T cells it stays outside the immunological synapse. Thus CD45 might contribute to
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CD100-induced stimulation of T or B-cells by intracellular reverse signaling (Fig. 2). In this
situation CD100 behaves like a recepror. In addition, this interaction appears to be regulated
in the human B cell lineage according to the maturation state of the lymphocyte as CD45
could no longer be coimmunoprecipitated with CD100 in terminally differentiated B-cells.

Another way of regulating CD100 activity from the inside might be phosphorylation. CD100
coprecipitates with a serine kinase in its cytoplasmic domain, and blockade of serine phospho-
rylation by staurosporine enhances the shedding off the membrane. Independently, dimeriza-
tion enhances cleavage of the soluble form. Thus serine phosphorylation could either nega-
tively alter CD100 ability to be dimerized or alternatively directly inhibit proteolysis.

A D100 B D100

B and T lymphocyte Increase of CD100 monomers,
activation Decrease of soluble CD100

Figure 2. CD100 association with CD45 in T and B lymphocytes (A) correlates with the activation
of both types of lymphocytes. CD100 can also associate with a Serine kinase (B) which could
regulate the shedding process of CD100 itself.
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CD100 Signaling through its Various Receptors
Signaling Via Murine CD72

To transduce cytoplasmic events, semaphorins (whether they are secreted or not) more
often bind to specific membrane receptors: plexins or neuropilins., eventually associated in a
complex In nonhematopoietic tissues, plexin B1 is the canonical CD100 receptor. However,
plexin B1 is absent in lymphocytes, and so could not account for the bindin% of soluble CD100
at the surface of these cells. To address this issue, Kumanogoh and colleagues™® used a substractive
cDNA cloning strategy that identified CD72 as a low-affinity receptor. CD72 (or Lyb-2) is a
45 kDa type II transmembrane protein of the C-type lectin family (for a review see ref. 4,6). It
is expressed in most B-cells, DCs, macrophages and subsets of T-cells, thereby supporting its
involvement in CD100 signaling in leukocytes. CD72 conrains two immunoreceptor
tyrosine-based inhibition motifs ITIM) in its cytoplasmic tail (V/IxYxxL/V) which become
dephosphorylated after SEMA4D binding. These ITIM domains are common among inhibi-
tory immunocoreceptors and serve to regulate B-cell-fate as a function of other signals such as
B-cell receptor (BCR) agonists. In the absence of CD100, CD72 becomes heavily phosphory-
lated following engagement of the BCR (Fig. 3). In consequence, there is increased association
with the Src-homology domain 2 (SH2)-containing protein tyrosine phosphatase-1 (SHP-1),
which in turn downmodulates BCR effectors. In contrast, inhibition of CD72 with antibodies
promotes survival of BCR-activated B-cells. Similarly, by binding to CD72, CD100 releases
the association with SHP-1, thereby relieving the CD72 negative effect, and by this way exerts
a costimulatory effect on B-cells and DCs (Fig. 3).Consequently in aged CD100-deficient
mice, there is accumulation of marginal zone B cells , and they develop high auto-antibody
levels and autoimmunity. Altogether other inhibitory receptors with ITIM motif, such as Fc
YRIIb or CD22, and CD72 interacting with CD100, are critical in preventing excessive anti-
body responses.

Signaling from Human Plexin-B1 and C1

Unlike lymphocytes, monocytes and immature DCs do express detectable levels of plexins,
respectively C1 and B1. Exposure to sCD100 abrogates spontaneous or MCP3 induced migra-
tion of these two cell types through their unique receptor or receptor complex and modulates
cytokine production’ (Fig. 4). This is likely to be mediated by inactivation of R-Ras, a small
guanosine triphosphate (GTP)-ase that stimulates integrin-dependent adhesion. Of note, while
monocytes differentiate to immature DCs in vitro and switch from plexin-C1 to plexin-Bl,
sCD100 keeps inducing identical activities.” One can then hypothetize that both receptors
might activate closely related (if not the same) transduction cascades in these conditions. Fur-
ther, cell surface CD100, upon interaction with plexin-B1 from the micro-environment, stimu-
late malignant B-CLL CD5* cell proliferation.® It is noteworthy that in immune cells, contrar-
ily to soluble CD100-plexin B1 signaling in epithelial cells, cell surface CD100-plexin B1
signaling, does not involve MET or RON.

Signaling with Anti-CD100 Monoclonal Antibodies in Human Lymphoid Cells

Whether the CD100 expressed by immune cells operates as a transmembrane receptor is a
matter of debate. However studies with mAbs recognizing discrete epitopes of CD100 suggest
that it might act as a receptor in human lymphocytes. For example, the anti-CD100 mAb
BB18, induces CD100 internalization, while inducing T cell proliferation in the presence of
autologous APC and phorbol ester. In contrast, the neutralizing anti-CD100 mAb, BD16,
induces the release of sSCD100 from the T cell surface and the release of CD100 from associ-
ated molecules. It can also costimulate T cells with signals delivered through the TcR or the
CD2 molecule. As already mentionned CD100 is associated with CD45 on both the T and the
B cell surface. One fonctional consequence of this association is CD45-dependant increased T
cell homotypic association in the presence of any of the 2 anti-CD100 mAb.( For reviews see
ref. 1-3).



Semaphorin Signaling in the Immune System 137

Cytoplasm CD100

Membrane

CD72 BCR

Membrane

Cytoplasm

SHP1

B Ilymphocyte B lymphocyte
response response

Figure 3. In the absence of CD100 (left part), the phosphorylated CD72 ITIM Motifs bind the
SHP-1 protein. In this case, by inhibiting BCR effectors, SHP-1 downregulates the B-lymphocyte
response induced by BCR agonists. By its binding to CD72, SEMA4D (right part) induces a release
of SHP-1 from the ITIMs and increases the B-cell response.

SEMA4A

Structure, Expression and Physiological Function

Part of the class IV semaphorins, SEMA4A belongs to the same subfamily than CD100
(Table 1). It presents a similar structure and also exists as a dimer at the cell membrane. It is
widely expressed in many tissues including the brain, lung, kidney, spleen and testis. In the
immune system, SEMA4A is mostly found on DCs and at low level on activated B-cells, al-
though resting B-cells and activated T-cells express marginal levels ( For review see ref. 9).

The vast majority of data concerning SEMA4A comes from the murine Sema4A. SemadA
acts as a costimulator of T-cells, raise their production of interleukin (IL)-2 and proliferation in
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Figure 4.sCD100 binding to Plexin B1 or C1 atimmature DCs or monocyte surface, respectively,
could induce an inhibition of the (GTP)-ase R-Ras and a subsequent loss of cell migration
capacities. This lasteventcould be due to the role of R-Ras in the regulation of the integrin-mediated
adhesion.

response to CD3 antibodies. Accordingly, Sema4A antibody inhibits allogeneic mixed leuko-
cyte reaction (MLR), which supports a role in APC-dependent T-cell activation. Accordingly
DC and T cells from knockout mice display poor allostimulatory activities and T helper differ-
entiation.” Furthermore, exogenous stimulation with a Sema4A-Fc fusion protein improves
the maturation of T helper lymphocytes (Th). Finally, as anti-Sema4A antibodies in animals
constrain their capacity to respond in an auto-immune assay only when injected during the
very first days, Sema4A might contribute to the initiation phase.

Signaling from Murine Tim-2

To investigate the function of Sema4A, a recombinant soluble form of the molecule was
engineered (Sema4A-Fc) and shown to remain effective. In addition, Sema4A-Fc could bind to
concanavalin A stimulated T-cells but not resting T and B-cells nor DCs. This indicated that
activated T-cells specifically express a membrane receptor for Sema4A. In order to identify this
Sema4A-binding protein, H. Kikutani and his team screened a mouse cDNA library. They
used a strategy aimed at sorting cDNA transfected-COS7 cells based on their ability to retain
biotinylated Sema4A-Fc at their surface. By doing so, cDNA clones reported the sequence for
Tim-2, a member of the T-cell, Ig and mucin domain protein family (for a review on the Tim
family see ref. 10). Of importance, Tim-2 had been previously characterized from a cDNA
library of activated T-cells. This particularity of Tim-2 to be uniquely upregulated in activated
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T-cells emphasizes its relevance to Sema4A signaling. Yet, among subpopulations, Tim-2 is
nearly exclusively found in Th2. Though, even if Tim-2 knock-out mice resembles that of
Sema4A in the way that both display reduced T helper immune responses, Th1, but not Th2,
were demonstrated to be affected in Sema4A-deficient mice. One explanation could be a re-
verse signaling from Sema4A cytoplasmic domain or the presence of another receptor on Th1.
Mouse Tim-2 shares the greatest identity with Tim-1, which is indeed present on Thl and
makes it a good candidate. Regrettably, while Tim-3 was excluded from Sema4A signaling,
Tim-1 was not tested.

Unlike CD72, Tim-2 is not expected to be an inhibitory receptor. Instead, its cytoplasmic
tail exhibits a target motif for tyrosine kinase (RTRCENQVY). Shortly after Sema4A is
incubated onto cells, Tim-2 becomes phosphorylated (Fig. 5). Thus, Sema4A generates
positive signals from this receptor. Unfortunately, Tim-2 precise function in T-cell stimulation
ot maturation remains to be elucidated. Recent findings propose that Tim-2 serves as a ferritin
internalizer. Whether this function is true in vivo and has purpose in Sema4A role is ambigu-
ous. Of note their is no human homolog for Tim2.

The expression pattern and timing of the duo Sema4A-Tim-2 during T-cell differentiation
supports a role in T-cell activation by professionnal APCs (Fig. 5). In this model, APCs might
preactivate T-cells, probably by presenting an antigen, which in turn induces Tim-2 expres-
sion. The binding of Sema4A from the DCs might constitute the second early step of T-cell
priming. To date, there is no data concerning the intracellular pathways downstream of Tim-2
which are important in this process. On the other hand, Sema4A expression by T-cells
themselves is critical to their differentiation in Th1 under skewing conditions in vitro. It
appears then that another mechanism might be associated with this phenomena given the lack
of Tim-2 on Thl.

Viral Semaphorins and SEMA7A / CD108
A39R and AHV Sema

To date, there has been two viral semaphorins described, which are secreted and share a
low-complexity structure represented by a single sema domain. A39R, with 441 amino acids, is
the smallest semaphorin, and is encoded by a poxvirus family member. Originally, an open
reading frame (ORF) was identified from a database search in the genome of the lytic vaccinia
virus, and named A39R!! Unlike common semaphorins, A39R is not known to dimerize. The
other viral semaphorin, AHV SEMA, comes from alcelaphine herpesvirus (AHV) (Table 1).

Both A39R and AHV SEMA bind to plexin-C1/ CD232, a virus encoded semaphorin
protein receptor (VESPR) expressed by DCs and neutrophils. A39R raises the production by
monocytes of the proinflammtory cytokines IL-6 and IL-8, as well as tumor necrosis factor
alpha (TNF-ot) and the level of expression of the adhesion molecule CD54.!! In addition,
A39R inhibits migration of DCs in a plexin-C1-dependent manner, through downregulation
of integrin signaling as demonstrated by reduced focal adhesion kinase (FAK) phosphoryla-
tion. This phenomena was accompanied by actin cytoskeleton rearrangement. Furthermore,
since phagocytosis depends on integrin function and cytoskeleton integrity, DCs and neutro-
phils exposed to A39R have impaired phagocytosis abilities.!? So far, no precise role has been
described for AHV SEMA. Because of its homology to SEMA7A (46%), this viral semaphorin

might be used to mimick certain SEMA7A effects so as to evade the host immune response.

SEMA7A/CD108

SEMAT7A gene was first cloned under the name CDw108, also known as the
John-Milton-Hagen human blood group antigen. SEMA7A is about 80 kDa and is composed
of common semaphorin features including the sema domain and an Ig domain. However, it is
unique with regard to its glycosylphosphatidylinositol (GPI)-membrane anchorage. SEMA7A
is expressed in activated PBMCs, in the spleen, thymus, testis, placenta and brain.?
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Figure 5. TIM-2 expression is induced after T-cell activation through T-cell receptor (TCR)
binding to the antigen (Ag). SEMA4A binding to TIM-2 leads to the phosphorylation of TIM-2
tyrosines through a still unknown signaling. Both TCR and TIM-2 stimulations participate to
T-cell activation and Interleukin-2 (IL-2) production.

Mouse DCs express plexin-C1 which binds viral semaphorins as well as SEMA7A. Despite
the existence of known ligands, plexin-C1 signaling remains elusive. In in vitro experiments, it
was suggested to bmd plexin-C1. Lately, plexm Cl importance for DCs was assessed by
knock-out in mouse.'? DCs from plexin-C17" mice had a mlgrauon to the lymph nodes only
slightly impaired. The main consequence observed was that, in vivo, plexin-C1” DCs induced
moderatly reduced T-cell response. Interestingly, authors reported the presence of a GPI-linked
ligand of plexin-C1 at the surface of CD40 ligand-activated DCs, which argues in favor of
CD108 binding to this plexin (Fig. 6).

Like A39R, CD108 stimulates the release of IL-6, IL-8 and TNF-o by monocytes and
pethaps inactivates R-Ras (Fig. 6). Nevertheless, SEMA7A promotes monocyte chemotaxis
and favorizes T-cell response. Thus, SEMA7A signaling might differ at least slightly from its
viral homologs.



Semaphorin Signaling in the Immune System 141

Cytoplasm

Membrane — S

Plexin CI  A39R/AHV

Plexin CI

| R-Ras 2 L Rac or tRRo ? LR-Ras ?  Cytokine production
Modification Cytoskeleton Modification
of rearrangement of
migration migration
S S

Phagocytosis inhibition

Figure 6. By its binding to Plexin C1, the viral Semaphorin A39R (left part) inhibits DCs and
neutrophils phagocytosis abilities via a mechanism suggesting an inhibition of R-Ras and cytosk-
eleton rearrangments. SEMA7A/CD108, a GP| anchored semaphorin, is also the ligand of Plexin
C1invitro and could induce the inhibition of R-Ras and the release of proinflammatory cytokines
by monocytes.

Other Immune Semaphorins and Related Proteins

SEMA3A, SEMA3C, SEMA4B

After SEMA4D, 4A and 7A gene products were shown to play a major role in the immune
system, other semaphorins became of interest in this field and were investigated. For instance,
SEMA3C is upregulated in synoviocytes of rheumatoid arthritis patients, even though the
biological meaning is unknown. SEMA4B is found on resting B-cells, but once again no func-
tion has yet been described. In contrast, one semaphorin -SEMA3A- indeed exhibits a role
since it inhibits monocyte migration in an in vitro experiment.!"> Nevertheless, it is likely that
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given the array of functions semaphorins can influence, more might work at regulating the
immune system in vivo.

Plexin-Al

There has been additional evidence for the contribution of semaphorins to immunity. One
example is the distribution of their plexin receptors. DCs express plexin-Al, a receptor for
SEMA3A, SEMA3F and SEMAG6D. Furthermore, plexin-AI gene is the target of the transcrip-
tion factor CIITA (the major histocompatibility complex (MHC)- class II transactivator), which
is a master coactivator of MHC class II genes. In CIITA-deficient mice, plexin-Al is not de-
tectable on DCs. Downregulation of this receptor in a wild-type background by short hairpin
RNA gready reduces T-cell stimulation by antigen-activated DCs in vitro and in vivo. Taken
together, these data strongly point to a role for plexin-Al in T-cell-DC interaction. Whether
specific semaphorins influence plexin-Al-mediated effects will be addressed in future studies.

Neuropilin-1

Similarly, another semaphorin receptor, neuropilin-1 (NRP-1), is essential for the initiation
of the primary immune response. Originally, NRP1 was a heterophilic adhesion molecule iden-
tified in the nervous system . In fact, NRP-1 is also expressed on DCs and resting T-cells and i is
critical to the establishment of an immunological synapse between DCs and naive T-cells.'?
Functionnally, NRP-1 promotes the formation of cell clustering and its distribution becomes
polarized on T-cells after the initial contact with DCs, implying that a cytoplasmic signal
might be triggered. Blocking NRP-1 with antibodies substantially decreases DCs-dependent
proliferation of resting T-cells. Nonetheless, NRP-1 is not involved in stimulation of activated
T-cells by DCs. Altogether, these data indicate a role for NRP-1 in the initial interaction of
T-cells with APCs.

Consistently, a separate study spotted NRP-1 as a possible marker for CD4*CD25" T-cells
(known as regulatory T-cells -T',-). NRP-1 was shown to be constitutively expressed on these
cells independently of their activation status. In contrast, its expression was downregulated in
CD4*'CD25" T-cells after activation, confirming a role in the initial phase of T-cell activation.

Semaphorins in Lymphoid Disorders
Immunosuppression by VEGF 145

NRP-1, in addition of being a receptor for some class-III semaphorins, can interact with the
165-amino acid isoform of the vascular endothelial growth factor (VEGF;¢s). For this reason,
it appears plausible that tumor cell-derived VEGF 5 may impinge on cancer immunosurveillance
through NRP-1. It is hence intriguing that VEGF 45 inhibits the development of DCs and
T-cells. In view of the ability of a few semaphorins to compete with VEGF¢s for binding to
NRP-1 and as a result to modulate its effectiveness, VEGF;¢s impact could be linked to
semaphorin signaling. It will be informative to ask if this interplay occurs here like it does in
other systems such as vascular development, or if the inhibiting properties of VEGF¢s are
independent.

Semaphorin Signaling in Immune Disorders

Not only do semaphorins promote proliferation of primary lymphoid cells, but they also do
so in the case of leukemia. While CD100 increases CDS5* B-cells proliferation, in the mean-
time it leads to hyperprohferatlon of chronic lymphocytlc leukemia (CLL) cells.® When CD38*
CLL-B-cells encounter its ligand CD31, CD100 is upregulated in proliferating cells along
with CD72 downregulatlon while plexin-B1 is expressed therefore switching the balance of
positive/negative pressures toward proliferation. The importance of semaphorins in the devel-
opment/outcome of solid tumors of many kinds has been extremely emphasized in the past few
years. Likewise, one might expect them to play a decisive role in the progression of leukemic
diseases.
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Soluble CD 100 has also been shown to play a direct role in vitro in the inapropriate cross
talk between activated T lymphocytes and neural precursor cells expressing plexin B1. In vivo
activated T cells infiltrating the Central Nervous System in interaction with neural cells,
particularly oligodendrocytes, could sustain the onset and progression of demyelination and
axonal degeration in neuroinflammatory diseases, such as HTLV1 associated myelopathy and
MS.! It is relevant to mention here that neither CD100 K.O. mice nor anti-sema4A treated
mice develop EAE (experimental allergic encephalomyelitis). Thus semaphorin gene product,
from the class IV, such as CD100 and sema4A , would be involved in the onset and the late
phase of neuroinflammatory diseases. It would be of interest to develop neutralizing antibodies
to prevent/treat these diseases.

Conclusion

Semaphorins, first described as nerve guidance molecules are now known as mediators of
the immune network. Despite the fact that they can use canonical well described receptors in
other tissues, they can also utilize distinct receptors or receptor complexes specific of the
immune system. A summary of our present knowledge in this field is presented in Table 2.

Table 2. Role of semaphorins and receptors in the immune system

Sema Cell Surface Receptor and its
Class  Molecule  Expression Expression Function
1 SEMA3A  not reported not NP1 inhibition of monocyte
migration
\Y SEMA4A  DCs, B-cells, Th1 Tim-2 (activated enhances T-cell activation,
T-cells, Th2) production of IL-2 and priming/
Th1-2 regulation,
full-length  Most hematopoietic  plexin-B1 proliferation of CLL and CD5*
CD100 cells, increased by  (CLL, CD5* B-cells / T-cell priming
T cell activation B-cells),
CD72 (B-cells)
soluble plexin-B1 inhibition of monocyte and
CD100 (immature immature DC migration/
DCs), plexin-C1 co-stimulation ( with CD40) of
?(monocytes), B-cells and DCs / proliferation
CD72 (B-cells, of CD5* B-cells
DCs)
Vil CD108 monocytes, activated plexin-C1 monocyte stimulation/
PBMCS, thymus production of the
proinflammatory cytokines
IL-6 and 8
Viral A39R vaccinia virus, plexin-C1 phagocytosis inhibition/
mouse pox virus (DCs, neutrophils)  cytoskeleton rearrangement
and integrin inhibition/
production of the
proinflammatory cytokines IL-6
and 8
AHV SEMA alcelaphaline plexin-C1 upregulation of CD54
herpes virus (DCs, neutrophils)
Unidentified plexin-A1 (DCs) T-cell-DCs interaction

NP1 (DCs, resting
T-cells)

T-cell-DCs homophitic
interaction
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Description of anomalies in semaphorin signaling with regard to immune pathologies is yet in
its infancy and more has o be known to understand the function of this large family of pro-
teins. At present it is not known, may-be because of the redundant expression of semaphorins,
whether semaphorins act in vivo for the immune system as attractive or repulsive clues to guide
or restrict the migration of immune cell subsets to specific lymphoid organs.

Abbreviations

AHV: alcelaphine herpesvirus; APC: antigen presenting cell; BCR: B-cell receptor; CD:
cluster of differentiation; CLL: chronic lymphocytic leukemia; DC: dendritic cell; FAK: focal
adhesion kinase; GTP: guanosine triphosphate; Ig: immunoglobulin; ITIM: immunoreceptor
tyrosine-based inhibition motif; IL: interleukin; MHC: major histocompatibility complex;
NRP: neuropilin; PTP: protein tyrosine phosphatase; SH2: Src-homology domain 2; SHP-1:
(SH2)-containing protein tyrosine phosphatase-1; TCR: T-cell receptor; Th: T Helper lym-
phocyte; TNF: tumor necrosis factor; Tim-2: T-cell immunoglobulin and mucin domain pro-
tein 2; VEGF: vascular endothelial growth factor; VESPR: virus encoded semaphorin protein
feceptor.
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