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Abstract

During embryonic development in bilaterally symmetric organisms, correct midline crossing is
important for the proper formation of functional neural circuits. The aberrant development of
neural circuits can result in multiple neurodevelopmental disorders, including horizontal gaze
palsy, congenital mirror movement disorder, and autism spectrum disorder. Thus, understanding
the molecular mechanisms that regulate proper axon guidance at the midline can provide
insights into the pathology of neurological disorders. The signaling mechanisms that regulate
midline crossing have been extensively studied in the Drosophila ventral nerve cord and the
mouse embryonic spinal cord. In this review, we discuss these axon guidance mechanisms,
highlighting the most recent advances in the understanding of how commissural axons switch
their responsiveness from attractants to repellents during midline crossing.

Introduction

In bilaterally symmetric organisms, precise wiring of neural circuits at the midline is crucial
for the proper coordination of the left and right sides of the body. This process is achieved
by commissural interneurons, which project their axons across the midline. In order to
connect with their synaptic partners, commissural axons (CAs) navigate through a series

of intermediate targets or choice points (de Ramon Francas et al., 2017; Dickson and Zou,
2010; Kaprielian et al., 2001; Neuhaus-Follini and Bashaw, 2015a; Vallstedt and Kullander,
2013). In both the vertebrate spinal cord and the invertebrate ventral nerve cord, conserved
families of ligands and cell surface receptors signal locally to reorganize the growth cone
cytoskeleton, leading to either axon attraction or axon repulsion (Evans and Bashaw, 2010a)
(Figure 1). Growing CAs initially respond to attractive cues that guide them towards the
midline. Once they reach the midline, they switch their responsiveness and become sensitive
to repulsive cues in order to exit the midline and to prevent re-crossing. This change

in responsiveness is important for CAs to form correct connections (Figure 1). In this
review, we will provide an overview of the mechanisms that regulate CA guidance in the
developing mouse spinal cord and Drosophila ventral nerve cord, highlighting the latest
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studies that provide new insights into molecular mechanisms that control the switch in CA
responsiveness during midline crossing.

Commissural axon guidance at the ventral midline of the developing spinal cord has been
extensively studied. Commissural neurons (CNs) are born in the dorsal spinal cord and
extend their axons ventrally towards the floor plate (FP) intermediate target (Dodd et al.,
1988; Tulloch et al., 2019). Once they cross, the majority of CAs exit the FP on the
contralateral side and turn rostrally towards the brain (Bovolenta and Dodd, 1990). The first
spinal CNs are generated in the dorsal spinal cord at embryonic day 9.5 (E9.5). Some CNs
extend their axons across the FP at E10.5 and by E12.5, most of the axons have crossed the
midline (Pignata et al., 2016). CNs in the spinal cord are a highly heterogeneous population
of cells which are subdivided into early-born dl1- dI6 neurons and late-born dILA and dILB
neurons (Tulloch et al., 2019). In particular, CA navigation of the dorsal-most dI1 neurons
has been widely investigated (Pignata et al., 2016).

Spinal dI1 CA growth is directed by several guidance cues. The roof plate expresses the
repellents BMP7 and Draxin, which repel CAs from the dorsal spinal cord (Augsburger

et al., 1999; Butler and Dodd, 2003; Islam et al., 2009). In addition, the FP expresses the
attractants netrinl, Shh and VEGF which attract CAs to the ventral midline (Charron et al.,
2003; Kennedy et al., 1994; Ruiz de Almodovar et al., 2011; Serafini et al., 1996) (Figure
1B). Interestingly, several recent studies suggest that netrinl expressed in the ventricular
zone (VZ), rather than FP derived netrinl, is the primary source of Netrin that promotes
CAs to grow into the FP (Dominici et al., 2017; Varadarajan et al., 2017) (Figure 1B).
Alternatively, VZ-derived Netrin and FP-derived Netrin could work together to guide CAs;
indeed, a more recent study suggests that VZ and FP-derived netrinl act together to guide
spinal CAs towards the ventral midline (Moreno-Bravo et al., 2019). In addition to Netrin-
DCC, Shh-Boc (Okada et al., 2006) and VEGF-FLK1 (Ruiz de Almodovar et al., 2011) also
contribute to CA attraction to the midline (Figure 1B). Thus, it is the combined action of
multiple attractive ligand/receptor interactions that guide CAs to the FP. As they approach
and enter the FP, CAs must suppress their responsiveness to multiple repellent pathways,
including Slits and their Roundabout (Robo) receptors and Semaphorins and their Plexin and
Neuropilin (Npn) receptors (Figure 1B) (Brose et al., 1999; Long et al., 2004; Nawabi et al.,
2010; Zou et al., 2000). For instance, Robo3, a divergent Robo family member attenuates
Robol mediated repulsion in pre-crossing CAs and promotes midline crossing (Sabatier et
al., 2004). In addition to antagonizing Robol repulsion, Robo3 also contributes to midline
attraction by potentiating the activity of DCC (Zelina et al., 2014). Recent evidence suggests
that Robo3 also guides CAs towards the midline by mediating repulsion from the motor
column through its ligand NELL2 (Jaworski et al., 2015). After reaching the midline, CAs
restore repulsion by a variety of mechanisms that we will discuss in this review. Restoring
repulsion allows CAs to exit the FP and prevents them from re-entering. Upon reaching

the contralateral side of the FP, CAs turn anteriorly in response to Wnt and Shh gradients
(Aviles and Stoeckli, 2016; Bourikas et al., 2005; Lyuksyutova et al., 2003; Wilson and
Stoeckli, 2013; Yam et al., 2012).

The Drosophila ventral nerve cord is analogous to the vertebrate spinal cord. The ventral
nerve cord consists of segmentally repeating neuromeres. The majority of neurons in the
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Drosophila embryonic CNS are commissural neurons. These CNs extend their axons to the
midline, crossing in either the anterior or posterior commissure in each segment (Rickert et
al., 2011) (Figure 1A). In comparison to vertebrate systems, there are a smaller number of
signaling pathways that regulate axon guidance at the midline in insects. Nevertheless, these
fundamental signaling pathways are evolutionarily conserved in other organisms (Evans and
Bashaw, 2010a). A particular advantage of the Drosophila nervous system is the availability
of a range of genetic tools and molecular markers to label specific subsets of CNs,

which allows for precise examination of specific neurons in various genetic backgrounds.

In Drosophila, Frazzled (Fra) promotes midline attraction in response to midline derived
NetrinA/B while midline repulsion is mediated by Robo1/2 in response to Slit (Figure 1A)
(Dickson and Gilestro, 2006; Moore et al., 2007). Fra is the Drosophila homolog of DCC
and it is referred to by its correct species name throughout this review. In pre-crossing

CAs, Slit-Robol mediated repulsion is negatively regulated by Commissureless (Comm)
(Keleman et al., 2002; Kidd et al., 1998; Tear et al., 1996) and Robo2 (Evans et al., 2015)
(Figures 2A and 3A). Although Netrin-Fra signaling plays an important role in promoting
axon growth across the midline, many axons still cross the midline in fra mutants or
netrinAB double mutants (Garbe et al., 2007; Mitchell et al., 1996), indicating the existence
of additional pathways in controlling midline crossing. Consistently, recent studies have
shown that in addition to Netrin-Fra signaling, Sema-1a acts as a receptor in CAs to promote
midline crossing in response to midline-secreted Sema-2a and Sema-2b (Hernandez-Fleming
etal., 2017) (Figure 1A).

In the past several years there has been significant progress in understanding the regulatory
mechanisms that modulate CA responsiveness at the midline. In this review, we discuss
these regulatory mechanisms, emphasizing recent findings that determine how the activity
and expression of axon guidance molecules are regulated spatially and temporally to control
CA responsiveness during midline crossing.

Regulation of axon guidance molecules at the midline

When commissural axons reach the midline, they switch their responsiveness by altering the
expression and activity of surface receptors. This spatial and temporal regulation of axon
guidance receptor expression on the surface of the commissural growth cone is achieved

by a diverse array of molecular mechanisms and these regulatory events can occur at the
post-transcriptional or the post-translational level. Post-transcriptional mechanisms include
alternative splicing, microRNA regulation and local protein synthesis.

Alternative splicing

Alternative splicing events play important roles in regulating CA guidance at the midline

in the developing mouse spinal cord (Grabowski and Black, 2001; Li et al., 2007; Zheng,
2020). The NOVA (Neuro-oncological ventral antigen) family of splicing factors control CA
attraction by increasing the production of DCCjqng isoform while decreasing the production
of DCCghort isoform (Leggere et al., 2016). In Mova1/2 double knockout (dKO) spinal
cords, the majority of CAs fail to cross the midline and this defect is rescued by DCCjgng
expression but not by DCCqport €xpression (Leggere et al., 2016). DCCjgng and DCCsport
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isoforms vary in the extracellular FN4-FN5 linker sequence and both bind to Netrin with
similar affinity but in different conformations (Xu et al., 2014). However, it is not clear

if and how these different isoform conformations transduce Netrin signal into distinct
intracellular actions. In addition, since the AMova dKO midline crossing phenotype is partially
rescued by deleting Robol, it is likely that the failure to cross the midline in Nova dKOs is
due in part to enhanced repulsive activity (Johnson et al., 2019).

Recent findings from the same group suggest that NOVA also regulates the temporal
production of two Robo1/2 isoforms, e6b+ (Robojong) and e6b— (Robosnrt) that differ in

a short linker between Ig3 and Ig4 domains (Johnson et al., 2019) (Figure 3B). In the
Nova1/2 dKO, production of the Robojgng isoform, which has a stronger repulsive activity
increases, while the production of the Robognqrt isoform decreases. The midline crossing
defect in Noval/2dKO is partially rescued by reducing Robojong expression (Johnson

et al., 2019). Somewhat paradoxically, previous results from this group have shown that
expressing Robo3, which is known to inhibit Robo repulsion in pre-crossing CAs, is unable
to rescue the NMoval/2dKO midline crossing phenotype (Leggere et al., 2016). If reducing
the expression of Robojong isoform rescues the Nova1/2 dKO midline crossing defects by
suppressing repulsion, it is unclear why expression of Robo3 is unable to rescue, since
Robo3 attenuates Robo repulsive signaling. In a later study, the same group has also

shown that simultaneously removing one copy of NMoval/2and Robo3leads to significant
defects in midline crossing, suggesting that Nova functions with Robo3 to allow CA midline
entry (Johnson et al., 2019). Together these seemingly conflicting observations raise some
uncertainty about the precise role of Noval/2 in midline crossing.

It is worth noting that the protein coding difference between Robojong and Roboghort is

3 and 4 amino acids for Robol and Robo?2 respectively (Johnson et al., 2019). Both
Robo1/2 isoforms have the ability to bind to Slit with similar binding affinity but differ

in downstream signaling. Robojong has a stronger effect than Roboghyt in activating RAC
and inhibiting CDC42 (Johnson et al., 2019). One recent report suggests that active Robo
signaling is achieved upon the release of Robo from auto-inhibition and the subsequent Ig4
mediated Robo dimerization, which in turn activates intracellular signaling by an unknown
mechanism (Barak et al., 2019). Accordingly, one possibility is that the distinct functions of
Robo!°"9 and Robogpet isoforms may be due to the differences in their ability to mediate
receptor dimerization. An intact linker region along with an Ig4 domain may be crucial for
the formation of active Robo dimers in order to mediate a stronger Slit signal. The RobOghort
isoform in which the linker region is absent, may fail to form active dimers since the
receptor structure is altered. Detailed biochemical characterization of the properties of these
Robo isoforms may resolve how these minor sequence changes result in distinct signaling
properties.

Robo3 also undergoes alternative splicing and generates two isoforms that differ in their
cytoplasmic domains (Chen et al., 2008). Robo3.1 is specifically expressed on pre-crossing
CAs, while Robo3.2 is specifically expressed on post-crossing CAs. /n1 vivo experiments
suggest that Robo3.1 facilitates midline crossing in pre-crossing CAs by suppressing
Slit-mediated repulsion (Figure 3C), whereas Robo3.2 facilitates midline repulsion in post-
crossing CAs and prevents re-crossing. It had been hypothesized that Robo3.1 acts as
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a Slit sink, thereby preventing Robo1/2 from binding to Slit, while Robo3.2 mediates

Slit repulsion by functioning as a classical Robo receptor (Chen et al., 2008; Sabatier

et al., 2004). However, these models have been excluded in light of reports indicating

that mammalian Robo3 proteins do not bind to Slit (Li et al., 2014; Zelina et al., 2014).
Thus, it remains unclear how Robo3.1 antagonizes Robol activity in pre-crossing CAs and
how Robo3.2 mediates repulsion in response to Slit on post-crossing CAs. More recent
comparative analysis of Robo3 sequences reveals striking conservation of the exon encoding
the cytoplasmic portion of the Robo3.1 isoform across mammalian species (Friocourt and
Chedotal, 2017). Strangely, the alternative exon encoding Robo3.2 sequences in mice does
not seem to be conserved even between closely related rodent species (Friocourt and
Chedotal, 2017) suggesting that Robo3.2 does not play a fundamental conserved role in
vertebrate axon guidance.

MicroRNASs

Regulation of the surface expression of axon guidance receptors is also achieved via
microRNAs. A recent study suggests that the fine-tuned regulation of Robol in developing
chick spinal CAs is mediated by miR-92 (Figure 2B). miR-92 binds to the miRNA
recognition element in the 3’ untranslated region (3" UTR) of Robol mRNA and causes
translational repression (Yang et al., 2018). miR-92 is strongly expressed in pre-crossing
CAs and has a reciprocal expression pattern from both Robol mRNA and protein. This
study also suggests that miR-92 suppresses Robol expression in primary neurons from mice
(YYang et al., 2018). Despite these observations, there is no /in vivo evidence for the role

of miR-92 in the regulation of CA guidance in the developing mouse spinal cord. Thus, it
remains to be determined whether this mode of regulation is physiologically relevant if so,
how miRNA expression and activity are controlled to direct local Robol expression in CAs.

Interestingly, it is worth noting that the miR-92 family is evolutionarily conserved and

in Drosophila, the miR-92 family consists of miR-92a and miR-92b. Both miRNAs are
expressed at high levels in the embryo (Yuva-Aydemir et al., 2015). However, dRobol does
not have miR-92a/b binding sites in its 3’ UTR (based on miRbase) suggesting that miR-92
mediated Robo1l regulation is confined to vertebrates or that miR-92 target sequences have
diverged.

Local protein synthesis

Robo3.1 is specifically expressed in pre-crossing CAs and promotes midline crossing

by suppressing Slit-Robol repulsion (Sabatier et al., 2004), potentiating DCC-mediated
attraction (Zelina et al., 2014) and directing repulsion from the motor column in response
to NELL2 (Jaworski et al., 2015; Pak et al., 2020). However, the molecular mechanism
that down-regulates Robo3.1 expression in post-crossing CAs is unclear. A recent study
proposed that Robo3.1 expression in post-crossing CAs is controlled through translational
regulation (Zhuang et al., 2019). This study identified a novel mechanism for the control
of Robo3.1 expression involving a “reader” protein called YTH domain-containing family
protein (YTHDF), which has been shown to enhance Robo3.1 translational efficiency

by binding to the m8A (Af-Methyladenosine) modified Robo3.1 mRNA (Zhuang et al.,
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2019). Mutation of mBA sites on Robo3.1 mRNA or YTHDFI knock down cause dramatic
reduction in Robo3.1 protein levels and conditional knockdown of Y7HDFI in spinal

CA s results in pre-crossing axon guidance errors. This study also provides evidence that
FP-derived signals down-regulate YTHDF1 expression to prevent Robo3.1 translation in
post-crossing CAs (Zhuang et al., 2019), although the identities of these signals remain
unknown.

Additionally, there are also some insights into the mechanisms that regulate the spatial and
temporal expression of the Robo3.2 isoform. For example, there is evidence that Robo3.2

is locally translated in post-crossing CAs and Robo3.2 expression appears to be induced in
the presence of FP derived signals. In addition, the nonsense-mediated mRNA decay (NMD)
pathway induces the degradation of Robo3.2transcripts in axons that contact the FP (Colak
et al., 2013). Nevertheless, the lack of conservation of Robo3.2 sequences in closely related
rodent species calls into question the general importance of Robo3.2 in axon guidance.

Regulation at the post-translational level

During midline crossing, the surface expression of axon guidance receptors on the
commissural growth cone is regulated by various post-translational mechanisms such
as regulated receptor trafficking, regulated receptor endocytosis, regulated proteolytic
processing and receptor-receptor interactions.

Receptor trafficking

The specific delivery of axon guidance receptors at the growth cone membrane is required to
control axon responsiveness in a temporal manner. For instance, precise temporal regulation
of the Robol receptor in Drosgphila CAs is achieved by Comm (Figure 2A). In Drosophila,
Comm controls midline crossing by negatively regulating Robo1l surface levels on pre-
crossing CAs, thereby preventing these axons from prematurely responding to the midline
repellant Slit (Keleman et al., 2002; Kidd et al., 1998; Tear et al., 1996). Previous studies
have suggested that Comm acts as an endocytic sorting receptor for Robol and targets newly
synthesized Robol to the endosomal compartment, presumably for degradation (Keleman et
al., 2002; Keleman et al., 2005), and that this activity is correlated with the ability of Comm
to physically associate with Robol (Figure 2A). In comm mutants, Robol is constitutively
trafficked to the growth cone surface and prevents CAs from crossing the midline (Keleman
et al., 2005).

Surprisingly, Comm can also regulate Robol repulsion through a sorting-independent
mechanism, since midline guidance still occurs normally when Robol is replaced with

a version of the receptor that is insensitive to Comm sorting (sorting-defective Robol-
Robo®P) (Gilestro, 2008). The fact that comm, robol double mutants are nearly identical
to robol single mutants (Kidd et al., 1998) strongly argues that Comm’s sole function in
promoting midline crossing is through inhibition of Robol-mediated repulsion. Therefore,
the observation that preventing Comm from regulating Robo1l by replacing endogenous
Robo1 with RoboSP does not result in a comm mutant phenotype means that Comm must
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also regulate other cargoes in the Robol pathway to prevent Slit-mediated repulsion. Thus,
identifying additional cargoes of Comm is of great interest.

As CAs approach the midline, Comm expression is high, allowing axons to cross. Once
CAs reach the midline, Comm expression is down regulated through unknown mechanisms,
which restores Robol mediated Slit sensitivity to prevent re-crossing (Keleman et al.,
2002). Thus, the precise temporal regulation of Comm is especially important for proper
midline crossing in the Drosophila CNS (Figure 2A). It has been shown that the Netrin
receptor, Fra, can be cleaved by gamma secretase and the released Fra intracellular

domain (ICD) subsequently translocates to the nucleus and activates transcription of comm
(Neuhaus-Follini and Bashaw, 2015b). This non-canonical function of Fra is independent
of Netrin, as comm expression is unaltered in NetAB mutants (Yang et al., 2009). The
transcriptional activation function of the Fra ICD only partially regulates comm expression,
as framutants result in an incomplete loss of comm expression and exhibit milder crossing
defects compared to comm mutants (Neuhaus-Follini and Bashaw, 2015b), suggesting that
there must be an additional pathway(s) to regulate comm expression. Interestingly, Comm
does not appear to be conserved outside of dipteran insects (Evans and Bashaw, 2012;
Keleman et al., 2002). However, several vertebrate proteins have been identified that may
have analogous functions to Drosophila Comm to regulate intracellular trafficking of Robol
in commissural neurons.

For example, the vertebrate proline-rich and Gla domain containing PRRG proteins have
been shown to share some sequence similarity to the functional cytoplasmic LPXY motif of
Drosophila Comm (Justice et al., 2017). /n vitro experiments suggest that mis-expression of
PRRG4 can disrupt the normal plasma membrane localization of rRobol and downregulate
Robol levels in cultured mammalian cells; however, the observed change in Robol
localization is not consistent with Comm’s effect on Drosophila Robo. PRRG4 appears to
trap rRobol in the endoplasmic reticulum and Golgi (Justice et al., 2017), while Comm has
been shown to redirect dRobol into late endosomes (Keleman et al., 2002). Whether PRRG4
shares other properties with Comm, such as the requirement of its PY motifs for Robol
regulation or the ability to interact with Robo has not been tested. Genetic experiments in
Drosophila have shown that the expression of human Robol results in a dominant negative
phenotype where axons ectopically cross the midline (Justice et al., 2017). It is unclear

how hRobol expression causes this phenotype, since expression of mouse Robo1l in similar
experiments leads to the expected gain of function phenotype where axons are repelled from
the midline (Tim Evans, personal communication). Further, this ectopic crossing phenotype
is enhanced when PRRG4 and hRobo1 are co-expressed in this context (Justice et al.,
2017). If PRRG4 functions to decrease hRobol levels, it is unclear why the co-expression
of PRRG4 enhances the ectopic crossing phenotype, since decreasing the levels of hRobol
should reduce the dominant negative activity and suppress the phenotype. Whether PRRG4
is expressed in CAs in the developing spinal cord and has any function during CA guidance
has not been investigated.

Recently, we have identified another class of mammalian proteins which has limited
sequence similarity to the functional domain of Comm (Gorla et al., 2019). Ndfip1 and
Ndfip2 are Nedd4 family interacting proteins, which contain PPXY and LPXY motifs
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in their structure and serve as adaptor proteins that recruit Nedd4 E3 ligases to specific
substrate proteins, which leads to their ubiquitylation and subsequent degradation (Harvey
et al., 2002; Mund and Pelham, 2009; Shearwin-Whyatt et al., 2004). These are late
endosomal proteins similar to dComm and they can re-localize mammalian Robo1 to these
compartments when co-expressed in Cos-7 cells (Gorla et al., 2019). /n7 vitro biochemical
data delineates an intracellular trafficking pathway consisting of Ndfip adaptor proteins and
HECT domain containing Nedd4 E3 ubiquitin ligases that act together to promote Robol
ubiquitylation and its subsequent degradation (Figure 2C). Furthermore, Ndfip proteins are
expressed in CAs in the developing spinal cord and removal of Ndfip proteins results in

an increase in the expression of Robol and a failure of some spinal CAs to cross the floor
plate (Gorla et al., 2019). Examining the genetic interactions between Ndfip1/2 and Robol
will further validate the direct role of Ndfip proteins in Robol regulation /n vivo. Although
the existing evidence suggests an important role for Ndfip proteins in regulating Robol
expression, it is also possible that Ndfip proteins can regulate other pathways to control axon
guidance.

In Drosophila, Comm’s ability to regulate the surface levels of Robol may depend on its
interaction with the WW domain containing Nedd4 E3 ubiquitin ligase (dNedd4), since
point mutations in the Nedd4 binding site in Comm disrupt its ability to regulate Robol
(Myat et al., 2002). However, it is possible that the demonstrated requirement of the proline
rich (PY) motifs in dComm may be due to interactions with other WW domain containing
proteins, not because of interactions with Nedd4. Indeed, /7 vivo genetic experiments have
suggested that dNedd4 is not required for midline crossing, as Nedd4 zygotic null mutants
have no CA guidance defects (Keleman et al., 2005). Still, since Nedd4 is maternally
deposited and there are multiple Nedd4 family ligases in Drosophila, the possibility of

a role for E3 ubiquitin ligases in Comm mediated Robol regulation cannot be excluded.
Mammalian Ndfip proteins can also bind to Nedd4 family E3 ligases (Mund and Pelham,
2009) and /n vitro biochemical data suggests that E3 ligase activity is important for Ndfip-
mediated Robo1l regulation (Gorla et al., 2019). Thus, investigating the expression of Nedd4
E3 ligases and their role in spinal CA guidance would provide more insights into Robo
receptor trafficking in vertebrates. In addition, the molecular mechanisms that inhibit the
activity of dComm and mammalian Ndfip in post-crossing CAs remains to be investigated.

In chick, RabGDI, a component of the vesicle fusion machinery triggers the membrane
insertion of Robol, thereby changing the CA responsiveness from attraction to repulsion

at the midline (Philipp et al., 2012). In cooperation with RabGDI, Calsyntenin-1 transports
Robol containing Rab11 positive vesicles to the growth cone surface in a precisely regulated
manner (Alther et al., 2016). The accumulation of Robol at the growth cone membrane
elicits an increase in Slit responsiveness, expelling the CAs from the floor plate. In addition
to Robol trafficking, Calsyntenin-1 also regulates trafficking of Frizzled 3, a guidance
receptor in the Wnt pathway and this function of Calsyntenin-1 is independent of RabGDI
(Alther et al., 2016).

CA:s also become responsive to Wnt once they cross the midline and Wnt-mediated
attraction is required for the proper anterior turn after exiting the FP. Shisa2 is a
transmembrane protein that interacts with a Wnt receptor, Frizzled 3 (Fzd3) in the ER
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and inhibits Fzd3 glycosylation, thereby preventing the translocation of Fzd3 to the growth
cone plasma membrane (Onishi and Zou, 2017). Pre-crossing CAs express higher levels
of Shisa2, which inhibits the cell surface presentation of Fzd3, thereby preventing CAs
from sensing the Wnt gradient. After CAs reach the FP, Shisa2 levels decrease, allowing
glycosylated Fzd3 to translocate to the surface. When CAs exit the FP, Fzd3 on the growth
cone membrane responds to the anterior-high, posterior-low Wnt gradient and allows CAs
to turn anteriorly. Interestingly, the spatio-temporal expression of Shisa2 appears to be
regulated by Shh-Smo signaling (Onishi and Zou, 2017). The levels of Shisa2 mRNA are
increased in the dorsal spinal cord of Smo cKO, which suggests that Shh-Smo signaling
controls Shisa2 expression, potentially at the level of transcription (Onishi and Zou, 2017).
The ability of Shh-Smo signaling to regulate the levels of Shisa2 provides evidence that
there is cross talk between the Shh and Wnt pathways, in which Shh-Smo signaling
switches on Wnt/PCP attractive signaling in CAs to allow for correct anterior turning on
the contralateral side of the midline. However, whether Shisa2 is a direct transcriptional
target of Shh-Smo signaling and whether Shisa2 levels are down-regulated by Gli-dependent
transcriptional repression in response to Shh remains to be determined.

Receptor endocytosis

Another way of controlling the surface expression of axon guidance receptors in parallel

to trafficking is through regulated endocytosis. In Drosophila, Slit dependent Robol
endocytosis from the axon surface positively regulates repulsion during midline crossing.
Robol trafficking from surface to late endosomes is essential for receptor activation and
induces repulsion at the midline by allowing the recruitment of the Robol downstream
effector, Son of sevenless (Sos) (Chance and Bashaw, 2015). In vertebrate commissural
neurons, both Robol endocytosis and its subsequent recycling are important for modulating
Slit sensitivity (Kinoshita-Kawada et al., 2019). Arf6 (ADP-ribosylation factor 6) GTPase
and its activators, Cytohesins regulate Robol endocytic trafficking spatiotemporally to
control Slit responsiveness of commissural neurons (Figure 2D). A decrease in surface
Robol levels and the suppression of Slit-induced growth cone collapse upon siRNA
mediated knockdown of Cytohesin-1/3 and Arf6 in CAs suggests that Arf6é along with
Cytohesin-1/3 promotes Robo1l recycling in response to Slit, allowing axons to exit the
midline. Cytohesin-2 may play a reciprocal role to Cytohesin-1/3 by negatively regulating
the response to Slit in pre-crossing CAs, although the mechanism is unclear (Kinoshita-
Kawada et al., 2019). Ex vivo rescue experiments in mouse spinal cord suggests that

the guanine nucleotide exchange factor activity of Cytohesin-2 is important to inhibit the
Slit response (Kinoshita-Kawada et al., 2019), so it would be interesting to determine if
Cytohesin-2 activates other GTPases in pre-crossing CAs to negatively regulate Slit-Robol
repulsion. Thus, Arf6 in association with distinct Cytohesins contributes to the change in Slit
response during midline crossing.

Receptor endocytosis is also important for Shh-mediated growth cone attraction. Shh
induces Boc and Ptchl internalization into Rab5+ early endosomes and this internalization
requires the endocytic adapter protein Numb (Ferent et al., 2019). Internalization of the
Boc/Ptchl receptor complex upon Shh binding leads to Smo activation, which in turn is
required for the phosphorylation of Src family kinases in growth cones to induce turning. A
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mutant form of Shh (ShhN E90A), that only binds to Ptch1 but not to Boc, fails to induce
Ptchl internalization and also fails to activate non-canonical Shh signaling, indicating that
Shh binding to Ptch1 alone may not be sufficient to trigger Ptchl internalization (Ferent
etal., 2019). Thus, with the help of Numb, Boc links Ptchl to the endocytic machinery to
induce Shh signal transduction.

Proteolytic processing

In addition to limiting Slit responsiveness, pre-crossing CAs also suppress their
responsiveness to Sema3B and this process also appears to be regulated at the post-
translational level. For instance, PlexinAl, one of the receptors for Sema3B, is degraded

by Calpain proteases in pre-crossing CAs (Nawabi et al., 2010). When CAs are approaching
the floor plate, they express low levels of PlexinAl. Upon reaching the floor plate, PlexinAl
levels are up-regulated and this temporal expression of Plexin Al appears to be controlled
by Calpain mediated Plexin Al proteolysis (Figure 4A). Spinal CAs in which endogenous
Calpain protease activity is inhibited, undergo growth cone collapse in response to Sema3B.
Dorsal spinal cord open book preparations isolated from mice that have been treated with

a Calpain inhibitor show pre-crossing CA defects with axons stalling at the FP entry. This
suggests that increased PlexinAl cell surface levels upon Calpain protease inactivation
causes CAs to acquire premature sensitivity to Sema3B (Nawabi et al., 2010). As CAs
approach the FP, Calpain activity is inhibited by a FP-derived factor, NrCAM (Nawabi et al.,
2010). However, the mechanism by which NrCAM antagonizes Calpain protease activity is
unknown. Thus, FP contact and Calpain inactivation stabilizes PlexinAl expression on the
growth cone surface, which subsequently gains responsiveness to Sema3B and allows for
exit from the FP (Figure 4A).

In contrast to the low levels of PlexinAl in pre-crossing CAs observed in earlier studies
(Nawabi et al., 2010), a subsequent study from the Tran lab suggests that PlexinAl is
strongly expressed in pre-crossing CAs in the mouse spinal cord (Hernandez-Enriquez et
al., 2015). This observation raises questions about the role of Calpain mediated PlexinAl
down-regulation in pre-crossing CAs. This study also shows that Neuropilin-2 (Nrp2)

and PlexinAl are co-expressed in pre-crossing CAs and these axons are responsive to
Sema3B in vitro (Hernandez-Enriquez et al., 2015). Again, this observation contradicts
earlier findings from both the Castellani and Tessier-Lavigne labs, which showed that CAs
isolated from pre-crossing stages of spinal cord development are not responsive to Sema3B.
Interestingly, Hernandez-Enriguez et al. find that FP-derived, but not axon-derived Nrp2

is required to suppress premature Sema3B induced repulsion in pre-crossing CAs, thereby
promoting midline crossing (Figure 4B). Nrp2 is expressed at the FP as early as E9.5 and
reaches high levels at E11.5. Nrp2 expression decreases significantly by E13.5, at which
point the majority of the CAs have crossed the midline, although it is unclear how the
effect of FP-Nrp2 is limited to pre-crossing CAs, since there are still significant levels

of FP-expressed NRP-2 at E11.5 and E12.5, when many axons have already crossed. FP
specific deletion of Nrp2 causes a reduction in midline crossing, as evidenced by a decrease
in commissure thickness. This reduction in commissure thickness is suppressed by the
removal of PlexinA1 (Hernandez-Enriquez et al., 2015), suggesting that FP-derived Nrp2
antagonizes Sema3B-PlexinAl repulsion. Based on these observations, it was proposed that

Dev Biol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gorla and Bashaw

Page 11

FP-derived Nrp2 functions as a Sema3B sink and that the specific deletion of Nrp2 from
the FP results in the release of Sema3B and premature repulsion; however, there is no

clear evidence that removal of FP-derived Nrp2 actually results in a change in Sema3B
protein distribution. An alternative possibility is that the FP-Nrp2 can facilitate CA midline
crossing through interactions with axonal Nrp2. For example, FP-derived Nrp2 may prevent
Sema3B responsiveness in pre-crossing CAs by forming trans-interactions with axonal
Nrp2 (Chen et al., 1998), similar to the mechanism that has been recently proposed in
Drosophila, where Robo2 expressed in midline cells acts to inhibit Slit-Robol repulsion
(Evans et al., 2015) (Figure 3A). Trans interactions between FP-Nrp2 and axonal Nrp2
could potentially prevent complex formation between axonal Nrp2 and PlexinAl, thereby
suppressing Sema3B responsiveness during midline crossing.

The apparent discrepancy in PlexinAl expression in pre-crossing CAs from these two
groups might depend on the epitope specificity of the PlexinAl antibody used in the study.
Nawabi et al. used a PlexinAl antibody raised against the N-terminal region of PlexinAl,
whereas Hernandez-Enriquez et al. used a PlexinAl antibody that was raised against the C-
terminal region. It is possible that the PlexinAl antibody used by Hernandez-Enriquez et al.
might be detecting cleaved PlexinAl fragments generated by Calpain activity in pre-crossing
CA:s. Itis also possible that these two regulatory mechanisms may act independently in
distinct subsets of CAs to control Semaphorin repulsion.

Recently, the spatial and temporal cell surface sorting of repulsive guidance receptors
PlexinAl, Nrp2, and Robol/2 during spinal CA navigation in chick and mouse embryos
has been characterized /in vivo (Pignata et al., 2019). Using elegant live imaging studies
with pHLuorin-tagged receptors, the sequential sorting of repulsive guidance receptors at
the commissural growth cone surface was observed, suggesting that this sequential sorting
may control specific functions for midline repellents during and after midline crossing
(Pignata et al., 2019). Nrp2 is expressed at the growth cone surface throughout CA floor
plate navigation, whereas the surface expression of PlexinAl is detected only when CAs
navigate the first half of the FP, thus providing additional evidence for PlexinAl expression
in crossing and post-crossing CAs but not in pre-crossing CAs (Pignata et al., 2019). Robol
sorts to the growth cone surface when CAs navigate the second half of the FP whereas
Robo?2 is specifically sorted in post-crossing CAs. Further, super resolution microscopy
reveals that PlexinAl and Robol receptors sort to distinct sub-domains in commissural
growth cones and that this difference in spatial compartmentalization appears to be regulated
at the level of membrane insertion. The FP stalling phenotype in Robo1/2 mutants and

the premature turning phenotype in P/xnA1 mutants is rescued by the expression of
pHLuorin-Robol and pHLuorin-PlexinAl respectively (Pignata et al., 2019). Importantly,
the sorting pattern of these pHLuo-tagged receptors when expressed in mutant commissural
growth cones is comparable to when they are expressed in wild-type growth cones,
suggesting that the expression level of pHLuorin-tagged receptors is likely to recapitulate
endogenous receptor dynamics. This study reveals a unique spatial and temporal sequence
of repulsive guidance receptors at the growth cone surface during midline navigation. Yet,
the mechanism underlying this differential sorting and how the precise spatio-temporal
differences of receptor sorting coordinate with ligand distributions to elicit guidance
responses remain to be determined.
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Several studies have shown the importance of ectodomain shedding of axon guidance
receptors in regulating growth cone responsiveness to guidance cues. In particular, ADAM
metalloprotease mediated receptor shedding and its role in axon guidance has been
extensively characterized both in invertebrates and vertebrates. Studies in Drosophila have
reported that Kuzbanian/ADAM10 acts as a positive regulator for Slit-Robo repulsive
signaling (Coleman et al., 2010). The ADAM10 protease mediated shedding of cell adhesion
molecules LLCAM and N-Cadherin is important to regulate mouse retinal ganglion cell
(RGC) axon pathfinding (Marcos et al., 2015). Furthermore, by targeting both the receptor
and ligand in the context of ephrin-Eph signaling, ADAM10 plays a role in the termination
of axon extension (Hattori et al., 2000). ADAM10 can promote a developmental switch

in responsiveness to the axonal repellant Sema3A by cleaving the extracellular domain

of the Neuropilinl receptor in mouse sensory neurons (Romi et al., 2014). Additionally,
many groups have suggested a role for sequential cleavage of axon guidance receptors by
metalloproteases and gamma secretases in axon guidance. The best studied axon guidance
receptors that undergo this sequential proteolytic cleavage are DCC and Eph (Bai and Pfaff,
2011; Galko and Tessier-Lavigne, 2000; Georgakopoulos et al., 2006; Litterst et al., 2007;
Neuhaus-Follini and Bashaw, 2015b; Taniguchi et al., 2003). Nevertheless, the molecular
mechanisms that regulate the spatio-temporal distribution and the activity of proteases are
not well studied.

Receptor-receptor interactions

Interactions (cis or trans) between axon guidance receptors can also contribute to the change
in axon responsiveness in CAs. For instance, in Drosophila, Robo?2 binds to Robol and acts
intrans to inhibit Robol repulsion in pre-crossing CAs (Figure 3A). /n vivo gain-of-function
and rescue experiments suggest that the extracellular domains of Robo?2 are required for

the Robol interaction and specifically, the 1g2 domain of Robo2 is crucial for its ability to
promote midline crossing (Evans and Bashaw, 2010b; Evans et al., 2015). In vertebrates,
many axon guidance receptors form complexes through direct interactions with each

other and respond cooperatively to extracellular guidance cues. For instance, in cultured
Xenopus spinal axons, Netrin-DCC mediated chemoattractive response is silenced by the
interactions between the cytoplasmic domains of Robo and DCC (Cooper, 2002; Stein

and Tessier-Lavigne, 2001). In addition, it has also been suggested that the Netrin-DCC
attractive response converts to repulsion by the direct interactions between the cytoplasmic
domains of DCC and UNC5 (Hong et al., 1999). However, /n vivo importance of these
receptor-receptor interactions in CA midline crossing have not been tested. One recent study
suggests that Netrin-DCC mediated attractive signaling is enhanced by the intracellular
interactions between Robo3 and DCC (Zelina et al., 2014). Recent studies also present
evidence for the role of homotypic Eph-Eph receptor interactions in receptor pre-clustering,
which ensures the efficient activation of Eph/ephrin signaling (Nikolov et al., 2014). Finally,
receptor interactions between PlexinA and Neuropilin are crucial to transduce the Sema3B
and Sema3F repulsive guidance response in post-crossing CAs (Hernandez-Enriquez et al.,
2015; Nawabi et al., 2010; Rohm et al., 2000).
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Conclusion

In the past few years, significant progress has been made in understanding the molecular
mechanisms that regulate CA responsiveness during midline crossing, which requires the
proper coordination of multiple attractive and repulsive signaling pathways. A number of
regulatory molecules have been identified to control the temporal expression and activity of
the same axon guidance receptor on the growth cone membrane, suggesting a redundancy
in axon guidance regulation. For instance, Slit-Robo1l repulsion in pre-crossing CAs has
been shown to be regulated by several molecular mechanisms both in vertebrates and
invertebrates, which begs the question of why there is a necessity for multiple mechanisms
to control the same guidance receptor? It is possible that these redundant pathways may
control the same receptor in distinct subsets of CAs. Analyzing guidance defects by
depleting these regulatory molecules specifically in commissural neuron subtypes with
subtype-specific Cre drivers will provide a better insight into regional diversity in CA
guidance mechanisms.

Furthermore, there is a need to better understand the regulatory mechanisms that determine
the differential expression pattern for molecules that modulate axon guidance receptor levels
on growth cone membranes. For example, molecules that control surface Robol expression
such as Comm in Drosophila, miR-92 in chick, or Ndfip in mouse are primarily expressed in
pre-crossing CAs to suppress Slit-Robol repulsion, and their expression is down-regulated
in post-crossing CAs. Since there is evidence for transcriptional regulation of Comm by the
intracellular domain of Fra in Drosophila, it will be interesting to determine if transcriptional
regulation also plays a role in controlling the expression of these other regulatory molecules
in vertebrates. It is possible that the activity of these molecules may also be determined

by post-translational modifications. The continued investigation of the regulation of axon
responsiveness at intermediate targets in invertebrate and vertebrate model systems will
undoubtedly offer novel insights into the complex biology of neural circuit assembly, and
should elucidate general regulatory mechanisms that are likely to play fundamental roles in
the development and function of diverse types of organs and tissues.
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Highlights
Conserved mechanisms of axon guidance at the midline are explored
Advances in understanding how axons change their responsiveness are highlighted

Diverse strategies for regulation of axon guidance receptors are discussed
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Figure 1: Axon guidance receptors and ligands in the Drosophila ventral nerve cord and in the
mouse embryonic spinal cord.

(A) In Drosophila, Fra is the attractive axon guidance receptor that responds to its ligand
Netrin, which is secreted from midline cells, while the repulsive axon guidance receptor,
Robo mediates repulsion in response to a midline source of Slit. Fra is the Drosophila
homolog of DCC and it is referred to by its correct species name throughout this

review. In response to secreted Sema-2a and Sema-2b, Sema-1a promotes midline crossing
independently of the Fra/Netrin pathway. (B) In the mouse spinal cord, DCC, a vertebrate
homolog of Fra promotes midline attraction in response to VZ, as well as FP derived
netrinl, while Robo mediates midline repulsion in response to FP derived Slit. In addition,
the FP expresses Shh and Vegf, which promotes midline crossing through the interactions
with their receptors Boc and FIk, respectively. PlexinAl and Neuropilin-2 (Nrp2) receptors
mediate repulsion in response to Sema3B while Ephrin-A4 facilitates repulsion in response
to midline repellent, Ephrin-B3. The proper rostral turning of post-crossing commissural
axons is regulated by interactions between Fzd3 receptor and its ligand, Wnt. FP, floor plate;
VZ, ventricular zone; A, anterior; P, posterior; L, lateral; M, medial; D, dorsal; V; ventral.
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Mechanisms that regulate Robo repulsion by altering Robo protein levels

Drosophila

Vertebrates

A

Pre-crossing Post-crossing
commissural axons Midline commissural axons  Midline

Pre-crossing Post-crossing Ep
commissural axons = FP commissural axons

Robo1 2
translationzl repression

[l Robo1 ' Robo1 mRNA

!gﬁ't“'“ £ mir-92
I Ndfip1/2

Figure 2: Mechanisms that regulate Slit-Robo repulsion by altering Robol levels at the growth
cone membrane.

(A) In Drosophila, as CAs approach the midline, they express Comm, which diverts
newly synthesized Robol to late endosomes, presumably for degradation. After midline
crossing, Comm expression is down-regulated and Robo1 is trafficked to the growth cone
membrane, thereby restoring Slit repulsion. (B) In chick, pre-crossing CAs suppress Slit
repulsion by expressing miR-92, which down-regulates Robol by translational repression
while post-crossing CAs restore Slit-Robo repulsion by down-regulating miR-92. (C) In
mouse, Ndfip1/2 targets Robol for endosomal degradation and suppresses Slit repulsion
in pre-crossing CAs, while in post-crossing CAs, Ndfip1/2 levels are down-regulated,
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which allows an increase in Robol levels on the growth cone membrane. (D) In mouse,
Cytohesin-1/3 activates Arf6 to promote Robol endocytic recycling, thereby enhancing
Slit-Robo1 repulsion in post-crossing CAs. CAs, commissural axons; £7, floor plate.
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Mechanisms that regulate Robo repulsion without altering Robo protein levels
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Figure 3: Mechanisms that regulate Slit-Robo repulsion without affecting Robol levels.
(A) In Drosophila, as CAs approach the midline, Robo2 that is expressed in midline

cells binds to Robo1l on the growth cone membrane in trans and inhibits Slit-Robol
repulsion. In post-crossing CAs, both Comm and Robo2 levels are down-regulated by
unknown mechanisms and this re-establishes Slit repulsion. (B) In mouse, Noval/2 directed
alternative splicing generates a less-repulsive Roboghqr; isoform and promotes midline
crossing. As CAs cross the midline, Noval/2 generates a more-repulsive Robojgng isoform.
(C) In pre-crossing CAs, Robo3.1 promotes midline crossing by suppressing Robol1/2
mediated Slit repulsion. CAs, commissural axons; FP, floor plate.
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Mechanisms that regulate semaphorin signaling in vertebrates
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Figure 4: Mechanisms that regulate Semaphorin signaling in the mouse spinal cord.
(A) As CAs approach the midline, Calpain cleaves PlexinAl receptor to reduce Sema3B

sensitivity. During midline crossing, Calpain activity is inhibited by FP secreted GDNF
through NrCAM and its co-receptor GFRa 1. This allows PlexinAl to reach to the surface.
PlexinAl and Nrp2 then mediate Sema3B repulsion in post-crossing CAs. (B) In pre-
crossing CAs, PlexinAl and Nrp2 are expressed at the growth cone surface and their
sensitivity to Sema3B is inhibited by FP-Nrp2. After midline crossing, FP-Nrp2 is down-
regulated, which releases Sema3B and allows repulsion. CAs, commissural axons; P, floor

plate.
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In this table we present a summary of the regulatory factors that are discussed in detail in this review. For

each factor, we include the axon guidance receptor which is regulated, the proposed molecular mechanism of

regulation, the model system, as well as the type of /n vivo evidence that supports the proposed regulatory

mechanisms.
Factor Receptor Mechanism System in vivo evidence
Comm Robol Down regulates dRobo1 by targetting it to late endosomes Drosophila Genetic ablation
Ndfip1/2 Robol Down regulates hRobo1 by targeting it for endosomal degradation Mouse Genetic ablation
: Mis-expression in
Prrg4 Robol Down regulates rRobol (unknown mechanism) Rat Drosophila
miR-92 Robol Down regulates Robol by translational repression Chick shRNA
Arf6&Cyth1/3 Robol Promotes Endocytic recycling of Robol Mouse Genetic ablation
Noval/2 Robol Regulates Robol activity by alternative splicing Mouse Genetic ablation
Noval/2 DCC Regulates DCC activity by alternative splicing Mouse Genetic ablation
Robo3.1 Robol1/2  Inhibits Robol/2 repulsion (unknown mechanism) Mouse Genetic ablation
RabGDI/Cst1 Robol Regulates repulsion by promoting membrane insertion of Robol Chick shRNA
Inhibits Robo1 repulsion through binding to the Robol . . :
Robo2 Robol ectodomain Drosophila Genetic ablation
Shisa2 Fzd3 Prevents Fzd3 membrane presentation Mouse/Rat shRNA
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