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Abstract

Leucine rich repeat proteins have gained considerable interest as therapeutic targets due to their expres-
sion and biological activity within the central nervous system. LINGO-1 has received particular attention
since it inhibits axonal regeneration after spinal cord injury in a RhoA dependent manner while inhibiting
leucine rich repeat and immunoglobulin-like domain-containing protein 1 (LINGO-1) disinhibits neuron
outgrowth. Furthermore, LINGO-1 suppresses oligodendrocyte precursor cell maturation and myelin
production. Inhibiting the action of LINGO-1 encourages remyelination both in vitro and in vivo. Accord-
ingly, LINGO-1 antagonists show promise as therapies for demyelinating diseases. An analogous protein
to LINGO-1, amphoterin-induced gene and open reading frame-3 (AMIGO3), exerts the same inhibitory
effect on the axonal outgrowth of central nervous system neurons, as well as interacting with the same re-
ceptors as LINGO-1. However, AMIGO3 is upregulated more rapidly after spinal cord injury than LINGO-
1. We speculate that AMIGO3 has a similar inhibitory effect on oligodendrocyte precursor cell maturation
and myelin production as with axogenesis. Therefore, inhibiting AMIGO3 will likely encourage central
nervous system axonal regeneration as well as the production of myelin from local oligodendrocyte precur-
sor cell, thus providing a promising therapeutic target and an area for future investigation.
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Introduction

The leucine rich repeat (LRR) family of proteins has attract-
ed interest due to their roles within both the healthy and dis-
eased nervous system. Netrin-G-ligand and Slit are involved
in axon guidance and synapse regulation, neurite outgrowth
inhibitor-66 receptor 1 (NgR1) inhibits axon extension, and
Tyrosine kinase (Trk) receptors signal for trophic support
and the mediation of growth in neurons (Mi et al., 2004;
Chen et al., 2006; Ahmed et al., 2013). More recently, inter-
est has been focused on the LRR protein, LRR and immu-
noglobulin-like domain-containing protein 1 (LINGO-1),
as well as a homolog, amphoterin-induced gene and open
reading frame-3 (AMIGO3), with the aim of developing
therapies for central nervous system (CNS) disorders. Both
AMIGO3 and LINGO-1 possess an IgC-like domain, a trans-
membrane domain and a short cytosolic tail, with the only
major difference between these proteins being the number
of LRRs (6 for LINGO1, 12 for AMIGO3) contained on their
ectodomain (Jepson et al., 2012). Both proteins are implicat-
ed in CNS pathology and are involved in similar molecular
interactions (Kuja-Panula et al., 2003; Ahmed et al., 2013).
Despite promising findings from animal models indicating
that antagonism of LINGO-1 encourages axonal regener-
ation and remyelination, clinical trials focused on myelin
repair in multiple sclerosis produced disappointing results
(Ledford, 2015; MS-Society, 2016). We hypothesize that the
failure of this LINGO-1 based therapy may be explained by
considering the actions of AMIGO3, which can substitute
for LINGO-1, and hence may compensate for therapeutically

reduced levels of LINGO-1 function. This review explores
the potential of LINGO-1 and AMIGO3 as therapeutic tar-
gets and examines the potential mechanisms of action of the
two proteins in CNS disorders.

Expression Patterns of AMIGO3/LINGO-1

In the adult mouse, LINGO-1 expression is restricted to
the CNS (Mi et al., 2004; Haines and Rigby, 2008). During
development relatively low levels of LINGO-1, mRNA are
detected at embryonic stages, after which there is a substan-
tial increase in expression between late embryonic stages
and postnatal day 1 in both mouse and rat brains (Mi et al.,
2004, 2005; Shao et al., 2017). A similar pattern is observed
in zebrafish with the peak LINGO-1 protein levels being
reached 5 days after fertilization in the early larval stages (Yin
and Hu, 2014). Conflicting data exists regarding the levels
of LINGO-1 mRNA during murine postnatal development,
with peaks observed at postnatal days 1, 4 and 21. However,
levels appear to reduce and stabilize during adulthood (Mi
et al., 2004; Llorens et al., 2008; Shao et al., 2017). LINGO1
protein levels show a similar distribution with a peak expres-
sion observed at postnatal day 21 (Llorens et al., 2008). The
highest expression levels of LINGO-1 are within axons of
CNS neurons (Mi et al., 2005; Satoh et al., 2007). A reduced
but still significant level of expression is also found in oli-
godendrocytes (Mi et al., 2005). This restricted expression
pattern can be considered an advantage for LINGO1-direct-
ed therapies since systemically delivered drugs would not be
expected to produce non-CNS effects.
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AMIGO3 expression is more widespread in the adult mouse ~ Accordingly, OMgp treatment of COS-7 cells (a cell line
with significant levels observed in the adult murine liver, intes-  lacking endogenous expression of the NgR1 complex as
tines and lungs, however AMIGO3 is also brain enriched (Ku- ~ well as LINGO-1 and AMIGO3) leads to higher levels of
ja-Panula et al., 2003; Ahmed et al., 2005). AMIGO3 has been activated RhoA, only when the cells are also transfected to
identified within astrocytes, oligodendroglia and neurons, but ~ express the entire combination of NgR1, p75""/TROY and
to date its expression in inflammatory cells has not been inves- ~ notably, LINGO-1 (Mi et al., 2004; Ahmed et al., 2013). As
tigated (Tickle, 2013). Interestingly, AMIGO3 mRNA is not expected, increasing LINGO-1 expression through trans-
detectable in embryonic mice (Homma et al., 2009), however, ~ fection of full-length LINGO-1, is linked to a decrease in
unpublished data from our laboratory suggests that AMIGO3 ~ nheurite outgrowth in cultured cerebellar granule cells (Mi
protein is expressed in white matter during the first 2 weeks €t al., 2004). Additionally, antagonizing LINGO-1 in vivo

post-natal implying that AMIGO3 is likely to regulate develop- with LINGO-1-Fe, results in a decrease in RhoA signaling
mental myelination. after spinal cord injury (SCI) that correlates with increased

axon regeneration (Mi et al., 2013). Counter-intuitively,
LINGO-1 levels do not rise in the spinal cord until 14
) ) ) ) days after SCI and therefore it is apparent that other NgR1
LINGO-1 is an integral componenI\ETl?f the tripartite co-receptors are likely to be functional during the acute
NgR1-p75 neurotrophin receptor (p75~ ")/TROY receptor post SCI period.

complex (Mi et al., 2004) (Figure 1). Signaling through the Ahmed et al. (2013) showed that AMIGO3 levels increased
NgR1 complex inhibits axonal regeneration after activation acutely after axotomy of both retinal ganglion cells and dor-
by myelin-derived axon growth inhibitor ligands, such g root ganglion neurons (DRGN). Additionally, a reduction
as oligodendrocyte myelin glycoprotein (OMgp), myelin  in the level of AMIGOS3 in these models correlates with dor-
associated glycoprotein (MAG), and neurite outgrowth  sal column and optic nerve axon regeneration, while siRNA
inhibitor (Nogo). This axon growth inhibition is mediated  targeted against AMIGO3 enhanced neurite outgrowth of
through activated Ras homolog gene family member A°  DRGN in the presence of inhibitory CNS myelin extracts.
(RhoA) (Mi et al.,, 2004; Ahmed et al., 2013) (Figure 1).  Taken together these data indicate an inhibitory influence
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Figure 1 AMIGO3 and LINGO-1 signaling in neurons.

Both AMIGO3 and LINGO-1 are able to form a complex with NgR1 and P75/TROY (Mi et al., 2004; Ahmed et al., 2013). This enables the complex
to activate when bound to the myelin derived proteins, Nogo, OMgp and MAG. Myelin derived protein binding permits the activation of RhoA
by local RhoGDI. Activated RhoA induces ROCK signaling leading to the activation of cytosolic LIMK and myosin light chain (MLC) on actin
filaments. LIMK inhibits cofilin resulting in actin depolymerization (Fujita and Yamashita, 2014). MLC activation also leads to a shortening of the
actin filaments. These effects are likely to promote growth cone. A similar pathway could function in oligodendroglia as actin filaments are involved
with the cell cycle and production of processes required to initiate contact with neurons (Lourenco and Graos, 2016). Both LINGO-1 and AMIGO3
can bind homophilically (Kuja-Panula et al., 2003; Chen et al., 2006). In the case of LINGO-1, this has been shown to increase RhoA signaling and
it is likely that AMIGO3 could mediate a similar response (Jepson et al., 2012). AMIGO3: Amphoterin-induced gene and open reading frame-3;
GTP: guanosine-5'-triphosphate; LIMK: LIM-kinase gene; LINGO-1: LRR and immunoglobulin-like domain-containing protein 1; MAG: myelin
associated glycoprotein; NgR1: neurite outgrowth inhibitor-66 receptor 1; Nogo: neurite outgrowth inhibitor; OMgp: oligodendrocyte myelin gly-
coprotein; RhoA: Ras homolog gene family member A; RhoGDI: Rho GDP-dissociation inhibitor; ROCK: coiled-coil containing protein kinase;
TROY: tumor necrosis factor receptor family member.
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Figure 2 Potential mechanisms of action for LINGO-1 and speculative AMIGO3 signaling in oligodendroglia.

(A) LINGO-1 is able to bind to ErbB2 and prevent its translocation to the lipid rafts on oligodendroglial membranes. When ErbB2 reaches the lipid
rafts, it is phosphorylated by local kinases and phosphatases. It is not clear how ErbB2 is then able to transduce its downstream effects but phos-
phorylated ErbB2 induces OPC differentiation (Mi et al., 2013; Lee et al., 2014). As such, LINGO-1 is observed to prevent ErbB2 from activating
and thus inhibits OPC differentiation. (B) Little is known about the role of the actin severing and capping protein, gelsolin, in OPC differentiation,
however activated gelsolin is correlated with increased OPC differentiation both in vivo and in vitro. This is likely due to the alteration in actin fila-
ment. However, it is possible that further protein signaling could be transducing the effects. LINGO-1 is able to bind to and directly inhibit gelsolin,
thereby preventing the maturation signaling (Shao et al., 2017). (C) A further possible mechanism seen largely in dopaminergic neurons but also in
oligodendroglia, is through the PI3K/AKT/m-TOR signaling pathway. LINGO-1 directly inhibits EGFR signaling, preventing the activation of in-
tracellular PI3K (Inoue et al., 2007). Without PI3k activation, PIP, cannot be further phosphorylated to its active form and as such, AKT and m-TOR
remain inactive. Both activated AKT and m-TOR have been shown to encourage OPC survival and differentiation therefore highlighting that LIN-
GO-1 can act to prevent OPC differentiation (Dienstmann et al., 2014). Although the ability of AMIGO3 to signal via these pathways has not been
explored, the homologous structures of LINGO-1 and AMIGO3, and the fact that the proteins can replace one another in the NgR1 receptor com-
plex, suggest it is highly likely that AMIGO3 functions through these cascades. AMIGO3: Amphoterin-induced gene and open reading frame-3;
EGFR: epidermal growth factor receptor; ErbB2: epidermal growth factor receptor 2; LINGO-1: LRR and immunoglobulin-like domain-containing
protein 1; m-TOR: mechanistic target of rapamycin; NgR1: neurite outgrowth inhibitor-66 receptor 1; OPC: oligodendrocyte precursor cell; PI3K:
phosphoinositide 3-kinase; PIP,: phosphatidylinositol 4,5-bisphosphate.
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of AMIGO3 on axon regeneration that is similar in nature
to that provided by LINGO-1. Furthermore, AMIGO3, like
LINGO-1, interacts with members of the NgR1 signaling
complex, namely NgR1 and p75""%, in transfected COS7
cells leading to increases in activated RhoA levels (Ahmed et
al., 2013). It is likely that the analogous structures shared be-
tween AMIGO3 and LINGO-1 (Chen et al., 2006) allows for
both proteins to interact with the NgR1 complex leading to
the same cellular response. Interestingly, AMIGO3 is upreg-
ulated at a much faster rate than LINGO-1, with a significant
increase in AMIGO3 mRNA and protein observed within
24 hours after SCI in rats, while LINGO-1 mRNA levels
remained unaltered even at 10 days post-injury (Ahmed et
al., 2013). Considering the earlier expression of AMIGO3
following SCI, we speculate that AMIGO3 antagonism will
provide a more effective therapeutic strategy for relieving
the inhibition of axonal regeneration and preventing axon
growth cone collapse.

LINGO-1 and Its Role in Myelin Disorders

LINGO-1 inhibits both maturation of oligodendrocyte pre-
cursor cells (OPC) and the production of myelin. LINGO-1
inhibition or knockdown in primary rodent and human
OPC increases the expression of myelin basic protein (MBP),
enhances branching, and facilitates the production of myelin
sheets, an in vitro analogue of the myelin sheath (Bourikas et
al., 2010; Mi et al., 2013). Correspondingly, overexpression
of LINGO-1 in primary OPC cultures decreases MBP levels,
demonstrating the inhibitory role of LINGO-1 in myelin-

ation (Jepson et al., 2012).

In vivo, early onset myelination is observed in LINGO-1
knockout mice during development (Mi et al., 2013). Similar
observations have also been reported in disease contexts. For
example, both LINGO-1 blockade and LINGO-1 knockout
mice demonstrate reduced clinical signs in experimental
autoimmune encephalomyelitis (EAE), as well as a greater
number of remyelinated axons and increased MBP expres-
sion (Bourikas et al., 2010; Mi et al., 2013; Sun et al., 2015).
Furthermore, this correlates with cognitive improvements,
with EAE mice showing greater spatial learning when treat-
ed with anti-LINGO-1 antibodies (Sun et al., 2015). These
data provide strong evidence that inhibition of LINGO-1
enhances repair in demyelinating disease, and on this basis,
LINGO-1 antagonists have advanced into clinical trials for
acute optic neuritis and active relapsing multiple sclerosis
(MS) (Ledford, 2015; MS-Society, 2016).

It is not clear how LINGO-1 exhibits its effects on oligo-
dendroglia. One possibility is that LINGO-1 exerts its in-
fluence through the same mechanism as observed in neu-
rons, through the NgR1/p75""™*/TROY receptor complex
(Jepson et al., 2012) (Figure 1). Data supporting this view
has been generated from non-oligodendroglial cell lines
or oligodendrocytes (OL) generated from neural progeni-
tor cells. However, it is not clear how representative these
cells are of in vivo OPC populations (Jepson et al., 2012;
Mi et al., 2013). There are reports stating that OL do not
express NgR1 (Mei et al., 2013). Additionally, Bourikas et
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al. (2010) demonstrated that inhibiting NgR1 has no effect
on process extension and MBP production in LINGO-1
expressing MO3.13 cells, a human hybrid oligodendroglial
cell line. Interestingly, antagonism of p75™'" reverses the
inhibition in these cells, suggesting that LINGO-1 may
still be able to interact with p75"" in OL despite the lack
of NgR1 signaling.

A number of other potential methods of action have been
suggested for the function of LINGO-1 within OL. One the-
ory is that LINGO-1 signals intercellularly with LINGO-1
expressed on neighboring cells (Figure 1). For example,
cultured rat OL show an increase in MBP expression when
treated with soluble LINGO-1 as well as with astrocytes/neu-
rons induced to overexpress LINGO-1 (Jepson et al., 2012).
Conversely, a population of COS7 cells transfected solely
with LINGO-1 showed no change in activated RhoA levels,
suggesting that the self-interactions between neighboring
COS7 cells through LINGO-1 has no downstream effects (Mi
et al., 2004). Of course, it is likely that LINGO-1 homophilic
interactions would merely start the signaling process and
still require further transduction. COS7 cells likely lack the
intracellular machinery found in oligodendroglia to trans-
duce this signal.

More recently, LINGO-1 has been shown to prevent phos-
phorylation and activation of human epidermal growth fac-
tor receptor (ErbB2). ErbB2 is a membrane bound receptor,
expressed on both OPC and OL and has a positive role in OL
differentiation and myelin production (Mi et al., 2013; Lee
et al., 2014). LINGO-1 binds with ErbB2 through the LRR
domain preventing the translocation of ErbB2 to lipid rafts
in the membrane, where ErbB2 is readily phosphorylated
(Lee et al., 2014) (Figure 2A). The levels of phosphorylated
ErbB2 have been correlated to MBP expression and with OL
maturity thereby linking the LINGO-1 induced inhibition to
OL maturity (Lee et al., 2014).

Unsurprisingly, actin filaments have been identified as a
potential downstream regulator of LINGO-1 signaling, likely
due to the role of actin in the cell cycle and in the regula-
tion of lamellipodia and filopodia (Shao et al., 2017). The
actin-severing protein, gelsolin (GSN) is connected with
myelin production, as identified both in primary rat OPC
cultures and in Sprague-Dawley rats following lysolethicin
induced demyelination, through MBP expression and counts
of myelinated axons (Shao et al., 2017). Inhibiting LINGO-1
leads to higher GSN and MBP levels when primary rat OPC
are stimulated to differentiate indicating gelsolin as a down-
stream regulator of LINGO-1 inhibition (Shao et al., 2017)
(Figure 2B).

Other signaling pathways implicated for the method of ac-
tion for LINGO-1 in oligodendrocytes include the phospho-
inositide 3-kinase (PI3K)/AKT/mechanistic target of rapa-
mycin (mTOR) pathway (Sun et al., 2015), the WNK lysine
deficient protein kinase 1 (WNKI1) pathway (Zhang et al.,
2015), the brain-derived neurotrophic factor (BNDF)/tro-
pomyosin receptor kinase B (TrkB) pathway (Meabon et al.,
2016). LINGO-1 prevents the phosphorylation of both AKT
and m-TOR which have both been positively implicated with
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myelination in mice (Sun et al.,, 2015) (Figure 2C). Similarly,
WNKI1 inhibition through siRNA treatment in primary rat
OPCs leads to an increase in the area covered in MBP" and
NG2" processes. Blocking the interaction between LINGO-1
and WNKI1 reproduces this effect and leads to an increase in
activated RhoA, demonstrating a RhoA mediated inhibition
of OPC (Zhang et al., 2015). Finally, TrkB knockout mice
show decreased myelin surrounding neurons, indicating its
positive role in regulating myelination (Wong et al., 2013).
LINGO-1 has since been reported to downregulate TrkB by
encouraging translocation to lysosomes in vitro, thereby pre-
venting its promotion of myelination (Meabon et al., 2016).

Despite the evidence of relevant functionality, there is
some speculation as to whether LINGO-1 is expressed lo-
cally in human demyelinating diseases. Satoh et al. (2007)
failed to observe LINGO-1 expression in OL from demy-
elinated MS tissue, directly opposing data from Mi et al.
(2013). Similarly, in murine models there is a substantial
lag before raised LINGO-1 expression is observed fol-
lowing both trauma and EAE induction (Mi et al., 2007;
Ahmed et al.,, 2013), suggesting that alternative mecha-
nisms are involved in the acute and chronic injury phases
of OL maturation.

In spite of these differences, it appears probable that ther-
apies aimed at inhibiting LINGO-1 have a positive effect on
myelination, with phase 2 clinical trials for myelin disorders
showing moderate signs of success (Ledford, 2015; MS-So-
ciety, 2016). For example, antagonizing LINGO-1 in patients
suffering from optic neuritis has been found to improve
the propagation rate in retinal nerves, however, this did
not correlate with symptomatic relief (Ledford, 2015;
MS-Society, 2016). We hypothesize that since the upreg-
ulation of LINGO-1 is delayed by at least 10 days in vivo,
and that alternative LRR may be involved in the disease
etiology, that antagonizing LINGO-1 alone is unlikely to
be sufficient to induce rapid remyelination of the demye-
linated axons. This will leave the axons open for injury and
degradation.

The Potential Role of AMIGO3 in Myelin

Disorders

The dramatic increase in spinal cord AMIGO3 expression
shortly after SCI (Ahmed et al., 2013) suggests the possibility
that this protein may also play a role in the acute stages of
oligodendrocyte injury. In this context, therapies targeted
against AMIGO3 may provide more rapid benefits than
those focused on LINGOL in terms of promoting OPC dif-
ferentiation and remyelination in the early stages of demye-
linating diseases. Earlier remyelination could provide a more
effective therapy by limiting axonal injury and preventing
degeneration.

The mechanism through which AMIGO3 would inhibit
OPC maturation and myelin production is currently un-
clear. However, like LINGO-1, AMIGO3 can interact with
the NgR1 receptor (Ahmed et al., 2013) (Figure 1). It is also
plausible that since AMIGO3 displays homophilic binding
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(Kuja-Panula et al., 2003; Chen et al., 2006), it could self-in-
teract intercellularly as similarly proposed for LINGO-1
(Jepson et al., 2012) (Figure 1). However, just as with LIN-
GO-1, COS-7 cells transfected solely with AMIGO3 do not
show increased activated RhoA (Ahmed et al.,, 2013) sug-
gesting additional cellular signaling machinery is required.
It is also plausible that AMIGO3 could signal through any of
the other pathways highlighted for LINGO-1 inhibition in
OPC (Figure 2), or alternatively due to the number of path-
ways involved in regulating OPC maturation, AMIGO3 may
have its own separate signaling pathways.

In conclusion, we speculate that AMIGO3 could be a more
effective inhibitor of OPC maturation than LINGO-1. We
also believe that its antagonism may provide greater thera-
peutic benefits, a timely-point given that clinical trials with
LINGO-1 have failed to meet the primary outcomes in MS
and optic neuritis patients. Although more work is required
to define its method of action, AMIGO3 seems well placed
to provide an promising target for research into novel treat-
ments for dysmyelinating diseases.
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