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Abstract

Although originally discovered as neuronal growth cone-collapsing factors, repulsive guidance
molecules (RGMs) are now known as key players in many fundamental processes, such as cell
migration, differentiation, iron homeostasis, and apoptosis, during the development and
homeostasis of many tissues and organs, including the nervous, skeletal, and immune systems.
Furthermore, three RGMs (RGMa, RGMb/DRAGON, and RGMc/hemojuvelin) have been linked
to the pathogenesis of various disorders ranging from multiple sclerosis (MS) to cancer and
juvenile hemochromatosis (JHH). While the molecular details of these (patho) biological effects
and signaling modes have long remained unknown, recent studies unveil several exciting and novel
aspects of RGM processing, ligand—receptor interactions, and downstream signaling. In this
review, we highlight recent advances in the mechanisms-of-action and function of RGM proteins.

RGMs: A Small Gene Family with Widespread Effects

Guidance molecules, initially observed to direct growing axons during embryogenesis [1],
also have crucial roles in the morphogenesis and homeostasis of non-neuronal tissues by
controlling a plethora of cellular processes, ranging from cell division and migration to
differentiation and death. The discovery of RGMa in 2002 revealed a new family of
guidance molecules (Box 1). Since then, four RGMs have been found in vertebrates: RGMa,
RGMb (or DRAGON), RGMc (or hemojuvelin), and RGMd (only present in fish).
Invertebrates, such as Caenorhabditis elegans, have one RGM gene.
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RGMs are membrane-associated glycosylphosphatidylinositol (GPI)-linked proteins that
harbor an N-terminal signal peptide, an RGD motif (RGMa and RGMc), and a partial von
Willebrand type D (VWFD) structural domain (Figure 1A). Each RGM displays tissue-
specific expression, is subjected to distinct biosynthetic and processing steps, and has not
only unique, but also shared biological functions [2]. RGMs bind the type 1 transmembrane
protein Neogenin (Figure 1A) and many of the reported biological effects of RGMs rely on
Neogenin receptor functions, such as axon guidance or neuronal survival [3,4]. RGMs also
serve as co-receptors for bone morphogenetic proteins (BMPs) (Figure 1A) to regulate iron
metabolism, skeletal development [5-10] and axon regeneration [11]. In addition to these
physiological roles, and as discussed below, RGMs have been implicated in various diseases
and are considered to be promising targets in the treatment of MS, spinal cord injury, stroke,
anemia, and inflammation [5,11-15].

Although the molecular mechanisms underlying the biological effects and signaling modes
of RGMs have long remained unknown, recent work has unveiled several exciting and novel
aspects of RGM processing, ligand—receptor interactions, and downstream signaling. These
insights include high-resolution structural data of binary or tertiary protein complexes, the
unique processing of RGMs into protein fragments with distinct functions, and the
identification of a novel molecular mechanism to control ligand-induced ectodomain
shedding of Neogenin. In this review, we discuss recent highlights in RGM research, from
novel structural data to previously unexplored signaling mechanisms and cellular functions.

Structural Insight into Ligand—Receptor Interactions

For many years, RGMs posed a molecular puzzle because of a general lack of structural
homologies to any known protein fold. Recent studies have shed light on their 3D structure
and identified two ordered and disulfide-stabilized domains that are connected by a flexible
linker [16,17] (Figure 1A-C). The RGM N-terminal domain (N-RGM) comprises a three-
helix bundle that harbors the ‘RGD’ motif. RGD motifs are traditionally known to be
important in integrin-mediated adhesion, but no binding of RGMs to, or signaling through,
integrins has been reported. The C-terminal domain (C-RGM) forms a tight -sandwich
structure and harbors a ‘GDPH’ cleavage site, which mediates autoproteolysis (Figure 1A).

C-RGM is the major high-affinity interaction site for Neogenin [16], with an additional
Neogenin-binding site positioned in N-RGM, as suggested by antibody-blocking
experiments [11]. In the C-RGM-Neogenin (NEO1) complex structure, two RGM molecules
act as a molecular staple bringing together the juxtamembrane fibronectin type 111 (FNIII)
domains of two Neogenin receptors (Figure 1B) [16]. This Neogenin region is necessary and
sufficient for high-affinity RGM-Neogenin interactions, because single-point mutants of
interface residues (either in RGM or Neogenin) abolish binding [16,18]. The RGM-
Neogenin complex architecture is proposed to induce the dimerization of Neogenin and to
position its C termini in close proximity to each other. These data hint at intracellular
dimerization as a mechanism of signal transduction through the plasma membrane.

RGM s are crucial activators of BMP signaling and bind to BMP ligands with high affinity
[17-19]. Crystal structures of all human RGMs in complex with the BMP ligand BMP2
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revealed a common mode of binding and identified N-RGM as the high-affinity interaction
site for BMP ligands [17] (Figure 1C). This analysis also informed a potential molecular
mechanism for JHH (see Glossary)-linked mutations in RGMc that occur at the binding
interface with the BMP ligand, because these mutations disrupt the RGMc-BMP interaction.
RGMc controls levels of hepcidin through BMP signaling and reduced hepcidin expression
leads to the iron overload in the liver, heart, and pancreas observed in JHH [8-10].

A comparison between the structures of the RGM-BMP and BMP-BMP type | receptor
ectodomain complexes showed that RGM and the BMP type | receptor ectodomain of BMP-
R1A share the same binding site on the BMP ligand. This was an unexpected discovery,
because simultaneous binding of the BMP type | and type Il receptors to the BMP ligand is
an essential requirement for canonical, SMAD-dependent downstream signaling. So, how
can RGM activate canonical BMP signaling despite it competing with BMP-receptor
binding? Since the RGM-BMP interaction is pH dependent, unlike the BMP-BMP receptor
complex [17], an endocytosis-linked mechanism for RGM-activated BMP signaling has
been proposed. In this model, the RGM-BMP complex (potentially together with the BMP
type Il receptor) might be targeted into endosomes, which are enriched with BMP type |
receptors [20]. The lower pH of the endosomal environment might then lead to dissociation
of the RGM-BMP complex and replacement by the BMP type | receptor, leading to
potentiation of SMAD signaling provided by the endosomal environment compared with the
cell surface [20,21]. However, further work will be required to test this model, for example
demonstrating the involvement of RGMs in BMP ligand endocytosis and showing that the
endosome functions as a platform for BMP signaling. It will be interesting to see whether all
RGM family members act via the same mechanism or whether the biological context,
including available interaction partners, has a role in directing how RGMs affect the BMP
pathway. However, localization of the signaling machinery in close vicinity to the nucleus is
a favorable way of activating target gene transcription. Such a mechanism has been
suggested for other extracellular signaling systems, including the epidermal growth factor
and transforming growth factor signaling pathways [21-23].

Much evidence suggests that the Neogenin and BMP signaling pathways are functionally
linked, most likely through the actions of RGMs [9,24-27]. The most compelling evidence
is the iron overload observed in the livers of mice in which the gene encoding Neogenin
(NVEO) has been knocked out [28]. Structural experiments showing a direct physical
interaction with RGMs acting as a link between these two signaling pathways led to the
crystal structure of a ternary complex comprising the BMP ligand BMP2, the full-length
extracellular domain of RGMb, and the two membrane proximal FNIII domains of
Neogenin [17]. These results, together with X-ray solution scattering and super-resolution
microscopy [17], suggest a model by which RGMs mediate clustering of BMP and
Neogenin dimers on the cell membrane. These data show that RGMs are a structural bridge
between Neogenin and BMP signaling, and inform that a clustering mechanism may be
important in the activation of these signaling pathways.
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Cell Biology, Molecular Regulation, and Downstream Signaling of RGMs

RGM s signal through both #rans (intercellular) and c¢/s (same cell) interactions. 7rans
signaling is relevant for cell functions such as axon growth and guidance [29,30], early
stages of neurulation [31], CD4+ T cell adhesion and activation [32], and leukocyte
migration [33]. This can be either contact dependent (adhesive) or mediated by gradients
established by cleaved extracellular RGM isoforms. The location of the RGM-binding site
on the Neogenin-FNIII domains, close to the plasma membrane, and the RGM-Neogenin
complex architecture [16] indicate a binding mode for which the release of the RGM
ectodomain expressed by neighboring cells might be a prerequisite (Figure 1D). By contrast,
RGM ectodomain shedding may not be required in situations where both Neogenin and
RGM are expressed on the same cell surface (c/s signaling), such as in hepatocytes [25] and
chondrocytes [9] (Figure 1E).

Work over the past decade has led to the identification of several (co)receptors for RGMs as
well as components of downstream signaling pathways that mediate their biological effects.
Furthermore, RGMs have been implicated in a plethora of cell biological effects (e.g., axon
growth and iron homeostasis), in different organs (e.g., brain, skeleton, and immune system),
and in relation to diverse human disorders (e.g., spinal cord injury and cancer). In addition,
recent data indicate that both RGMs and Neogenin are proteolytically processed. This
processing serves to release RGMs from the cell surface in certain situations as well as to
diversify the effects of the RGM signaling pathway and to control signaling duration
following ligand binding. Here, we highlight some of the most recent insights into RGM
processing and signaling in the context of specific biological functions, and refer readers to
other reviews for a detailed discussion of other signaling mechanisms and biological effects
[2,8,10,34,35].

Autocatalytic and Proteolytic Cleavage of RGMc in the Control of Body Iron Levels

All RGMs contain an autocatalytic Gly-Asp-Pro-His (GDPH) cleavage site (Figure 1A),
which is known to be unstable under mildly acidic conditions due to a specific conformation
and/or general acid catalysis [24]. Incubation of purified recombinant RGMc at pH 5.5
increases autocatalytic cleavage, supporting the idea that RGMc undergoes partial
autocatalytic cleavage within the GDPH sequence [24]. The GDPH site is found in the loop
connecting two B sheets (Figures 1A and 3A) and is highly conserved across species.
Autocatalytic cleavage does not lead to a secreted fragment of RGM, since the resulting two
polypeptides are joined covalently by disulfide bonds to form a stable structural unit.
Autocatalytic cleavage appears to be important for the correct folding of the protein [16]. A
clue about the functional importance of RGM autocatalytic cleavage comes from genetic
studies in patients with JHH. Several JHH-associated mutations are located in the vicinity of
the autocatalytic cleavage site for RGMc [16,36,37]. These mutants are often retained in the
ER and have low signaling activities, suggesting that autocatalytic processing is necessary
for RGMc plasma membrane expression and for its iron regulatory function. Furthermore,
experiments using noncleavable RGMa mutants reveal that RGMa autocatalytic processing
is also required for its growth inhibitory effects on axons [38]. Thus, autocatalytic
processing appears to be a general and important feature of RGMs.
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In addition to autocatalytic cleavage, proteolytic processing of RGMc by furin and serine
protease matriptase-2 (TMPRSS6) has a role in the regulation of body iron levels.
Membrane-bound RGMc acts as a co-receptor for BMPs to regulate hepcidin expression
resulting in increased iron absorption. RGMc cleavage by furin at a specific C-terminal
cleavage site, not present in RGMa or RGMDb, releases a 42-kDa soluble protein, which acts
as a decoy receptor that competes with membrane-bound RGMc for binding to BMP
ligands, thereby suppressing hepcidin expression [39]. In addition, the serine protease
matriptase-2 (TMPRSS6) binds and cleaves cell surface RGMc. However, the RGMc
fragment shed by matriptase-2 has reduced ability to bind BMPs and fails to repress BMP-
induced hepcidin expression in vitro [40,41]. Unlike furin, it is thought that matriptase-2
impacts iron homeostasis mainly by reducing levels of membrane-bound RGMc. However,
other work suggests that the interaction between matriptase-2 and RGMc is more complex,
(e.g., independent of protease activity) [42]. Further work is needed to assess the
requirement of RGMc cleavage by matriptase-2 /n vivo and the precise link between
matriptase-2, RGMc, BMP signaling, and hepcidin [10]. Nevertheless, these studies reveal
important roles for proteolytic processing of RGMc in the regulation of hepcidin expression
and iron levels.

Ectodomain Shedding of Neogenin

Over the past few years, many groups have confirmed the ability of RGMs to induce axon
repulsion, neurite growth inhibition, and growth cone collapse using different types of
neuron [11,13,29,43-46]. The role of RGMs in axon guidance and neurite growth inhibition
during development has been shown in frog and chick embryos, while /n vivo evidence for
the neurite growth inhibitory effects of RGMs in mammals is provided by the ability of
RGM blockage to promote central nervous system (CNS) axon regeneration. Other
important effects of RGM on cell death, migration, and differentiation have also been
confirmed (Boxes 1 and 2) [11,13,47-49]. The neurite growth inhibitory effects of RGMs
have been studied extensively and rely on signaling by Rho-GTPases downstream of RGMa.
Binding of RGMa to Neogenin activates RhoA through the guanine nucleotide exchange
factor (GEF) LARG in an Unc5B-dependent manner [50]. In parallel, RGM—-Neogenin
interactions trigger a reduction in Ras activity through focal adhesion kinase (FAK) and
p120GAP [51] (Figure 2, Key Figure). However, these signaling events provide a simplified
view of RGM signaling and, as discussed below, precise regulation of the sensitivity of
neurons to RGM of processing of RGMs into distinct polypeptides appears to be a
prerequisite for the formation of appropriate neuronal networks.

The finding that cell surface shedding of Neogenin by A disintegrin and metalloproteinase
domain-containing protein 17 (ADAM17) desensitizes axons to RGMa suggested a role
for proteolysis in Neogenin signaling [52]. The extracellular part of Neogenin binds to, and
is cleaved by, ADAML17. This cleavage event induces ectodomain shedding and thereby
reduces Neogenin cell surface expression. However, how cleavage of Neogenin by
ADAML1Y7 is initially prevented to allow cleavage only after ligand binding remained
unknown. Recent findings showed that the transmembrane leucine-rich repeat protein Lrig2
negatively regulates ADAM17-mediated guidance receptor proteolysis in neurons [48].
Lrig2 binds Neogenin and prevents premature Neogenin shedding by ADAM17 (Figure 2).
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RGMa reduces Lrig2—Neogenin interactions, providing ADAM17 access to Neogenin and
allowing this protease to induce ectodomain shedding. This study identified a unique ligand-
gated mechanism that controls receptor shedding by ADAMSs and shows that the functions of
Lrig2 are required for the effects of RGM on neurite growth, cortical neuron migration, and
regenerative failure.

Proteolysis of RGMs Into Different Functional Protein Fragments

Proprotein convertases (PCs) form a family of nine proteinases. Two of these, furin and
subtilisin kexin isozyme-1 (SKI-1), process RGMa into C-terminal membrane-bound (C-
RGM) and N-terminal soluble (N-RGM) fragments (Figure 3A) [38,46]. Interestingly, these
cleavage events are dependent on RGM autoproteolysis. D149A and H151A mutations in
the autocatalytic cleavage sequence do not alter RGMa processing toward the cell surface,
but abolish processing by both SKI-1 and furin [38]. The functional significance of C-RGMa
and N-RGMa fragments /n vivo has been studied using the chick retinotectal system. Retinal
ganglion cell (RGC) neurons reside in the eye and send their axons in a topographic manner
through the optic nerve to the tectum in the brain (Figure 3B). RGMa is expressed in an
anterior low to posterior high gradient in the embryonic tectum, whereas Neogenin is
expressed in the retina in a temporal high to nasal low gradient (Figure 3B). The RGMa
gradient in the tectum restricts temporal RGC axons to the anterior part of the tectum,
whereas nasal axons can target the posterior part. When retinal axons reach the tectum, they
first extend within the most superficial layer of the optic tectum, the stratum opticum (SO).
Once axons reach the appropriate anterior—posterior coordinates in the tectum, they turn into
deeper layers to establish terminal arbors within layers a—f of the stratum griseum et
fibrosum superficiale (SGFS) (Figure 3B) [27]. Ectopic expression of C-RGMa throughout
the tectum leads to axon overshooting mainly in the superficial layer, while ectopic N-
RGMa induces overshooting of RGC axons into deeper layers of the tectum (Figure 3B). In
agreement with a role for C-RGMa and N-RGMa in retinotectal path finding, /n vivo
inhibition of C-RGMa or N-RGMa with recombinant antibodies in chick leads to defects in
the targeting of RGC axons [46].

It is unknown why ectopic tectal expression of C-RGMa and N-RGMa differently affects
retinal axon targeting /n vivo. A possible explanation is that the peptides activate distinct
downstream signaling pathways that exert quantitatively or quantitatively distinct effects on
embryonic axons. Indeed, while both C-RGMa and N-RGMa require Neogenin to regulate
axon development, N-RGMa influences axon growth and guidance /n vitro, while C-RGMa
only affects axon growth. Furthermore, these effects are induced through the activation of
distinct downstream pathways. C-RGMa leads to stimulation of the signaling cascade
involving activation of LARG, RhoA, and ROCK, whereas signaling downstream of N-
RGMa is thought to rely on -y-secretase cleavage of the intracellular domain of Neogenin
[53] (Figure 2). Many cell surface receptors undergo cleavage by y-secretase, triggering the
subsequent release of their intracellular domain (ICD). Often this intracellular cleavage
event is preceded by proteolytic release of the receptor ectodomain followed by shuttling of
the ICD into the nucleus. NelCD harbors NLS and NES sequences, binds various nuclear
proteins, and acts as a transactivator of gene transcription [54]. y-Secretase cleavage is
required for RGMa-mediated axon repulsion /n vitro and ectopic NelCD expression induces
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RGC axon targeting effects /n vivo [53]. One of the binding partners of NelCD is LIM-only
protein 4 (LMO4), a transcriptional co-activator [55]. LMO4 is required for the axon-
repulsive activity of RGMa and for targeting of RGC axons in the tectum by N-RGMa.
Recent evidence indicates that DCC/Frazzled (Fra), a close homolog of Neogenin, is also
processed by -y-secretase to release its intracellular domain (Fra-1CD) [56]. Fra-ICD shuttles
between the cytoplasm and the nucleus, where it works as a transcriptional factor that
regulates Commissureless expression to control axon midline crossing. NelCD may serve a
similar function and act as a transcription factor. It is interesting to note that LMO4
functions as a novel co-factor of Neurogenin 2 (NGNZ2) in the developing cortex [57].
LMO4 binds NGN2 to form a multiprotein transcription complex. This complex is recruited
to the E-box containing enhancers of NGN2 target genes, which regulate various aspects of
cortical development and activate NGN2-mediated transcription [57]. It will be interesting to
determine whether LMO4 and NelCD (and perhaps NGN2) form a transcription complex
that regulates genes involved in axon growth. While /n vivo work suggests that the axon-
repulsive effects of N-RGMa are independent of LARG, /n vitro studies have shown that
LMO4 knockdown inhibits RhoA activation by RGMa [55]. Therefore, further studies are
needed to probe the role of RhoA downstream of N-RGMa and to address other questions,
such as whether y-secretase is required /n vivo for the effects of N-RGMa.

Together, these studies reveal that RGMa processing by PCs generates distinct RGMa
fragments that signal through different signaling cascades (LARG-RhoA-ROCK versus
NelCD- LMO4) to exert specific biological effects. This suggests that proteolytic processing
of RGMs, together with the ability of RGMs to signal in #ransand cisand their link to
different signaling systems (Neogenin and BMP), functions to diversify the effects of these
proteins. This helps to explain how a small family of proteins can regulate a
disproportionally large number of biological events in different tissues and organ systems.
Finally, it is also interesting to note that pre-incubation of Neogenin with C-RGMa abolishes
Neogenin—N-RGMa binding, while vice versa N-RGMa reduces interactions between C-
RGMa and Neogenin [38]. Therefore, it is possible that the local concentration of C-RGMa
or N-RGMa determines which of the two peptides will prevalently interact with Neogenin to
influence axons.

Lipid Raft Localization of Neogenin

RGMs have a crucial role in BMP signaling. For an extensive description of the signaling
pathways involved in these effects and the proposed role of Neogenin, we refer readers to
other reviews [8,10,58]. However, it should be noted that, whereas early studies failed to
implicate BMPs in RGM-mediated effects on developing neurons, more recent work
suggests that RGMs function through BMPs to affect neurons [27,45,59]. A compelling
example of the functional interplay between RGMs, Neogenin, and BMPs is the role of
these proteins in endochondral bone development during skeleton formation. During this
process, Neogenin controls chondrocyte maturation by promoting BMP-induced receptor
association with lipid rafts, thus enhancing effective BMP receptor concentration or BMP-
binding affinity and increasing SMAD phosphorylation and downstream gene transcription
[9]. How does Neogenin localize BMP receptors to lipid rafts? RGMs were found to form a
protein bridge between Neogenin and BMP receptors, thereby inducing the formation of a
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multimeric receptor complex. Since RGMs contain GPI domains that localize these proteins
to lipid rafts [29], the authors proposed that RGMs are responsible for moving the
Neogenin—-RGM-BMP receptor complex into lipid rafts. The presence of Neogenin in lipid
rafts is required not only during endochondral bone development, but also for its neurite
growth inhibitory and neuron death-inducing effects in the nervous system [15,27].
Interference with RGM-Neogenin binding using specific protein fragments or anti-RGMa
antibodies causes Neogenin to move out of lipid rafts and prevents proapoptotic and neurite
growth inhibitory effects. Application of these tools in models for brain or axonal injury
(e.g., middle cerebral artery occlusion or optic nerve crush) promotes regeneration and
functional recovery [11,15,27]. This suggests that interfering with the lipid raft localization
of Neogenin represents a powerful means of neutralizing the detrimental effects of RGM-
Neogenin following injury or disease.

Actin Regulation During Epithelial Cell Adhesion

Epithelial morphogenesis is fundamental to organogenesis in the embryo. Epithelial sheets
undergo choreographed movements to generate complex structures, such as the neural tube.
Early depletion of Neogenin or RGMa in the neuroepithelium leads to loss of adhesion and
apicobasal polarity and, as a result, a failure in neural tube closure [31,47,60,61]. E-
cadherin-mediated cell-cell adhesion found at adherens junctions (AJs) has a key role in
maintaining the fidelity of the epithelium. Junctional stability requires reciprocal interactions
between the cadherins and the circumferential actin ring running parallel to the AJ. The actin
ring undergoes continuous turnover and failure to rebuild the ring causes loss of adhesion.
Interestingly, recent work identified Neogenin as a key component of the actin nucleation
machinery governing AJ stability [62]. Neogenin promotes the formation of stable actin
rings at AJs by spatially coupling Arp2/3-mediated actin nucleation to the AJ via
recruitment of the wave regulatory complex (WRC) (Figure 2). A direct interaction
between the Neogenin WRC-inter acting receptor sequence (WIRS) domain and the WRC
is crucial for the restricted localization of the WRC and Arp2/3 to the junction. Neogenin is
not sufficient to activate Arp2/3, which requires activation of Rac and Sral binding.
Neogenin also affects E-cadherin recycling, but whether this effect depends on its ability to
control actin dynamics is unknown. Knockdown of RGMa induces defects in AJ stability
and WRC localization similar to those observed following Neogenin depletion [62]. This
suggests that RGMa and Neogenin act together at the AJ. However, the precise mode-of-
action of RGMa at the AJ, (e.g., whether it functions in cisor franswith Neogenin) remains
unknown. Given that growth cone steering is highly dependent on actin regulation, it will be
interesting to determine whether the induction of actin nucleation by Neogenin has a role at
neuronal growth cones as well.

Immune Cell Signaling and Multiple Sclerosis

A new role of RGMa in the immune system has become recently apparent [32,33]. Bone
marrow-derived dendritic cells express RGMa and Neogenin is expressed by CD4* T
lymphocytes. Binding of RGMa to Neogenin-positive CD4* T cells induces activation of the
small GTPase Rap1, thereby increasing adhesion to intracellular adhesion molecule-1
(ICAM-1). Thus, in contrast to Neogenin-induced growth cone collapse, which results in
rapid loss of adhesion [45], binding between RGMa and Neogenin on immune cells can
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trigger enhanced adhesion. This increase in ICAM-1-adhesion may facilitate invasion of
immune cells into the MS brain, making RGMa a novel therapeutic target for disease. An
antibody blocking RGMa was able to improve disease scores in commonly used MS mouse
models. Treatment of mice with an anti-RGMa antibody reduced invasion of inflammatory
cells into the CNS. The antibody also affected T cell proliferation and cytokine production
in a mouse model and in isolated peripheral blood mononuclear cells (PBMCs) from patients
with MS [32], indicating a T cell immune suppressive effect. These experiments suggest that
blocking RGMa may reduce inflammatory disease. However, another study reported that
RGMa inhibits migration of RGMa-expressing leukocytes (T and B lymphocytes,
monocytes, and granulocytes) via chemo- and contact repulsion and RGMa suppressed
inflammation in a zymosan-induced peritonitis model [33]. These seemingly contrasting
results might be explained by the different types of models used and by differences in
underlying signaling complexes. Whereas the focus of both studies was the adaptive immune
system, a third study focused on the innate immune system (microglia cells and
macrophages) and its role in MS-associated neurodegeneration [11]. Highly inflammatory
microglial cells and macrophages have been postulated to have an important role in
progressive MS and are the target of several new therapeutic drug approaches. Systemic
treatment of experimental autoimmune encephalomyelitis (EAE) rats with RGMa-specific
antibodies resulted in significant and highly reproducible functional improvement, reduction
of the size of the microglial lesion, enhanced axon regeneration into the inflammatory
lesion, and signs of remyelination [11]. One of the first symptoms of MS in 20-30% of
patients is an optic neuritis, an inflammatory attack of the optic nerve. Such an attack can
have a strong impact on RGCs and their axons forming the retinal nerve fiber layer (RNFL).
In a tEAE optic neuritis model, systemic application of RGMa-specific antibodies
dramatically reduced degeneration of the RNFL, suggesting that RGMa is involved not only
in inhibition of axon regeneration, but also in cell death regulation [11]. How does RGMa
contribute to neurodegeneration in MS? Recent work shows that IL-17-expressing CD4* T
cells (Th17 cells) strongly express RGMa and that Th17 cells induce neuronal cell death
probably via RGMa—Neogenin-induced dephosphorylation of Akt [14]. Together, these
studies implicate RGMa in immune regulation and disease. However, future work is needed
to unravel the precise molecular details of these effects.

Concluding Remarks

It is an exciting time to study RGMs. During the first RGM symposium (Awaji, Japan, April
2-3, 2016), leading RGM experts from all over the world presented new and promising data
that showed that, since their original discovery as tectum-derived axon repellents, RGM
proteins have emerged as pleiotropic regulators of a multitude of cell biological processes in
many different tissues. Often, these novel cellular functions have only been probed in one
specific tissue and, therefore, an important future goal is to assess whether some of the
newly discovered functions of RGMs also contribute to the development or homeostasis of
other tissues (see Outstanding Questions). For example, given the important role of
regulation of the actin cytoskeleton in growth cone collapse, it is tempting to speculate that
Neogenin may also control WRC-Arp2/3 signaling in growth cones, as has been shown
recently at AJs. Furthermore, while the ability of RGMs to control BMP signaling in
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regulating iron homeostasis and endochondral bone formation have been firmly established,
the contribution of BMPs to other RGM-mediated effects remains largely unexplored. It has
become clear that RGMs have diverse binding partners (e.g., BMPs and Neogenin), while
these binding partners can also interact with proteins unrelated to RGMs, such as Netrin-1 or
BMP receptors. An important challenge is to understand how these interactions are
regulated. Do different binding partners compete for binding on RGMs or Neogenin? For
example, since RGMa and Netrin-1 both bind the Neogenin FNIII region, do these proteins
compete for binding to Neogenin? Do ligands, such as RGMs and Netrins, activate similar
or distinct signaling cascades downstream of Neogenin? How can RGMs signal axon
repulsion and cell adhesion through the same receptor? Thus far, many studies have used
vertebrate models to dissect the functions and signaling pathways of RGMs. However, many
invertebrate species have a RGM gene and, therefore, represent excellent models to address
outstanding questions about RGM biology.

RGMs are being implicated in an ever-increasing number of diseases, ranging from cancer
and MS to JHH. An interesting observation in the CNS is the consistent upregulation of
RGM s following a variety of insults (e.g., immune-mediated, neurodegeneration, or trauma).
The first results of blocking RGMs in experimental models are promising and a first clinical
trial of anti-RGMa blocking antibodies in patients with MS is currently underway. In
addition to blocking RGM function, it will be important to better understand how RGMs
normally function, because this will undoubtedly contribute to our ability to define the
pathogenic mechanisms underlying specific disorders and to eventually design novel and
more effective therapeutic strategies.
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Box 1
A Brief History of the Repulsive Guidance Molecule

During nervous system development, axons travel long distances to reach their synaptic
partner cells. Axons are guided to their targets by many different attractive and repulsive
guidance molecules present in their environment [1]. A neuronal system in which this
process of axon guidance has been studied extensively is the retinotectal system (i.e.,
axonal projections from retinal neurons in the eye to the tectum in the brain). Gradients
of topographic guidance cues had been postulated decades ago to drive the process of
retinotectal map formation. However, identification of these cues remained elusive for
nearly 50 years. In 1990, Bonhoeffer and colleagues discovered a tectum-derived lipid-
anchored RGM with a molecular weight of 33/35 kDa [63], later named ‘RGM’ [64].
RGM was the first graded topographic guidance molecule and its amino acid sequence
was published in 2002 [29]. RGM is part of a small gene family that contains four
members: RGMa (or RGM), RGMb (DRAGON), RGMc (hemojuvelin), and RGMd
(only present in fish). Work from different groups has shown that RGMa and RGMb are
expressed in a largely nonoverlapping pattern in the CNS and other tissues, whereas
RGMc is mostly absent from the CNS and expressed in liver and skeletal muscle. In
addition to axon guidance, RGMs are now known to subserve a multitude of
physiological functions ranging from immune system function to the regulation of iron
homeostasis. Furthermore, in adult humans with traumatic brain injury, cerebral stroke,
MS, Parkinson's disease and Alzheimer's disease, RGM proteins (mostly RGMa, but also
in some indications RGMDb) are re-expressed and accumulate at sites of damage or injury.
This suggests that targeting RGMs may be a promising therapeutic strategy for different
brain diseases. Consequently, several studies have successfully explored the effect of
neutralizing RGMs in experimental disease models. These showed, for example, that
neutralization of RGMa, a known inhibitor of axon regeneration, following spinal cord
injury results in enhanced functional recovery [13]. The first clinical trials targeting RGM
with a highly selective RGMa-specific antibody (ABT-555) will tell whether such
regeneration promotion of damaged axons is also observed in humans with MS or
suffering from spinal cord injury.
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Box 2
Mutations and Knockouts of RGMs

With the exception of RGMc, not much is known about the effects of /n vivo loss of
function of RGMs. RGMb maps to chromosome 5q15 and RGMb gene knockout in mice
results in death at 2-3 weeks after birth [65]. The olfactory epithelium of RGMb-
knockout mice displays an increase in dividing progenitor cells in addition to
supernumerary sustentacular support cells [49]. A role for RGMb in proliferation is also
suggested in different cancers. Reduced RGMb expression, probably by RGMb promoter
hypermethylation, is associated with poor prognosis in patients with non-small lung
cancer, and overexpression of RGMb in a highly metastatic mouse model has a
suppressive effect on cancer progression [66]. This suggests that RGMb acts as a tumor
suppressor, possibly by inhibiting SMAD activation. This idea is also supported by the
observation that the RGMb gene is inactivated by frame-shift mutations in a subtype of
colorectal cancer [67].

A potential tumor suppressor role for RGMa is suggested in human colon cancer where
(epi)genetic inactivation of RGMaresults in strongly decreased levels of RGMa not only
in colorectal cancer (CRC) tissue, but also in CRC cell lines and adenomas [68]. The
RGMa gene maps to chromosome 15026.1 and RGMa gene knockout in mice can result
in early embryonic lethality, due to failure of neural tube closure (only 50% of the
expected homozygous mice are born). Surviving RGMa-knockout mice show no defects
in retinotectal map formation [47]. This is not an unexpected finding since RGMb may
compensate for RGMa loss of function. Unfortunately, double RGMa/RGMb-knockout
mice are subject to early embryonic or postnatal lethality, while conditional RGMal
RGMb double-knockout mice are not yet available.

RGMec maps to chromosome 1g21.1 and was identified as the second gene mutation that
results in JHH [69]. HAMP, encoding hepcidin, was the first gene linked to JHH. Many
mutations have been identified in FGMc resulting in premature stop codons or missense
substitutions of highly conserved residues. Two studies analyzing RGMc-knockout mice
showed massively increased serum iron levels and very low hepcidin expression [47,70].
RGMec-knockout mice also display an interesting retinal phenotype, with abnormal
vasculogenesis and angiogenesis, and reactive gliosis of microglial and Miiller-type glial
cells [71].
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Trends

Structural data hint at intracellular dimerization of Neogenin as a mechanism of signal
transduction through the plasma membrane, suggest endocytosis-linked activation of
BMP signaling by RGM, and identify RGMs as a structural bridge between BMP and
Neogenin signaling.

RGM and Neogenin proteins control actin dynamics by direct interactions with the
WAVE regulatory complex and may achieve part of their biological effects through
transcriptional regulation mediated by nuclear translocation of the Neogenin intracellular
domain.

RGM s serve as crucial BMP co-receptors in the control of iron homeostasis and
endochondral bone formation.

Proteolytic processing regulates and diversifies the biological effects of RGMs.

Changes in the function or expression of RGMs underlie various disorders and blocking
these cues or influencing their downstream signaling pathways has great therapeutic
potential.
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Glossary

A disintegrin and metalloproteinase domain-containing protein 17 (ADAM17): also
known as tumor necrosis factor-o converting enzyme (TACE); a protease that induces
ectodomain shedding of Neogenin and other cell surface proteins.

Adherensjunction (AJs): a protein complex located at the junction between epithelial
cells. These proteins mediate cell—cell adhesion and are linked to the actin cytoskeleton
of the cell.

Experimental autoimmune encephalomyeélitis (EAE): animal model for studying brain
inflammation. Administration of different antigens (e.g., myelin or MOG) induces
demyelinating disease of the CNS.

Guanine nucleotide exchange factor (GEF): proteins that stimulate monomeric
GTPases by triggering the exchange of GDP for GTP.

Hepcidin: a small peptide secreted predominantly by hepatocytes that is essential for
iron metabolism. It functions to degrade the iron exporter ferroportin.

Juvenile hemochromatosis (JHH): a rare genetic disorder characterized by the
accumulation of iron in various organs of the body. Mutations in RGMc can cause JHH
and a reduction in hepcidin.

WAVE regulatory complex (WRC): group of proteins that regulate actin dynamics by
stimulating the actin-nucleating activity of the Arp2/3 complex at the plasma membrane.

WRC-interacting receptor sequence (WIRS): conserved peptide motif that mediates
binding to WRC.
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Outstanding Questions

Do recently identified signaling and proteolytic processing mechanisms have a general
role in RGM-mediated functions in different organs?

How are complex ligand—receptor interactions between BMPs, RGMs, Neogenin, BMP
receptors, and Netrin-1 regulated? Do different Neogenin ligands compete for binding
and do they trigger similar signaling cascades?

How can RGMs signal cell collapse and adhesion through the same receptor?

How do changes in RGMs lead to disease in- and outside the nervous system?
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Figure 1. Molecular Deter minants of Repulsive Guidance Molecules (RGMs) and Their
Interactions with Neogenin (NEO1) and Bone M or phogenetic Protein (BM P) Ligands.

(A) (i) Schematic representation and domain organization of RGMs, Neogenin, and BMPs.
Both the N-terminal domain (ii) [N-RGM; Protein Data Bank (PDB) ID 4UI1] and C-
terminal domain (iii) (C-RGM; PDB ID 4BQ6) form distinct domains stabilized by several
intramolecular disulfide bonds. Structures are shown in cartoon in rainbow coloring (blue, N
terminus; red, C terminus). Note that RGD motifs are potential integrin-binding sites, but
that no binding of RGMs to integrins has been reported so far. (B) The RGM-Neogenin
complex (PDB ID 4BQ6). Two C-RGM molecules (blue) act as a molecular staple bringing
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together two Neogenin receptors (red). (C) The N-RGM-BMP complex (PDB ID 4Ul1).
The disulfide-linked BMP2 dimer binds two molecules of N-RGM in its wing region. The
yellow asterisk indicates the position of the ‘RGD’ motif. (D) Model for RGM-mediated
signaling in frans. The RGM ectodomain can be shed by proteolytic or phospholipase
activity (open triangle). RGM binding to preclustered Neogenin results in stabilization and
dimerization of the Neogenin ectodomain, subsequently activating downstream signaling
(gray lightning bolt). The gray box highlights the RGM-Neogenin signaling hub observed in
the crystal structure. (E) Model of RGM-mediated signaling /n7 ¢cis. RGMs can act as a
physical protein bridge bringing together Neogenin and the BMP ligand, resulting in
clustering. Abbreviations: FN, fibronectin; GDPH, autoproteolysis cleavage motif; GPlI,
glycosylphosphatidylinositol anchor; ICD, intracellular domain; IG, immunoglobulin; L,
flexible linker; RGD, Arg-Gly-Asp; SP, signal peptide; TM, transmembrane; vVWFD, von
Willebrand Factor type D.
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Figure 2.

Rng act as co-receptors for bone morphogenetic proteins (BMPs) and have been proposed
to act as a structural bridge between BMPs and Neogenin. A recently proposed model
suggests that RGMs induce endocytosis of the BMP receptor complex, thereby activating
canonical SMAD signaling. Interactions between RGMs and BMP signaling have been
implicated in iron homeostasis and endochondral bone development. Binding of RGM to
Neogenin inhibits interactions between Lrig2 and Neogenin, allowing ectodomain shedding
by A disintegrin and metalloproteinase domain-containing protein 17 (ADAML17) leading to
signal termination. In general, RGM-Neogenin binding leads to the activation of RhoA
through Unc5 and LARG, and inactivation of Ras through focal adhesion kinase (FAK) and
p120 RasGAP to induce growth cone collapse. However, signaling is dependent on the
proteolytic processing of RGMs, since C-RGM triggers RhoA-dependent signaling, while
the effects of N-RGM rely on shedding of the Neogenin intracellular domain by -y-secretase
and LMO4. The Neogenin intracellular domain has been proposed to move into the nucleus,
possible together with LMO4, and regulate gene transcription. In epithelial cells, Neogenin
binds and localizes the WAVE regulatory complex (WRC), leading to actin nucleation by
Arp2/3, which also requires activation by Racl and adherence junction stability. The extent
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to which these signaling pathways are specific to select cell types or cellular functions
remains to be determined.

Key Figure

Signaling Mechanisms Downstream of Repulsive Guidance Molecules (RGMs)
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Figure 3. Proteolytic Processing of Repulsive Guidance Molecules (RGMa) Generates N- and C-
RGMa Fragmentsthat Regulate Distinct Aspects of Retinotectal Path Finding in vivo.

(A) Autocatalytic processing (arrowhead) and proteolysis by subtilisin kexin isozyme-1
(SKI-1) and furin generates C- and N-RGMa fragments. (B) Ectopic expression of C- and
N-RGMa peptides in the chick optic tectum results in distinct axon-targeting defects.
Normally, two gradients of Neogenin (blue) in the eye and RGMa (in the tectum) allow
correct anterior—posterior targeting of retinal axons. In control experiments, all axons from
retinal ganglion cells in the eye terminate before the terminal front (TF) in the tectum and
arborize in layers a—f of the stratum griseum et fibrosum superficiale (SGFS). Ectopic
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expression of C-RGMa results in axonal overshooting beyond the TF, with aberrant retinal
axons remaining restricted to the superficial stratum opticum (SO) layer. By contrast, ectopic
expression of N-RGMa induces overshooting beyond the TF and into deeper layers (beyond
SGFS layer g). Abbreviations: N, nasal; T, temporal.
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