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Extracellular matrix
(ECM). A network of secreted
molecules, including
glycoproteins and
polysaccharides. ECM
molecules secreted by a cell
remain closely associated to
provide adhesive, signalling
and structural functions.
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Abstract | Members of the adhesion G protein-coupled receptor (aGPCR) class have emerged
as crucial regulators of nervous system development, with important implications for human
health and disease. In this Review, we discuss the current understanding of aGPCR functions
during key steps in neural development, including cortical patterning, dendrite and synapse
formation, and myelination. We focus on aGPCR modulation of cell-cell and cell-matrix
interactions and signalling to control these varied aspects of neural development, and we
discuss how impaired aGPCR function leads to neurological disease. We further highlight the
emerging hypothesis that aGPCRs can be mechanically activated and the implications of this

property in the nervous system.

Diverse steps are required for proper nervous system
development, assembly and connectivity. Precursors
must proliferate, commit to a fate and differentiate into
specialized cells. Neural cells (neurons, glia and their
precursors) must migrate to distinct destinations from
their origins, guided by cell and planar polarity cues.
Neurons and glia then form essential cellular special-
izations, including dendrites, synapses and the myelin
sheath. These processes rely on the ability of neural cells
to sense and communicate with their environment,
including neighbouring cells and the extracellular matrix
(ECM), and to relay key extracellular cues into intracel-
lular signalling events. Remarkably, one class of proteins
— the adhesion G protein-coupled receptors (aGPCRs) —
can carry out all of these varied functions.

The aGPCRs represent the second largest GPCR
class in the human genome’, but they are considerably
understudied compared with other GPCR classes. Like
all GPCRs, aGPCRs have a seven-transmembrane (7TM)
heptahelical domain and an intracellular domain (ICD)
(FIC. 1) through which the receptor can couple to hetero-
trimeric G proteins®. Uniquely, aGPCRs are also defined
by two additional features: first, a long amino-terminal
extracellular domain (ECD) (FIC. 1) that for many family
members contains motifs that are classically involved in
cell-cell adhesion (hence the name ‘adhesion GPCR’);
and second, the presence of a GPCR autoproteolysis-induc-
ing (GAIN) domain within the ECD, which encompasses the
highly conserved GPCR proteolysis site (GPS)** (FIG. 1a,b).
Many aGPCRs undergo autoproteolysis at the GPS, which
results in a protein that is separated into an N-terminal

fragment (NTF) and a carboxy-terminal fragment (CTF)°
(FIC. 1). It is now generally accepted that aGPCRs can
function as adhesion molecules due to the NTF and
can function as classical GPCRs through the CTF2.
Recently, receptor autoproteolysis was shown to expose
a cryptic tethered agonist ligand, known as the Stachel
sequence (stalk), which is a potent receptor activator®'°
(FIG. 1a,b). Receptor autoproteolysis and Stachel-mediated
activation are discussed in more detail below. Importantly,
the unique structural features of aGPCRs allow this recep-
tor class to fulfil diverse functions in nervous system
development, and the importance of these roles is clear
given the fact that mutations in aGPCRs cause numerous
nervous system diseases and pathologies.

aGPCRs in neurodevelopment and disease

aGPCRs in early nervous system development. One
of the earliest stages of nervous system development in
vertebrates is neural tube closure. The exact sequence
of morphogenetic movements varies depending on the
species but neural folds ultimately merge at the midline
of the embryo, generating the neural tube that will give
rise to the brain, spinal cord and neural crest''. At this
stage, aGPCRs are already key components of neural
development. Mice with mutations in the gene encoding
the aGPCR CELSRI1 (also known as ADGRC1) exhibit
craniorachischisis, a severe neural tube defect in which
the brain and spinal cord remain open owing to the
failure of neural tube closure'>. A mechanism for this
phenotype was suggested by work in chicks, in which
CELSR1 is normally localized at a restricted population
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Adhesion G protein-coupled
receptors

(aGPCRs). A family of receptors
within the GPCR superfamily
structurally characterized by a
large extracellular domain
(ECD), a seven-transmembrane
domain (7TM) and an
intracellular domain (ICD).
aGPCR ECDs often contain
motifs that are involved in
cell—cell and cell-matrix
interactions.

GPCR autoproteolysis-
inducing (GAIN) domain

An evolutionarily conserved
domain (~ 320 amino acids)
shared by adhesion

G protein-coupled receptors
and polycystic kidney
disease proteins. The GAIN
domain is both necessary
and sufficient for receptor
autocleavage.

Stachel sequence

(Stalk). From the German word
for ‘stinger’, the Stachel
sequence is generated by
adhesion G protein-coupled
receptor (aGPCR) cleavage, is
connected to the seven-
transmembrane domain and
functions as an intramolecular
tethered agonist for aGPCRs.
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Figure 1| Molecular architecture of aGPCRs. a | Adhesion G protein-coupled receptors (aGPCRs) possess structural
elements of adhesion molecules and GPCRs. Their extended extracellular domain (ECD) usually contains a collection of
adhesion motifs that can engage with cellular and matricellular interaction partners, and a juxtamembrane GPCR auto-
proteolysis-inducing (GAIN) domain, which is present in allaGPCRs. GAIN subdomain A (yellow rectangle), GAIN
subdomain B (pink rectangle) and the GPCR proteolysis site (GPS) motif (pink and orange semicircles) are shown. The
GAIN domain is directly connected to the seven-transmembrane (7TM) unit through a linker sequence of approximately
20 amino acids, known as the Stachel (stalk). Recently, this structural component of aGPCRs was identified as a tethered
agonist, which stimulates metabotropic activity of several aGPCR homologues. Similar to the ECD, the intracellular
domains (ICDs) of aGPCRs can be unusually large. It is estimated that more than one-half of allknown aGPCRs undergo
auto-proteolytic cleavage that is catalysed through the GAIN domain, which is present on the cell surface as a
non-covalent heterodimer between an amino-terminal fragment (NTF) and a carboxy-terminal fragment (CTF). The
cleavage occurs at the evolutionarily highly conserved GPS. b | The crystal structure of the GAIN domain of rat
latrophilin 1 (LPHN1; PDB accession code: 4DLQ) shows that it is composed of two subdomains A (yellow) and B (pink),
with subdomain B containing the GPS motif (purple), where self-cleavage occurs at the GPS (asterisk); colours
correspond to the aGPCR diagram in part a. This cleavage event separates the contiguous receptor protein into the NTF
and the CTF. After proteolysis, the last p-strand of subdomain B of the GAIN domain (orange) belongs to the CTF and
corresponds to the Stachel sequence. The structure demonstrates that both cleavage fragments of the GAIN domain
remain firmly attached to each other through non-covalent interactions. The GAIN domain of LPHN1 was crystallized
together with its neighbouring hormone receptor motif (HRM) domain (blue). ¢ | Molecular layout of representative
certain aGPCRs. Subfamily | contains LPHN1-3 (also known as ADGRL1-3). CELSR3 (also known as ADGRC3) is a member
of subfamily IV. BAI1-3 (also known as ADGRB1-3) are members of subfamily VII. GPR56 (also known as ADGRG1) is a
member of subfamily VIII. GPRI8 (also known as ADGRV1) is the only member of subfamily IX. CA, cadherin domain;
CALXp, calnexin-B domain; CUB, C1r/C1s, Uegf, Bmp1 domain; EGF, epidermal growth factor domain; EPTP/EAR,
epitempin/epilepsy-associated repeat; LAM, laminin domain; OLF, olfactomedin domain; PTX, pentraxin domain; RBL,
rhamnose-binding lectin domain; TSP, thrombospondin domain. Part a is adapted with permission from REF. 95, AAAS.
Part b is reproduced with permission from REF. 4, European Molecular Biology Organization.
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Planar cell polarity

(PCP). The global polarized
organization of cells within the
plane of a tissue.

Polymicrogyria

A developmental brain
malformation characterized by
many small folds (gyri) in the
cortex. Bilateral frontoparietal
polymicrogyria (BFPP) and
bilateral perisylvian
polymicrogyria (BPPR) are
subtypes of polymicrogyria
caused by mutations in the
adhesion G protein-coupled
receptor gene GPR56.
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Figure 2 | Organ-scale functions of aGPCRs. a | Adhesion G protein-coupled receptors (aGPCRs) affect the overall
architecture and wiring of cortical and subcortical brain areas. Left, schematic of the forebrain shown in sagittal section.
The red shaded area marks the parietal cortex where cortical defects occur in the absence of GPR56. b | The protein
encoded by Gpr56 regulates pial basement membrane integrity and cortical lamination. Wild type (Gpr56+*) is shown
on the left. Deleting Gpr56 results in the overmigration of preplate neurons (blue) to regions normally occupied by
Cajal-Retzius cells (green), misplacement of radial glial endfeet (red) and a breached pial basement membrane (purple).
c| The protein encoded by Celsr3 (also known as Adgrc3) exerts potent control over the migration of many fibre tracts
in the brain, including commissural axons connecting olfactory nuclei (red), corticoefferent and thalamocortical fibres
(not shown). Removal of Celsr3 results in axonal pathfinding defects and concomitant miswiring of affected brain
regions®**°. Part a is adapted from REF. 114, Nature Publishing Group. Part b is adapted with permission from REF. 115,
Landes Bioscience and Springer Science + Business Media. Part ¢ is adapted from REF. 18, Nature Publishing Group.

of adherens junctions that are oriented towards the
mediolateral axis of the neural plate'®. In vivo knock-
down studies indicated that CELSRI cooperates with
planar cell polarity (PCP) proteins to upregulate RHO
kinase at these adherens junctions. Without localized
RHO activation, the contraction and apical constriction
of the neural plate cells is impaired, leading to defects in
neural tube closure'®. In humans, CELSRI mutations are
associated with craniorachischisis, as well as other neural
tube defects, suggesting that the functions of this aGPCR
in neural tube closure are conserved''. CELSR proteins
that function as PCP components are also required
for proper cilia positioning in ependymal cells", as
discussed in a recent review on this topic'®.

aGPCRs shape the nervous system. As in neural tube
closure and ependymal organization, CELSR proteins
also regulate neuronal migration, dendritogenesis
and axon guidance®. celsr2-knockdown zebrafish and
Celsr2-mutant mice display impaired caudal migration
of facial branchiomotor neurons in the brainstem, and,
in mice, these defects are enhanced by the loss of Celsr3
(also known as Adgrc3)'*%. These phenotypes are also
observed in other PCP pathway mutants'®, although it
is unclear whether canonical PCP signalling is required.
Interestingly, in Celsr1- mutant mice, a large subset of
facial branchiomotor neurons aberrantly migrate ros-
trally rather than caudally®. This unique phenotype has
not been described in any other mutant, PCP pathway or
otherwise, suggesting that CELSR1 controls the direction-
ality of neuron migration in a PCP-independent pathway.

Beyond the brainstem, aGPCRs are also involved in
neuronal migration in the developing cerebral cortex.
This role was first suggested by the discovery that GPR56
(also known as ADGRGI) mutations in humans cause a
form of polymicrogyria, bilateral frontoparietal polymicro-
gyria (BFPP)?"%, Further studies in Gpr56-mutant mice,
and in one post-mortem brain, revealed that BFPP is a
cobblestone-like lissencephaly (that is, a pathologically
smooth brain that lacks normal folding), which is char-
acterized by overmigrating neurons and the formation
of neuronal ectopias on the surface of the brain**. In
mutant mice, the pial basement membranes develop
normally at first, but the membranes are subsequently
breached by overmigrating preplate neurons™ (FIC. 2). At
the pial surface, binding of the ECM protein collagen III
to GPR56 activates RHOA by coupling to Ga,,,,,, which
in turn inhibits neuronal migration®.

Following neuronal migration in development,
dendritic elaboration occurs that enables appropriate
functional domains to be established, axons must
undergo pathfinding, and these two neuronal protru-
sions must correctly wire together to produce functional
circuits. Once again, aGPCRs represent key mediators
of these developmental events, with functions con-
served in invertebrates and vertebrates. Drosophila
melanogaster and Caenorhabditis elegans possess one
CELSR orthologue: Flamingo (Fmi (also known as
Starry night and Stan) in D. melanogaster and FMI-1
in C. elegans). In D. melanogaster, fmi mutants dis-
play dendritic overgrowth phenotypes at the midline
(in the peripheral nervous system (PNS) and in the
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Figure 3 | Cellular-scale functions of aGPCRs. a | The architecture of neurons is
governed by adhesion G protein-coupled receptors (aGPCRs). The extensive dendritic
arbours of Purkinje cells are controlled by receptors of the CELSR group of aGPCRs.
Shown are the dendritic arbours of a generic mouse Purkinje neuron upon knock down
of Celsr2 (also known as Adgrc2; middle), which leads to a reduction in arbour
complexity compared with the control neuron (left). Knock down of Celsr3 (also known
as Adgrc3) causes the opposite effect, resulting in a more intricate dendritic structure
(right)*'. b | The function of BAI3 (also known as ADGRB3) is involved in the establishment
of synaptic connections between Purkinje cells and the excitatory inputs coming from
climbing and parallel fibre afferents. Shown is the schematic morphology of Purkinje
cells (left) and a confocal image of these cells (right) after knock down of Bai3, which
causes the depletion of synapse and spine density on its dendrites***. shBai3, short
hairpin ribonucleic acid to silence Bai3 expression. Part a is adapted from REF. 116,
Nature Publishing Group. Part b is reproduced with permission from REF. 44, Elsevier.

mushroom body neurons (CNS)*%, supporting the
idea that Fmi inhibits dendrite extension. In mam-
mals, CELSR proteins may have more nuanced roles in
dendritogenesis. No phenotype was observed in den-
drite development of Celsr3-mutant cortical neurons
at perinatal stages in vivo, but, similar to the dendritic
overgrowth observed in fmi-mutant flies, knock down
of Celsr3 enhances the growth of dendritic arbours in
rat cerebral slice cultures®**'. By contrast, knock down of
Ceslr2 in slice culture reduces both dendrite length and
complexity*"** (FIC. 3a). Although future work is required
to recapitulate these findings in a genetic model, it is
intriguing to note that this opposing effect in neurite
growth (CELSR2 enhances neurite growth, whereas
CELSR3 suppresses it) can be attributed to a single
amino acid change in the first intracellular loop of both
CELSR proteins: 12413 in Fmi and in CELSR3 compared
with R2573 in CELSR2 (REF. 31). This amino acid change
has consequences for receptor signalling, as homophilic
interactions of CELRS2 or CELSR3 augment intracellu-
lar concentrations of calcium ions ([Ca*'],) differently.
CELSR2 homodimers evoke higher [Ca®*], than CELSR3

REVIEWS

homodimers®, which is likely to further contribute to
the differential modulation of dendrite growth by these
closely related aGPCRs.

In addition to regulating proper dendrite morphology,
CELSR aGPCRs also function in axon guidance, with
roles conserved from C. elegans and D. melanogaster to
mammals. This topic has been discussed in depth in sev-
eral recent reviews'®***; thus, we only highlight a few key
studies here and we direct the reader to these reviews for
further information. In C. elegans, fmi-1 mutants exhibit
defective axon pathfinding of pioneer and follower axons
in the ventral nerve cord, as well as of GABAergic ventral
D-type neurons®*. In the case of the ventral nerve cord
axons, pioneer axons require the CTF but not the NTF
for pathfinding, and follower axons require the NTF but
not the CTF*. This suggests a bimodal function for this
aGPCR in axon guidance, whereby FMI-1 drives intracel-
lular signalling in the case of pioneer axons but promotes
cell-cell adhesion and/or trans-signalling in the case of
follower axons. In D. melanogaster, Fmi is required for
photoreceptor neuron axon-axon and axon-target
interactions such that in fmi mutants, photoreceptor
axons misroute to inappropriate targets*”*. Finally, in
mammals, Celsr3-mutant mice show marked defects
in axon guidance in several major CNS tracts, including the
anterior commissure, internal capsule and corticospinal
tract'® (FIC. 2¢). Analysis of cell type-specific mutants
demonstrated that Celsr3 is required in intermediate tar-
gets in order to guide axons from the cortex to subcortical
structures®. Given the crucial roles of CELSR proteins in
dendrite and axon development, it is not surprising that
aGPCRs are also crucial for axon-dendrite connections,

synapses.

aGPCRs in synapse formation and function. Members
of two aGPCR subfamilies, brain-specific angiogenesis
inhibitor (BAI; also known as ADGRB) and latrophilin
(LPHN; also known as ADGRL, CIRL1, CL1 and lec-
tomedin 2), are required for synapse development and
biology. In mammals, there are three BAI orthologues,
of which BAI3 (also known as ADGRB3) is the best
studied in this context for its role in mediating synapse
development. BAI3 is mostly a brain-specific molecule
with the levels of BAI3 peaking during neonatal devel-
opment and persisting at lower levels throughout adult
life**. BAI3 is present in biochemical preparations of syn-
apses in the forebrain and cerebellum**?, supporting a
role for this aGPCR in synapse development and main-
tenance. Indeed, work from several laboratories has ele-
gantly demonstrated that BAI3 functions together with
its ligand C1QL1 to strengthen winning climbing fibre
(CF)-Purkinje synapses and to promote pruning of the
remaining CFs**** (FIG. 3b). Given the current model for
the development of schizophrenia as a consequence of
aberrant brain wiring®, it is perhaps not surprising that
two single nucleotide polymorphisms (SNPs) in human
BAI3 have been linked to schizophrenia in genome-wide
association studies®.

The NTF of BAI3 contains a complement C1r/Cls,
Uegf, Bmp1 (CUB) domain and four thrombospondin
type 1 repeats (TSRs) (FIC. 1¢). Endogenous BAI3 in the
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brain is cleaved via GAIN domain-mediated autopro-
teolysis, although exogenously expressed BAI3 in HEK293
cells remains uncleaved*. The NTF of BAI3 binds to C1QL
proteins with 10nM and 2 uM affinity for C1QL3 and
C1QL1, respectively***. The C-terminal globular domain
of C1QL proteins is responsible for their binding to BAI3
(REF. 48), although the exact binding domain for C1QL
proteins has been reported to vary depending on the
binding partner. C1QL3 binds BAI3 via the TSR domain,
whereas C1QL1 binds via the CUB domain***,

In mammals, there are four C1q-like proteins, C1ql1-
Cl1ql4. Of these, mRNAs for C1gl1, Clgl2 and Clql3 are
expressed almost exclusively in the CNS*. Neuronal Cl1q
regulates the postnatal elimination of inactive synapses
between retinal ganglion cells and the lateral geniculate
nucleus®. C1q-like proteins are postulated to be involved
in synaptic development and maintenance, and compel-
ling evidence suggests a role for BAI3-C1QL interactions
in synaptic formation in vitro. The addition of recombi-
nant C1QL3 globular domain protein to cultured hippo-
campal neurons significantly decreased the number of
excitatory synapses. This effect can be rescued by adding
an equimolar concentration of the recombinant BAI3
fragment that binds to C1QL3 (REF. 43). Moreover, in
cultured cerebellar slices, knock down of Bai3, Cigll or
both, resulted in reduced spine density*.

Consistent with these reports in vitro, recent stud-
ies have also supported a function for BAI3 in synapse
development in vivo. In the mouse cerebellum between
postnatal days (P) 3 and 7, axons of multiple inferior
olivary (IO) neurons make initial innervations on a single
Purkinje cell (PC) soma. These projections mature into
CFs and PCs develop their dendritic arbours. Beginning
at P9, a single winning CF translocates its synapse from
the soma to the thorny spines of PC proximal den-
drites®**, while the rest of the CFs remaining on the
soma are eliminated by P21. BAI3 is expressed in the PC
postsynaptic terminal, whereas C1QLI is produced by
10 neurons*#. Although C1QL proteins are widely con-
sidered to be secreted, in IO neurons, C1QL1 was found
to be restricted to the presynaptic terminal by immuno-
histochemistry and immunoelectron microscopy*. The
interaction between BAI3 and C1QL1 strengthens
the winning CF-PC synapses and promotes the pruning
of the remaining CFs, as both CIgl1-null and PC-specific
Bai3-null cerebella manifest fewer CF synapses and
reduced constant CF-evoked excitatory postsynaptic
currents®,

LPHN proteins and excitatory synapse formation.
There are three LPHN receptors in mammals, LPHN1-3
(also known as ADGRL1-3). LPHN1 was originally
cloned as a presynaptic receptor for a-latrotoxin, which
is a toxin in the venom of black widow spiders that stim-
ulates strong neuronal exocytosis>*~°. Similar to CELSR
proteins, LPHNSs are conserved in invertebrates, sup-
porting critical and evolutionarily conserved functions
for these aGPCRs. Several endogenous binding partners
have so far been identified for LPHN aGPCRs: teneurins,
fibronectin leucine-rich transmembrane (FLRT) family
proteins and neurexins.

Teneurin 2 (also known as Lasso) binds to LPHN1
more strongly than to LPHN2. Although teneurin 2
does not bind to LPHN3, this aGPCR does interact with
teneurin 3 (REFS 56-58). Of these interactions, teneurin 2
and LPHNI1 has been the most extensively studied.
Teneurin 2 is restricted to postsynaptic terminals, and its
globular domain binds to the NTF of LPHN1. Interestingly,
the addition of the teneurin 2 globular domain induces
Ca?* signals in the presynaptic boutons of cultured hippo-
campal neurons, suggesting that teneurin 2 and LPHN1
function in trans to regulate synaptic function®.

All three mammalian LPHN proteins also interact
with members of the FLRT family: FLTR1 interacts with
LPHN1 and LPHNS3; FLTR2 interacts with LPHN?3; and
FLRT3 interacts with all LPHN aGPCRs***-*'. LPHN3
and FLRT3 interactions may regulate glutamatergic syn-
apse density and function”, and the crystal structures of
LPHN3 and FLRT complexes demonstrate that the olfac-
tomedin domain of LPHN3 binds to the leucine-rich
region (LRR) of FLTR2 and FLTR3 (REFS 59-61).

Finally, LPHN1 has been shown to bind neurexin 1a,
neurexin 10, neurexin 2f and neurexin 3@, which are
presynaptic cell adhesion molecules that also function
as a-latrotoxin receptors®. It is interesting to note that
all LPHN binding partners that have been identified to
date are single-pass transmembrane molecules with key
roles in axon guidance, neural connectivity and syn-
aptogenesis?>*”*-%. Thus, LPHN aGPCRs may have a
general function in binding neuronal transmembrane
molecules to shape nervous system development and
function. Accordingly, LPHN receptor variants have
been associated with attention deficit hyperactivity dis-
order (ADHD)-like phenotypes in animal models and
genetic linkage studies in humans®-%.

As aGPCRs are key regulators of early nervous sys-
tem development, as well as axon, dendrite and synapse
biology, it might be expected that they would also be
involved in neurological disease, and this has indeed
been shown to be the case in humans for several aGPCR
family members (TABLE 1). In addition to the examples
noted above of CELSR1 in neural tube defects, GPR56
in BFPP, BAI3 in schizophrenia and LPHN proteins in
ADHD, other aGPCR variants are also associated with
or causative for disorders of the nervous system (TABLE 1).
GPR56 mutations also cause autosomal recessive bilat-
eral perisylvian polymicrogyria (BPPR), which is a poly-
microgyria limited to the cortex surrounding the Sylvian
fissure”. Similar to patients with BFPP, individuals with
BPPR have intellectual and language difficulties, seizures
and, to a lesser degree, motor disability”. Additionally,
mutations in GPR9S (also known as ADGRV1, VLGRI
and MASS1) are linked familial febrile seizures and are
causative for Usher syndrome type IIC”*7%. With further
study into the physiology and pathophysiology of aGP-
CRs in the nervous system, additional disease linkages
are likely to be revealed in the future.

aGPCRs in cell-environment interactions

The diverse functions of aGPCRs in neural tube closure,
cortical development, axon guidance, and dendritogen-
esis and synaptogenesis are all mechanistically linked in
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Table 1| aGPCRs in human neurological disease

Gene symbol (also known as)

BAI3 (ADGRB3)
CELSR1 (ADGRC1)
GPR56 (ADGRG1)

GPR126 (ADGRG6)

LPHN3 (ADGRL3)

GPR98 (ADGRV1)

Disease Refs
SNPs associated with schizophrenia 47
Neural tube defects (OMIM 182940) 14-16
Bilateral frontoparietal 21,70
polymicrogyria (BFPP; OMIM

606854) and bilateral perisylvian

polymicrogyria (BPPR; OMIM

615752)

Lethal congenital contracture 81
syndrome 9 (OMIM 616503)

SNPs associated with attention 66,67
deficit hyperactivity disorder (ADHD)

Usher syndrome, type IIC (OMIM 72

605472)

OMIM, Online Mendelian Inheritance in Man; SNP, single nucleotide polymorphism.

Arthrogryposis multiplex
congenita

A congenital disorder defined
by the presence of at least two
major joint contractures
caused by reduced or absent
fetal movement.

Basal lamina

A component of basement
membranes that is linked to
the basal side of cell
membranes and comprises
organized extracellular matrix
molecules.

Metabotropic receptor
A membrane receptor that acts
through second messengers.

that cell-cell and cell-matrix interactions underlie most,
if not all, of these roles (as detailed above). Moreover,
recent work has firmly established that aGPCRs also
control one of the best examples of a specialized cell-
cell interaction in the nervous system: the interaction
between myelinating glia and axons.

aGPCRs in CNS myelination. In addition to its key
functions in cortical development, GPR56 has also
recently been implicated in the development of oligo-
dendrocytes, which are the myelinating glia of the CNS.
Work in zebrafish and mice supports a model in which
GPR56 functions autonomously in oligodendrocyte
precursor cells (OPCs) to control proliferation. In both
species, the loss of GPR56 function leads to reduced
myelin in the CNS, which is caused by reduced OPC
proliferation and the premature differentiation of
these cells before the full cohort of oligodendrocyte
lineage cells can be established””¢. These functions
are mediated by Ga,,,,, signalling and RHOA activa-
tion, although the ligand that might stimulate GPR56
in OPCs is currently unknown. Notably, patients with
BFPP present with reduced white matter volume by
MRI*#%477 suggesting that the functions of GPR56
in OPC development may be conserved in humans.
Furthermore, GPR98 is enriched in oligodendrocytes
in vivos in vitro, Gpr98 knockdown decreases myelin-
associated glycoprotein (MAG; a key myelin protein) lev-
els, but overexpression of Gpr98 increases MAG levels.
Signalling studies revealed that GPR98 activates protein
kinase A (PKA) and PKC via Ga, and Ga, in response to
extracellular calcium’. Given that GPR98 is enriched in
myelinated regions of the superior and inferior colliculi,
which are crucial for the initiation and propagation of
audiogenic seizures, it will be interesting in the future to
determine how this pathway might affect seizures that
are linked to mutations in this aGPCR.

GPR126 and ECM proteins in PNS myelination. In the
PNS, Schwann cells (SCs) are specialized glial cells that
generate the multilamellar myelin sheath that surrounds
axons. The aGPCR GPR126 (also known as ADGRG6)
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is an evolutionarily conserved regulator of SC myeli-
nation; without this aGPCR, SCs in both zebrafish and
mouse mutants can ensheathe axons but fail to spiral
their membrane to generate the myelin sheath”* (FIC. 4).
In humans, mutations in GPR126 cause lethal congen-
ital contracture syndrome 9, which is a severe form of
arthrogryposis multiplex congenita, and peripheral nerves
from these patients show reduced expression of myelin
genes, suggesting that the function of GPR126 is con-
served in humans®. Work in vivo and in vitro supports
a model whereby GPR126 functions autonomously in
SCs to initiate myelination by coupling to Ga, proteins,
increasing levels of cyclic AMP and activating PKA,
which ultimately leads to the upregulation of the genes
required for SC terminal differentiation and myelina-
tion®”*#%_ During development, SCs synthesize ECM
components that are incorporated into the basal lamina
of the SCs. The basal lamina is crucial for many stages of
SC development, from axon selection to myelination®.
Two binding partners that reside in the SC basal lamina
have so far been described for GPR126: collagen IV and
laminin 211, which interact with the NTF of GPR126 via
different domains®*".

GPR126 can undergo two proteolytic processes: intra-
cellularly via GAIN domain-mediated autoproteolysis to
generate the NTF and the CTF; and extracellularly via
furin-mediated cleavage at an S2 site within the NTF
that produces CUB and PTX-containing and GAIN
domain-containing fragments®, although it is unclear to
what extent S2 site cleavage occurs in different cellular
contexts in vivo. Collagen IV binds to the CUB and PTX
fragment of GPR126 with a high affinity, and exogenous
application of this ECM molecule can increase cAMP lev-
els in heterologous cells that express GPR126 (REFS 86,87).
By contrast, laminin 211 binds to the GAIN domain-
containing fragment of GPR126; however, in this case,
exogenous application of laminin 211 in heterologous
systems suppresses CAMP accumulation under static con-
ditions and increases cAMP under dynamic conditions®.
These results raise the interesting question of whether
aGPCRs ‘sense’ binding partners in the traditional
chemoreceptive mode of metabotropic receptor-ligand
pairs, or whether the interaction with binding partners is
a prerequisite for transmitting mechanical forces on the
receptors, which then elicits downstream signals.

Mechanisms of aGPCR signal perception

Mechanical activation of aGPCRs. Mounting evidence
suggests that aGPCRs bestow a cell with a sense of its
mechanical environment through the adhesive inter-
actions described above, as well as a novel, mechan-
ical force-based mechanism of aGPCR activation.
Mechanical properties that are sensed by aGPCRs may
encompass features of low dynamic range, such as the
rigidity of the ECM of the tissue. A recent example to
support this scenario was described for the GPR126 and
laminin 211 interaction. During development, laminin
211 is secreted by SCs in a monomeric form and poly-
merizes during the development of the basal lamina.
This process ‘stiffens’ the ECM surrounding the SCs,
which could subject the anchored NTF of GPR126 to
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Figure 4 | Laminin 211 may facilitate mechanical activation of GPR126 in Schwann cell development. a | Diagram
depicting Schwann cell myelination of an axon in the peripheral nervous system. b | GPR126 (also known as ADGRG6) is
essential for Schwann cell myelination. In wild-type mice (control; left), Schwann cells generate the myelin sheath
(arrow) that surrounds axons (labelled ‘ax’; as shown in part a). In Gpr126-mutant mice (right), Schwann cells ensheath
axons (part a) but fail to generate myelin. The basal lamina is noted in Gpr126 mutants (arrow). ¢ | A model for GPR126
activation in Schwann cells. At early stages, monomeric laminin 211 and GPR126 interactions are not sufficient to
increase cyclic AMP. As development progresses, the basal lamina matures and as laminin 211 polymerizes, enough force
may be exerted on GPR126 to facilitate Stachel (stalk)-mediated signalling and myelin initiation. 7TM, seven-transmem-
brane domain; CUB, C1r/C1s, Uegf, Bmp1 domain; GAIN, GPCR autoproteolysis-inducing domain; HRM, hormone
receptor motif; PTX, pentraxin domain. Part a is adapted from REF. 117, Nature Publishing Group. Part b is republished
with permission of The Company of Biologists Ltd, from Gpr126 is essential for peripheral nerve development and
myelination in mammals, Monk, K. R., Oshima, K., J6rs, S., Heller, S. & Talbot, W.S., 138, 2011; permission conveyed

Chordotonal organs
Peripheral compound
mechanosensory organs in
insects and other arthropods
that perceive mechanical
signals such as sound, touch
and muscle stretch.

through Copyright Clearance Center, Inc. Part c is adapted from REF. 118, Nature Publishing Group.

mechanical force. This hypothesis was supported by
genetic and pharmacological assays, and mechanical
stimulation of GPR126 by laminin 211 was shown to
require signalling via the Stachel sequence, which is pre-
dicted to be buried within the GAIN domain*¥. This sug-
gests that mechanical forces on aGPCRs may be required
to expose the Stachel sequence for receptor activation.
However, specific details regarding the force generation
by laminin 211 on GPR126, as well as how other ECM
proteins such as collagen IV interact to control the signal-
ling of this aGPCR in SCs in vivo, remain to be resolved.

aGPCRs may also sense mechanical changes in the
higher dynamic range such as shear, load, bend, vibra-
tion and stretch. Indeed, investigations into the role
of latrophilins have uncovered physiological stimulus
perception in these categories. In D. melanogaster, the
latrophilin homologue Cirl is produced in mechanosen-
sory neurons, which are arrayed in dedicated chordotonal
organs. Neuronal responses from these mechanosen-
sory neurons can be directly recorded and matched to

stimulus properties, as well as to structural modifica-
tions of the receptor. In a recent study, it was shown that
the ability of Cirl-knockout mutants to correctly register
mechanical stimuli — sound, stretch and touch — was
severely impaired®. Electrophysiological recordings
demonstrated that the mechanoceptive function of latro-
philin is stimulus frequency-dependent, suggesting that
this aGPCR is narrowly tuned to a specific force range
(FIC. 5). Further, latrophilin activation through mechan-
ical signals probably crosstalks with transient receptor
potential (TRP) channels, which are classical ionotropic
mechanosensors that reside in the cilia of mechano-
sensory neurons and which gate receptor currents upon
mechanical challenge®®. Interestingly, two latrophilin
binding partners that are conserved in invertebrates,
neurexin and teneurin, are also present in mechano-
sensory organs’’. Further, latrophilin homologues in
C. elegans and mammals signal via Gog and Ga,, and
can be activated by a Stachel-tethered agonist™**. Taken
together, this suggests that stimulus perception and
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Figure 5| The aGPCR latrophilin sensitizes mechanosensory neurons in Drosophila melanogaster. a | Drosophila
melanogaster larvae possess eight mechanosensory neurons per hemisegment, known as chordotonal neurons (purple).
Within each hemisegment, there are also three singular neurons and a pentascolopidial chordotonal organ (lch5), in which
five mechanosensory neurons (green) are bundled together. The image is a collage of high-resolution confocal images.

b | Schematic representation of the lch5 organ. Each unit contains a mechanosensory neuron (green), a scolopale cell
(yellow) and a cap cell (grey). c | The scolopale and cap cells form a cavity around the apical dendrite of the neuron, known
as the scolopale space (pink), into which a single cilium extends (green). Inside the scolopale space, the cilium is fixed
within an extracellular matrix, the dendritic cap (blue), which is secreted by the cap cell. The cilium is thereby mechanically
coupled to the relative motion between the cap cell and the neuron exerted through sounds, touch and stretch.
Latrophilin (also known as CIRL) is expressed in chordotonal neuron dendrites and cilia. d | Upon mechanical stimulation,
the amino-terminal fragment (NTF) and carboxy-terminal fragment (CTF) of latrophilin may move relative to each other or
even disengage at the G protein-coupled receptor (GPCR) proteolysis site (GPS), thereby modulating the signalling state
of the receptor. e | Representative electrophysiological recordings from lch5 axons of control and Cirl-knockout

D. melanogaster larvae upon mechanical stimulation with a piezo probe at 900 Hz. The traces show that removal of the
adhesion GPCR (aGPCR) causes a drop in the firing frequency of action currents, demonstrating that latrophilin sensitizes
the neurons for mechanical stimulation. GAIN, GPCR autoproteolysis-inducing domain; HRM, hormone receptor motif;
OLF, olfactomedin domain; RBL, rhamnose-binding lectin domain. Image in part a courtesy of M. Nieberler, Univeristy of
Wiirzburg, Germany. Parts b, c and e are adapted with permission from REF. 89, Elsevier.

signal transduction by CIRL in mechanosensory neurons
may function similarly to GPR126 through exposure
of its Stachel sequence at the NTF-CTF junction.

That aGPCRs may generally function as mechano-
receptors is also supported by findings outside the
nervous system. In skeletal muscles, GPR56 resides on
myocytes®, where it interacts with its extracellular ligand
collagen III*>*. Like GPR126 and latrophilin, GPR56 also
contains a Stachel sequence, the exposure of which results
in Ga,, recruitment’, which confirms previous find-
ings of this second messenger target®. Recent findings
have demonstrated that the GPR56-Ga,,,,,—~PKA path-
way controls anabolic responses and stimulates muscle
hypertrophy, which is triggered through exercise®. In
this process, GPR56 senses the mechanical overload
of muscle that is inflicted by physical activity, possibly
through tension changes that are applied to the receptor,
which is suspended between muscle cell membrane and
its anchoring matrix.

aGPCR proteolysis and agonism. Taken together, the
ligand profile and cellular responses of aGPCRs support
a model in which at least some signalling is mediated by
mechanical activation. Accordingly, several biochemical
properties of aGPCRs are consistent with members of
this class functioning as mechanosensitive metabotropic
receptors, including aGPCR proteolysis and Stachel
sequence-mediated agonism. The GAIN domain resides
in close proximity to the 7TM domain of every aGPCR
homologue*®, which can act as an autoprotease, processing
the pro-receptors into the NTF and the CTF at the GPS**.

Protein folding, expression levels and cell surface
delivery were originally suggested to rely on aGPCR
autoproteolysis, but several aGPCRs may not undergo
self-cleavage but may instead remain as single poly-
peptide chains after biosynthesis®. Further, investiga-
tions of receptor mutants with disabled auto-proteolytic
activity have produced ambiguous results regarding
the biological and pharmacological activities of these
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GPS motif

(GPCR proteolysis site motif).
A small motif (~50 amino
acids) contained within the
larger G protein-coupled
receptor (GPCR) autoproteoly-
sis-inducing (GAIN) domain of
adhesion GPCRs and polycystic
kidney disease proteins where
receptor autocleavage occurs.
Many adhesion GPCRs

are autocleaved at the GPCR
proteolysis site inside the
motif. The GPS motif alone is
necessary, but not sufficient,
for receptor autocleavage.

receptors. Some receptors exhibit GAIN domain cleavage-
dependent properties”, whereas others are unaffected
by the loss of GAIN domain auto-proteolysis®***%,
Self-cleavage and subsequent fragment association
through a dedicated structural fold is also found in other
cell surface molecules with potential mechanical tasks,
such as mucins, which belong to a class of proteins that
line the surface of mucous epithelia. Their adhesive ecto-
domains can measure more than 20,000 amino acids in
length and contain a SEA (sea urchin sperm protein,
enterokinase, agrin) domain, which auto-proteolyses
itself similarly to GAIN domains”. This property was
suggested to confer epithelial cells with a system to evade
mechanical overload by NTF shedding, or to register
mechanical activity by the loss of the NTF and its potential
interaction partners'®.

In a non-mutually exclusive model, aGPCR auto-
proteolysis may also provide a means to separate the
functions of the NTF and the CTF, and to partition their
biological effects in response to mechanical changes. In
this context, the pre-formation of an NTF-CTF hetero-
dimer could be a prerequisite for defining the physical
threshold for the separation of biological functions, as the
CTF remains anchored inside the cleaved GAIN domain
through hydrophobic interactions®. It is currently unclear
how much force would be required to separate the two
fragments and, consequently, it is not currently feasible
to estimate where GAIN domain dissociation energies
rank among the forces that are required to split known
adhesion partners'®.

The recent identification of the tethered agonist acti-
vation mode for aGPCRs lends support to the model
that these receptors are mechanosensors. It is known
that the NTF of aGPCRs suppresses their metabo-
tropic activities'®'%, suggesting that this extracellular
domain either functions as an inverse agonist of the 7TM
domain, repressing its function, or that it restricts the
availability of a tethered agonist that stimulates 7TM
domain activity**>!°. Structure—function studies using
intermolecular complementation experiments with the
nematode latrophilin homologue LAT-1 first suggested
that the tethered agonist model may be pertinent to
aGPCR function. Co-expression of two signalling defec-
tive receptor variants — one without a 7TM domain, one
with a foreign GPS motif— displayed full biological activ-
ity in rescuing assays, indicating that the extracellular
portion of the receptor agonistically interacts with the
7TM signalling unit®.

Further, the crystal structure of the auto-proteolytically
cleaved GAIN domain of LPHN1 shows that its last
B-strand (the most N-terminal secondary structural
element of the CTF in the case of auto-proteolysed
aGPCRs) is enveloped by the NTF portion of the domain.
A short linker connects the p-strand with the first trans-
membrane segment of the 7TM domain. This p-strand
linker region represents the Stachel sequence, which
was first shown to function as a tethered agonist for the
aGPCRs GPR126 and GPR133 (REF. 6).

Removal or mutation of the Stachel sequence precludes
metabotropic signalling, whereas addition of a synthetic
Stachel peptide rescues this defect in vitro and in vivoS.

Stachel-mediated agonism has also been demonstrated
for several other aGPCRs: GPR56, GPR110 (also known
as ADGRF1), GPR64 (also known as ADGRG2)’,
GPR114 (also known as ADGRG5)®%, LAT-1 and LPHN1
(REF. 92), suggesting that the tethered agonist model may
be generally applicable to the activation of many, if not
all, aGPCRs. Notably, this aGPCR activation mecha-
nism has many features of protease-activated receptor
(PAR) activation, which was discovered more than
20 years ago. PARs belong to a class of Rhodopsin-like
GPCRs and have a cryptic tethered agonist at a similar
position and size as the Stachel sequence of aGPCRs.
The PAR agonist is exposed through receptor cleavage by
an exogenous protease, thrombin, which then potently
stimulates the metabotropic activity of its receptor,
and cleavage-deficient PAR mutants are signalling
defective, underscoring the importance of proteolysis
in PAR activation'”.

By contrast, Stachel-mediated activation can also be
observed in aGPCRs without an auto-proteolytically
active GAIN domain, or in GPS cleavage-disabled point
mutants®®. Further, cleavage-competent aGPCRs arrive
at the membrane as pre-cleaved but associated heterod-
imers. Mechanical strain, which is enacted through
stretch, vibration, matrix stiffening and other means,
and which is relayed through the adhesive interactions
between the receptor extracellular domain and its asso-
ciated binding partners, thus seems to be a plausible fac-
tor that allows for Stachel sequence signalling. This may
occur through the complete disruption of the NTF-CTF
dimer in some aGPCRs, but cannot account for cleav-
age-deficient receptors. Alternatively, under mechanical
tension and interactions with the appropriate binding
partners, the GAIN domain conformation may be
altered in such a way that allows the Stachel to contact
the 7TM interface.

Taken together, the current model of aGPCR stimu-
lation suggests that mechanical forces expose a tethered
agonist, which is incorporated in the receptor molecule.
This agonist is nudged into the extracellular groves of the
7TM domain, stabilizing one activity state of the recep-
tor. The remarkable biochemical properties of aGPCRs
allow this receptor class to function as adhesion, signal-
ling and mechanosensitive molecules, which facilitates
their myriad and diverse functions in nervous system
development and disease.

Conclusions and future directions

aGPCRs represent an extensive group of receptor mol-
ecules that have previously been generally neglected
by cell biological and pharmacological research. Their
molecular composition is uniquely suited to interact
with a wide variety of extracellular partners that define
the structural and mechanical environment of a cell.
The effect of aGPCRs on the nervous system was first
uncovered by pioneering genetic studies that showed
the indispensability of these receptors during the gen-
eration of cortical cytoarchitectures in the case of BFPP.
Since then, several more neurobiological contexts have
been associated with aGPCR dysfunction. These include
psychiatric disorders'”, Usher syndrome” and ADHD®.
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In most cases, the exact pathogenetic course of these
diseases is unclear, partly owing to a lack of knowledge
about how these peculiar receptors work.

Recent years, however, have witnessed a concerted
effort to define the main properties of aGPCR biology,
including the discovery of a conserved activation mech-
anism for the receptor class via the tethered agonist,
as well as the emerging concept that aGPCRs serve as
metabotropic mechanoreceptors in the nervous system
and beyond. These important discoveries now provide
a firm conceptual framework to dissect and combat
the effects of aGPCR dysfunction. An obvious direc-
tion of this venture is the development of drugs that
mimic or interfere with the Stachel sequence, though
much work is required to define the pharmacological,
pharmacochemical and pharmaceutical properties of
such compounds.

These efforts will need to be paralleled by clinical
investigations to identify genetic lesions of aGPCR loci
that are associated with human illness, especially for
diseases of the nervous system. Although aGPCRs are
also recognized as possessing exceptional vulnerability
for the occurrence of somatic mutations in the context

REVIEWS

of cancer!®!% it is unclear whether such alterations
may also precede the outbreak of neuropathologies or
psychiatric conditions. It is also unknown whether dis-
ease-causing mutations affect the properties of aGPCR
signalling cascades, and understanding their interrela-
tionship will shed light on both directions: on the molec-
ular events that underlie aGPCR functions and on the
cellular effects that are controlled through them.

A fascinating aspect of aGPCRs in neurobiology is
the recent discovery that the developmental functions of
aGPCRs with their multiple roles in neuronal and glial
ontogenesis extend to the evolution of brain structures.
GPR56 was shown to drive the increase in neocortical
complexity along a phylogenetic axis, conceivably through
the constant expansion of its cortical expression domain
within the neocortex”. Analysis of transcriptional pro-
files of the aGPCR class suggests that many homologues
are highly abundant in the CNS and the PNS"''3, Once
these expression data are matched with neurobiological
functions for individual aGPCR homologues, it will be an
intriguing task to study them in an evolutionary context.
It would not be surprising to learn that aGPCRs are also
eminent players on this field.
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