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Abstract——G protein—-coupled receptors (GPCRs)
remain one of the most successful targets of U.S. Food
and Drug Administration-approved drugs. GPCR re-
search has predominantly focused on the characteriza-
tion of the intracellular interactome’s contribution to
GPCR function and pharmacology. However, emerging
evidence uncovers a new dimension in the biology of
GPCRs involving their extracellular and transcellular
interactions that critically impact GPCR function and
pharmacology. The seminal examples include a variety
of adhesion GPCRs, such as ADGRLs/latrophilins,
ADGRBs/brain angiogenesis inhibitors, ADGRG1/GPR56,
ADGRG6/GPR126, ADGRE5/CD97, and ADGRC3/CELSRS3.
However, recent advances have indicated that class
C GPCRs that contain large extracellular domains,
including group III metabotropic glutamate receptors
(mGluR4, mGluR6, mGluR7, mGluR8), y-aminobutyric
acid receptors, and orphans GPR158 and GPR179, can
also participate in this form of transcellular regulation.
In this review, we will focus on a variety of identified
extracellular and transcellular GPCR-interacting partners,
including teneurins, neurexins, integrins, fibronectin
leucine-rich transmembranes, contactin-6, neuroligin,
laminins, collagens, major prion protein, amyloid
precursor protein, complement Clq-likes, stabilin-2,

pikachurin, dystroglycan, complement decay-accelerating
factor CD55, cluster of differentiation CD36 and CD90,
extracellular leucine-rich repeat and fibronectin type
III domain containing 1, and leucine-rich repeat,
immunoglobulin-like domain and transmembrane
domains. We provide an account on the diversity of
extracellular and transcellular GPCR complexes
and their contribution to key cellular and physiologic
processes, including cell migration, axon guidance,
cellular and synaptic adhesion, and synaptogenesis.
Furthermore, we discuss models and mechanisms by
which extracellular GPCR assemblies may regulate
communication at cellular junctions.

Significance  Statement——G  protein-coupled
receptors (GPCRs) continue to be the prominent
focus of pharmacological intervention for a variety
of human pathologies. Although the majority of
GPCR research has focused on the intracellular
interactome, recent advancements have identified
an extracellular dimension of GPCR modulation
that alters accepted pharmacological principles of
GPCRs. Herein, we describe known endogenous
allosteric modulators acting on GPCRs both in cis
and in trans.

I. The Emerging Extracellular Dimension of G
Protein-Coupled Receptor Modulation

G protein—coupled receptors (GPCRs) have long been
one of the most targeted family proteins for development
of therapeutics. Approximately 35% of U.S. Food and
Drug Administration—approved drugs target GPCRs
themselves as well as their associated signaling path-
ways and interacting partners (Thompson et al., 2005,
2008; Hauser et al., 2017, 2018; Sriram and Insel, 2018).
The central dogma of GPCR function posits that signal-
ing is initiated by extracellular ligand binding, followed
by a change in conformational state and the recruitment
of intracellular heterotrimeric G proteins, B-arrestins,
and a multitude of other signaling and trafficking
machineries (Pavlos and Friedman, 2017; Eichel and
von Zastrow, 2018; Hilger et al., 2018). GPCR research

has predominantly focused on the functional charac-
terization of this intracellular GPCR interactome and
its contribution to GPCR signaling and pharmacology
(Ritter and Hall, 2009; Magalhaes et al., 2012; Dunn
and Ferguson, 2015). However, GPCRs are increasingly
found in complex with extracellular binding partners
(Knapp and Wolfrum, 2016). One such example involves
receptor activity-modifying proteins, which interact with
both the transmembrane and extracellular domains of
various GPCRs in cis to modulate signaling and traffick-
ing processes by well established mechanisms (Hay
and Pioszak, 2016; Hay et al., 2016; Klein et al., 2016).
Intriguingly, recent studies have begun to identify addi-
tional GPCR interactions with secreted extracellular
proteins, extracellular matrix (ECM) components, and
adhesion molecules or multimeric complexes across
cellular junctions, or transcellularly. Such interactions

ABBREVIATIONS: ADGRB, adhesion G protein—-coupled receptor subfamily B; ADGRC, adhesion G protein-coupled receptor subfamily C;
ADGRE, adhesion G protein-coupled receptor subfamily E; ADGRG, adhesion G protein—coupled receptor subfamily G1; ADGRL, adhesion G
protein—coupled receptor subfamily L; APP, amyloid precursor protein; DGC, dystrophin-associated glycoprotein complex; ECM, extracellular
matrix; EGF, epidermal growth factor; ExD, extension domain; FLRT, fibronectin leucine-rich transmembrane; FN3, fibronectin type III;
GABAgR, y-aminobutyric acid receptor; GAIN, GPCR autoproteolysis-inducing; GPC, glypican; GPCR, G protein—coupled receptor; GPI,
glycosylphosphatidylinositol; HEK293, human embryonic kidney 293; HS, heparan sulfate; HSPG, heparan sulfate proteoglycan; LAR,
leukocyte antigen-related tyrosine phosphatase; LRR, leucine-rich repeat; mGluR, metabotropic glutamate receptor; PLL, pentraxin/laminin/
neurexin/sex-hormone-binding-globulin-like; PrP, major prion protein; RGS, regulator of G protein signaling; sAPP, secreted amyloid pre-

cursor protein; SD, sushi domain; shRNA, short hairpin RNA.
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have documented critical functional consequences on
both higher-order physiologic processes and specific
GPCR properties, particularly within the brain. This
emerging extracellular and transcellular dimension
of GPCR function represents an enormous void in our
understanding of GPCR biology that is unaccounted
for in the traditional outlook on GPCR biology.

Some of these extracellular and transcellular interac-
tions are shown to be integral for dictating the expression
and targeting of GPCRs to discrete membrane com-
partments (Tomioka et al., 2014; Cao et al., 2015). The
emerging picture suggests that these interactions
contribute to a variety of molecular and physiologic
processes beyond simply providing structural scaf-
folding across junctions and synapses. For example,
the extracellular interactions of GPCRs are involved
in the migration of neuronal progenitor cells (Luo
et al., 2011, 2014) and control both axonal attraction
and repulsion (Jackson et al., 2015, 2016; Vysokov
et al., 2018). Furthermore, transcellular interactions
with GPCRs are often sufficient to induce formation of
cell junctions and synaptogenesis (Hamann et al., 1996;
Silva et al., 2011; Boucard et al., 2012, 2014), processes
that were previously attributed almost exclusively to
cell adhesion molecules. In addition, transsynaptic
GPCR complexes can induce both presynaptic differ-
entiation and the development of dendritic spines
(O’Sullivan et al., 2012; Boucard et al., 2014; Sigoillot
et al., 2015; Condomitti et al., 2018; Tu et al., 2018),
indicative of a novel bidirectional cell-to-cell commu-
nication mechanism.

Perhaps most importantly, these interactions appear
capable of directly regulating GPCR activity by both
inducing or inhibiting G protein coupling and subsequent
second messenger signaling (Silva et al., 2011; Hamoud
et al., 2014; Luo et al., 2014; Paavola et al., 2014; Petersen
et al., 2015; Kiiffer et al., 2016; Dunn et al., 2018; Li et al.,
2018). Mechanistically, it appears that extracellular
interactions allosterically modulate efficacies and poten-
cies to endogenous orthosteric ligands (Dunn et al., 2018),
thereby illuminating an endogenous mechanism that
has been proven highly druggable in a variety of contexts.
Finally, recent examples of extracellular regulation
of orphan GPCRs have proven integral to their unique
biology, and therefore may aid in deorphanization
efforts and subsequent characterization of orphan GPCR
pharmacology.

Although the majority of GPCRs are expressed in the
brain (Vassilatis et al., 2003), which serves as the source
of most known examples of transcellular GPCR com-
plexes and the predominant focus of this review, the first
example was provided by the interaction between
glycosylphosphatidylinositol (GPI)-anchored complement
decay-accelerating factor (CD55) and adhesion GPCR
subfamily E ADGRE5/CD97, which facilitates adhesion
in immune cells (Hamann et al., 1996). The ADGRE5
extracellular interactome was further expanded to
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include integrin asB; and CD90, which appear to
contribute to endothelial targeting of leukocytes and
inflammatory cells (Wang et al., 2005; Wandel et al.,
2012). Foreseeably, this concept can likely be further
extended to other peripheral tissues and their respec-
tive cellular junctions; however, the majority of exam-
ples have been described in the central nervous system.
Nevertheless, the growing list of extracellular and trans-
cellular interactions of GPCRs may represent a general
organizational and functional principle of this important
protein family expressed within all tissues. Exploring
this emerging dimension in traditional GPCR drug
design can likely provide novel therapeutic strategies
for a variety of neurologic, immunologic, and meta-
bolic conditions. The focus of this review is to provide
a systematic account of the functional extracellu-
lar and transcellular/transsynaptic interactome of
GPCRs, including cell-surface and secreted proteins,
matrix proteins, and cellular- and synaptic adhesion
molecules (Fig. 1), while detailing the demonstrated
implications of these interactions for GPCR signaling,
pharmacology, and physiology.

II. Group III Metabotropic Glutamate Receptors
Are Classic Neurotransmitter Receptors Subject
to Transsynaptic Control by Endogenous
Allosteric Modulators

Group IIT metabotropic glutamate receptors (mGluR4,
mGluR6, mGIluR7, mGluR8) prototypically provide ho-
meostatic regulation of excitatory neurotransmission by
acting as glutamatergic autoreceptors on the presynaptic
terminals of neurons, thereby providing a negative feed-
back loop that limits glutamate release (Niswender and
Conn, 2010; Nicoletti et al., 2011; Niciu et al., 2012).
However, these receptors can also act postsynaptically.
In the retina, for example, mGluR6 is exclusively
localized at the dendritic tips of ON-bipolar neurons
where its actions are indispensable for the transmis-
sion of photoreceptor-generated signal (Gerber, 2003).
mGluR4, mGluR7, and mGluR8 are expressed widely
throughout the brain where they have been collectively
implicated in a variety of higher-order neurophysiolog-
ical processes, including synaptic plasticity, learning,
and memory (Niswender and Conn, 2010; Nicoletti
etal.,2011). Furthermore, this group of receptors has
been implicated in a myriad of neurologic and neuro-
psychiatric disorders, including epilepsy, anxiety,
and depression (Lavreysen and Dautzenberg, 2008;
Niswender and Conn, 2010; Nicoletti et al., 2011; Amalric
et al., 2013; Gregory et al., 2013; Becker et al., 2014;
Palazzo et al., 2016). Group III mGluRs belong to the class
C family of GPCRs characterized in part by their large
extracellular domains. Prototypically, these domains
are involved in detecting extracellular glutamate and
translating this event into activation of G proteins of the
Gay/, subfamily (Niswender and Conn, 2010). However,
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Fig. 1. Conventional GPCR signal transduction and the emergence of transcellular GPCR complexes. Traditionally, the extracellular surface of
GPCRs is viewed as a site for interaction with ligands initiating GPCR-mediated intracellular signaling. This involves a conformational change and
subsequent activation of the heterotrimeric G protein, thereby inducing the exchange of GDP for GTP on the Ga-subunit and the dissociation of Ga-
from GBy-subunits. Subsequent Ga-mediated hydrolysis of GTP to GDP enables the reassociation with GBvy to terminate G protein signaling, a process
catalyzed by RGS proteins. However, it is now emerging that GPCRs also form a variety of extracellular interactions generalized in the scheme. These
complexes are highly diversified and can create junction- or synapse-specific environments to endow GPCR function with specific properties.

recent findings indicate that group III mGluRs also
engage in transcellular interactions capable of modu-
lating their functional properties and playing essential
roles in synapse formation (Tomioka et al., 2014; Cao
et al., 2015; Dunn et al., 2018). These interactions
involve at least two proteins: extracellular leucine-rich
repeat and fibronectin type III domain containing 1
(ELFN1) and leucine-rich repeat, immunoglobulin-like
domain and transmembrane domains (LRITSs).

A. Extracellular Leucine-Rich Repeat and Fibronectin
Type III Domain Containing 1

ELFN1 is a single-pass transmembrane protein host-
ing multiple leucine-rich repeats (LRRs) and a fibronec-
tin type III (FN3) domain in the extracellular domain.
ELFN1 was described to play a role in regulating
neurotransmitter release probability (Sylwestrak and
Ghosh, 2012). However, the mechanism of this action
was uncertain. Subsequently, ELFN1 was found to form
transsynaptic complexes with mGluR7, promoting its
synaptic recruitment in hippocampal neurons in
a subtype-selective manner (Tomioka et al., 2014).
Concurrently, ELFN1 was also found to interact with
retinal-specific mGluR6 (Cao et al., 2015) and was
then established as a universal binding partner of all
group III mGluRs (Dunn et al., 2018). In the retina,
knockout of ELFN1 results in the downregulation of
mGluR6 expression and a loss of its accumulation
specifically at the synapses formed by rod but not
cone photoreceptors. As a result, ELFN1-deficient
mice feature selective deficits in rod-mediated dim
vision and not cone-mediated daylight vision (Cao et al.,
2015). Together, observations in both hippocampal and
retinal neurons provide an example of transsynaptic GPCR
complexes modulating and perhaps defining specific

neural circuitry while suggesting that mGluR-ELFN1
transcomplexes play an important role in selective
synaptic wiring and function.

Importantly, interaction with ELFN1 also bears func-
tional implications on mGluR signaling. The phenomenon
of allosteric modulation has been well established for
group IIT mGluRs, aided in large part by their extensive
pharmacological characterization and the availability
of pharmacological tools including selective allosteric
modulators (Lindsley et al., 2016). These well estab-
lished principles of group III mGluR pharmacology
have prompted studies for the determination of the
direct functional outcome of ELFN1 transassociation.
Using a transcellular GPCR signaling assay (Dunn
et al., 2018), it was reported that ELFN1 supplied in
trans promoted constitutive activity of two represen-
tative group III members, mGluR6 and mGluR4, but
not group II mGluR2, which does not bind (Dunn et al.,
2018). The ability of ELFN1 to promote group III
mGluR constitutive activity was further supported by
the induction of mGluR7-mediated G protein—gated
inwardly rectifying K channel activation upon admin-
istration of the ELFN1 ectodomain (Stachniak et al.,
2019). This suggests that ELFN1 binding influences
conformational transitions in group III mGluRs related
to their activation. Indeed, transcellular association
with ELFN1 influences both the efficacy and potency
of class ITII mGluRs for orthosteric agonists (Dunn et al.,
2018). As aresult, ELFN1 binding negatively modulated
Gajy/, coupling and signaling to downstream second
messenger pathways (Dunn et al., 2018). These trans-
cellular effects were not a consequence of altered surface
targeting or desensitization of receptors, suggesting that
ELFN1 acts as an endogenous allosteric modulator of
group III mGluRs (Dunn et al., 2018). These observations
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are further supported in vivo by the enhanced synaptic
suppression by orthosteric group III mGluR agonists
in ELFN1 knockout (Stachniak et al., 2019). Thus, it
appears that mGluR-ELFN1 transcomplexes not only
provide integral transsynaptic structure for stabilizing
group IIT mGluR expression at specific synaptic loca-
tions, but they also critically and selectively alter mGluR
pharmacology and thus endow the synapse with specific
functional characteristics.

B. Leucine-Rich Repeat, Immunoglobulin-Like
Domain and Transmembrane Domains

LRIT1-LRITS are single-pass transmembrane adhe-
sion molecule-like proteins characterized by multiple
LRRs, an immunoglobulin-like C2-type domain, and
an FN3 domain in the extracellular space. LRIT1 and
LRIT2 were both recently identified as binding partners
of retina-specific mGluR6 (Sarria et al., 2018; Ueno
et al., 2018). Unlike the situation with the ELFN1
knockout, loss of LRIT1 does not cause significant
downregulation or mistargeting of mGluR6 at the
synapse (Cao et al., 2015; Sarria et al., 2018; Ueno
et al., 2018). However, knockout of LRIT1 produces
marked effects on synaptic transmission that are
postulated to originate from changes in mGluR6 func-
tion (Sarria et al., 2018; Ueno et al., 2018). Curiously,
LRITS3, a close homolog of LRIT1 and LRITZ2, also plays
an essential role in mGluR6-mediated synaptic trans-
mission (Neuillé et al., 2014, 2015, 2017), but it has not
yet been reported to form complexes with the receptor.
Although the functional role of mGluR6 interactions
with LRIT1-LRIT3 and the mechanisms involved in
mGluR6 regulation remain to be determined, it is
plausible that LRITs may act in a similar pharmaco-
logical capacity as ELFN1.

C. Perspective

The emerging concept from the studies on group III
mGluRs is that these receptors use their large extra-
cellular domains not only for binding of the neurotrans-
mitter glutamate but also for association with other
extracellular proteins. These interactions are crucial for
the formation of synapses and endow them with specific
properties via the stabilization of various conforma-
tional states on the continuum of GPCR activation and
inactivation. In the case of group III mGluR autor-
eceptors, transsynaptic interactions with postsynaptic
ELFN1 tunes presynaptic release probability to regu-
late synaptic transmission properties, whereas trans-
synaptic interactions with LRITs may provide means
for further fine-tuning receptor-mediated contribu-
tions to signal transmission. Considering that many
class C GPCRs feature extracellular domains of sim-
ilar organization to group III mGluRs, it is likely that
these concepts can be expanded to other members of
the family. In particular, transsynaptic allosteric mod-
ulation of GPCR signaling is an emerging concept that
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could be applicable to many GPCRs for which pharma-
cological modulators are found.

II1. Alternative Splicing Defines the
Extracellular Interactome of y-Aminobutyric
Acid Receptors

Metabotropic y-aminobutyric acid receptors (GABAgRs)
are neuronal GPCRs localized both at pre- and post-
synaptic terminals. With GABA being the main inhib-
itory neurotransmitter in the central nervous system,
GABAgRs mediate the slow GABA neuromodulatory
effects by activating G proteins of the Gy, family (Pinard
et al., 2010). By regulating a variety of intracellular
effectors such as G protein—gated inwardly rectifying
K™ channels, voltage-gated Ca®* channels, and adeny-
late cyclases, GABAgRs control important aspects of
cognition, memory, mood, nociception, and motor co-
ordination (Bowery, 2006; Padgett and Slesinger, 2010;
Heaney and Kinney, 2016).

The two family members (GABAgR1 and GABAgR2)
of this class C GPCR family represent a prominent
example of GPCR heterodimerization, as both subunits
are constitutively required to create a fully functional
complex (Jones et al., 1998; Kaupmann et al., 1998;
White et al., 1998). Mechanistically, GABAg1R contains
the agonist binding site, whereas counterpart GABAg2R
is required to target GABAg1R to the plasma membrane
and to activate G proteins (Jones et al., 1998; Kaupmann
et al., 1998; White et al., 1998). As prototypical class C
GPCRs, GABAgR ectodomains exhibit the three-
dimensional Venus flytrap structure that serves as
the orthosteric ligand-binding site (Geng et al., 2012).
Interestingly, the subunit GABAgR1a, generated by
alternative splicing, contains an additional N-terminal
extension that includes a pair of sushi domains (SDs)
(Hawrot et al., 1998) that were proposed to participate
in extracellular protein—protein interactions (Marshall
et al., 1999; Blein et al., 2004) and are integral for
presynaptic targeting and surface stability (Vigot et al.,
2006; Tiao et al., 2008; Biermann et al., 2010; Hannan
et al., 2012). Recent studies revealed that a specific
binding partner of GABAgR1 SDs is the secreted
amyloid precursor protein (sAPP) (Schwenk et al.,
2016; Rice et al., 2019).

A. Secreted Amyloid Precursor Protein

Amyloid precursor protein (APP) is a single-pass
transmembrane protein that can be cleaved by mul-
tiple members of the secretase family to release its
extracellular domain (De Strooper et al., 2010). sAPP
has been implicated in the regulation of a range of
protective neurophysiological functions both in the
peripheral and central nervous system (Miiller et al.,
2017), including inhibition of neuronal apoptosis (Gralle
et al., 2009), stimulation of adult neurogenesis (Caillé
et al., 2004), and suppression of synaptic activity
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(Furukawa et al., 1996), thereby serving a crucial role in
synaptic plasticity, learning, and memory (Ishida et al.,
1997; Meziane et al., 1998; Taylor et al., 2008; Xiong
etal., 2017). Notably, abnormal cleavage of APP leads to
accumulation of the amyloid-8 peptide that has been
implicated in the development of Alzheimer disease
(Glenner and Wong, 1984). The APP ectodomain con-
sists of two extracellular functional domains, named
E1 and E2, divided by a linker region. The N-terminal
E1 contains a growth factor-like domain and a copper
binding domain, whereas the linker region is further
subdivided in an acidic domain and an extension
domain (ExD).

Proteomic analysis revealed that sAPP is part of the
extracellular interactome of GABAgR (Schwenk et al.,
2016). More recently, it was established that the ExD of
APP contains the minimal binding sequence to interact
specifically with SD1 of GABAgR1a, suggesting alter-
native splicing of GABAgRs as an integral component
of dictating and diversifying their extracellular inter-
actomes (Dinamarca et al., 2019; Rice et al., 2019).
Functionally, treatment of sAPP or a synthesized
17-amino-acid peptide derived from the ExD sequence
was demonstrated to decrease presynaptic strength and
vesicle release probability dependent on GABAgR ac-
tivity (Rice et al., 2019), which suggests that sAPP
interactions may act to initiate or modulate GABAgR
signaling. However, another recent study was unable
to detect changes in GABAgR-mediated G protein
activation in response to APP/sAPP (Dinamarca et al.,
2019). Nevertheless, GABAgR1a axonal localization was
shown to be dependent on APP expression (Dinamarca
et al., 2019), providing a possible mechanism for the
essentiality of alternatively spliced GABAgR1a SDs in
synaptic targeting and membrane stability (Vigot et al.,
2006; Tiao et al., 2008; Biermann et al., 2010; Hannan
et al., 2012).

B. Perspective

GABAgRs are among the most abundant GPCRs
expressed in the central nervous system. Unlike mGluRs
that are encoded by eight separate genes to generate
a range of signaling responses, only two genes encode
the two obligatory subunits required to generate a single
functional GABAgR heterodimer. Nonetheless, a vari-
ety of physiologic effects produced by GABA activation
of its metabotropic receptors have been reported in the
literature (Pinard et al., 2010). To attain a variety of
functional outcomes, alternative splicing events in the
extracellular region appear to diversify GABAgR iso-
forms to bear distinguishing extracellular protein—
protein interaction domains, thereby providing unique
extracellular interactomes. For example, GABAgR1a
could be appropriately localized and/or allosterically
controlled by APP, whereas other isoforms lacking
the SD would not be subject to this modulation, thereby
providing differential tuning of GABAgR signaling.

Dunn et al.

This extracellular regulation is likely further diversified
by additional validated SD interactions that remain to be
characterized (Dinamarca et al., 2019). This increased
complexity would appear necessary to achieve versatile
control over inhibitory neurotransmission.

IV. Multimodal Assemblies Involving Adhesion G
Protein-Coupled Receptor Subfamily Ls
(Latrophilins) Modulate Axonal Attraction,
Repulsion, and Synapse Formation

Adhesion GPCR subfamily Ls (ADGRLs; alterna-
tively known as latrophilins) were first discovered as
high-affinity substrates of a-latrotoxin, the active in-
gredient in black widow spider venom (Davletov et al.,
1996; Krasnoperov et al., 1996). This potent neurotoxin
causes synaptic excitotoxicity via the induction of
glutamate exocytosis partially attributed to its actions
on ADGRLs (Krasnoperov et al., 1996), suggestive of
ADGRLS’ importance for synaptic function. Indeed,
subsequent studies demonstrated roles of ADGRLs in
neuronal development and establishment of synaptic
connectivity and implicated them in complex neuropsy-
chiatric disorders (Arcos-Burgos et al., 2010; Ribasés
et al., 2011; Labbe et al., 2012; Bruxel et al., 2015;
Acosta et al., 2016; Martinez et al., 2016; Anderson
et al., 2017). Furthermore, ADGRLs have been impli-
cated as mechanosensors in chordotonal organs (Scholz
et al., 2017) and are expressed in multiple peripheral
tissues, including the heart, liver, and kidney, sugges-
tive of a broader role independent of their neuronal
functions (Boucard et al., 2014). ADGRLs, like ADGRED5,
ADGRB1-3, ADGRG1/6, and ADGRC3 discussed in
this review, belong to a larger class of adhesion GPCRs
characterized by their large extracellular ectodomains.
Within the ectodomain, ADGRLs prototypically con-
tain a lectin domain, an olfactomedin domain, and
a GPCR autoproteolysis-inducing (GAIN) domain nec-
essary for the autoproteolytic cleavage and exposure of
the “Stachel” peptide tethered agonist, which plays
a key role in adhesion GPCR activation (Arag et al.,
2012, 2016; Liebscher et al., 2014; Stoveken et al.,
2015; Kishore and Hall, 2016; Nieberler et al., 2016;
Folts et al., 2019). Nevertheless, alternative activation
mechanisms of adhesion GPCRs independent of auto-
proteolysis or Stachel peptide tethered agonists have
been described (Salzman et al., 2017; Scholz et al., 2017)
and extensive literature on adhesion GPCRs and their
activation mechanisms was recently documented (Arag
et al., 2012, 2016; Liebscher et al., 2014; Stoveken et al.,
2015; Kishore and Hall, 2016; Nieberler et al., 2016;
Folts et al., 2019).

The extracellular domains of ADGRLs have been
demonstrated to associate with a remarkable diversity
of synaptic adhesion molecules both in cis and in ¢rans,
as accounted below. Although ADGRLs are generally
known for their contributions to extracellular structure,
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recent studies have conclusively demonstrated their
ability to couple to canonical G protein pathways and
thus serve as bona fide GPCRs (Li et al., 2018; Nazarko
et al., 2018). Mechanistically, the multitude of extracel-
lular and transcellular interactions of ADGRLs are
capable of stabilizing various states of receptor activa-
tion/inactivation to coordinate cellular processes from
neurite outgrowth, axonal attraction, and synaptogen-
esis to axonal repulsion and apoptosis. The following are
the most prominent examples of such associations.

A. Contactin-6

Contactin-6 is a synaptic adhesion molecule involved
in the regulation of axon guidance cues (Stoeckli, 2010).
This protein belongs to the immunoglobulin superfam-
ily and contains a large extracellular domain composed
of six immunoglobulin-like domains and four FN3 domains
tethered to the membrane by a GPI anchor. Contactin-6
has been demonstrated to form a cis-complex with
ADGRL1 (Zuko et al., 2016). ADGRL1 expression in
cultured neurons inhibits neurite outgrowth and increases
apoptosis, whereas coexpression of contactin-6 reverses
these processes (Zuko et al., 2016). Accordingly, cul-
tured neurons from contactin-6 knockout mice show
increased apoptosis, which is rescued by the knockdown
of ADGRL1 (Zuko et al., 2016). Therefore, it appears the
extracellular regulation of ADGRL1 via cis interactions
with contactin-6 plays an important role in initiating or
biasing signaling events necessary for maintaining
neurite outgrowth and preventing apoptosis.

B. Teneurins (1-4)

Teneurins are large, transmembrane synaptic
adhesion molecules with functional implications in
neurite outgrowth, cell adhesion, and synapse for-
mation (Kenzelmann et al., 2007; Young and Leamey,
2009). The extracellular portion of teneurins is charac-
terized by multiple YD repeats, NCL-1, HT2A and Lin-41
(NHL) repeats, and epidermal growth factor (EGF)-like
domains. The association of teneurins with ADGRLs and
its selectivity has not yet been assessed systematically;
however, studies of individual members point to a common
interaction mechanism. It has been demonstrated that
the extracellular portion of teneurin-2 utilizes the distal
globular region of the carboxyl terminus encompassing
the YD and NHL repeats for binding to ADGRLs.
Furthermore, studies on teneurin-1 show that both
the olfactomedin and lectin extracellular domains
of ADGRLS3 are required for the formation of these
transcomplexes, suggestive of the interaction mecha-
nisms that may underlie interactions between ADGRLs
and teneurins in general (O’Sullivan et al., 2014).

Functionally, ADGRL—teneurin interactions appear
to be highly synaptogenic. Coculture of ADGRL-expressing
and teneurin-2/4—expressing cells leads to their ag-
gregation and the formation of transcellular junctions
enriched in ADGRLs and teneurin-2/4 on opposing
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membranes (Silva et al., 2011; Boucard et al., 2014).
Furthermore, in alignment with the transsynaptic
nature of their interactions, ADGRL1 and teneurin-2
are localized on opposing synaptic membranes at pre-
and postsynaptic terminals, respectively (Silva et al.,
2011; Vysokov et al., 2018). ADGRL1-expressing human
embryonic kidney 293 (HEK293) cells can form adhesive
contacts with hippocampal neurons upon their cocultur-
ing and induce the recruitment of postsynaptic density
PSD-95 to the junction (Silva et al., 2011). Conversely,
teneurin-2—expressing HEK293 cells attract synapsin-
positive axonal varicosities of hippocampal neurons and
increase axonal fasciculation (Silva et al., 2011; Vysokov
et al., 2018). The importance of ADGRL—teneurin trans-
complexes in synaptic development is further reinforced
by observations that disrupting this interaction with
a selective dominant negative strategy reduces the
density of synapses in cultured neurons (Boucard et al.,
2014; O’Sullivan et al., 2014). Furthermore, the reduc-
tion in synaptic densities in ADGRL3 knockdown is
unable to be rescued by reintroduction of ADGRL3
lacking the olfactomedin domain necessary for teneurin
binding (O’Sullivan et al., 2014), suggesting that spe-
cific ADGRL—-teneurin transsynaptic interactions are
required for selective synaptic development.

Notably, in addition to interactions involving mem-
brane tethered partners, ADGRLs can also bind and
be regulated by the soluble fragments derived from
teneurins. For example, the teneurin-2 ectodomain is
proteolytically cleaved during neuronal development,
resulting in the release of a portion of soluble ectodo-
main into the extracellular space (Vysokov et al., 2016,
2018). This process of ectodomain secretion and diffu-
sion in the extracellular space provides a tangible
mechanism for the attraction of axons that have yet to
form synaptic junctions on dendritic spines. In fact,
a gradient of soluble teneurin-2 ectodomain can com-
pletely replicate the effect of the full-length protein
acting in an ADGRL1-dependent fashion (Vysokov et al.,
2018). An analogous mechanism appears to also operate
for ADGRC3, which involves association with cleavable
glycoprotein dystroglycan to guide axon tract formation in
several brain regions (Lindenmaier et al., 2019).

It is hypothesized that secreted ectodomains and
membrane tethered interactions may have differential
signaling outcomes on the ADGRLs. For example,
administration of the soluble ectodomain of teneurin-2,
which hosts a toxin-like structural domain that shares
sequence motifs with hormone and neuropeptide
precursors (Li et al., 2018), induces Ca®" signaling
in presynaptic boutons of hippocampal neurons and
neuroblastoma cells expressing ADGRL1 (Silva et al.,
2011; Vysokov et al., 2018). Furthermore, this soluble
ectodomain induces miniature end-plate potentials in
prepared neuromuscular junctions that are abrogated
in ADGRL1 knockout mice, thereby indicating the in-
duction of ADGRL1-mediated signaling (Silva et al., 2011,
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Vysokov et al., 2018). Importantly, the transcellular
interactions with full-length teneurin-2 have been noted
to produce distinct functional effects on ADGRL1, affecting
its ability to regulate cAMP accumulation when expressed
in HEK293 cells (Li et al., 2018). Therefore, both trans-
membrane teneurins and soluble ectodomain fragments
are capable of modulating ADGRL signaling pathways,
perhaps with biased signaling outcomes. Under this model
of differential ADGRL signal regulation, the nature
of ADGRL—-teneurin interactions could bias signaling
to serve a dual purpose as both modulators of axonal
attraction, growth path, and fasciculation via the release
of soluble teneurin ectodomain and subsequent induction
of Ca?" accumulation, and as important mediators of
synaptic adhesion with contributions to transsynaptic
structural formation and subsequent ADGRL-mediated
signaling ultimately leading to a reduction of cAMP.

C. Neurexins (1-3)

Neurexins are transmembrane synaptic adhesion
molecules characterized by multiple laminin G- and
EGF-like domains in their extracellular domains.
B-neurexins are distinguished by their retention of
a short B-neurexin-specific sequence followed by
a single laminin G-like domain in their ectodomains
(Ushkaryov et al., 1994). Interestingly, B-neurexins
have been demonstrated to form transcomplexes with
ADGRLs, and this interaction is altered via differential
splicing within the terminal laminin G-like domain
(Boucard et al., 2012). This laminin G-like domain is
thought to be responsible for the binding of B-neurexin
variants to the extracellular olfactomedin domain of
ADGRLSs (Boucard et al., 2012). Prototypically, both
ADGRLs and neurexins are presynaptic proteins, sug-
gesting that their canonical interactions occur in cis.
However, both ADGRLs and neurexins have also been
found at postsynaptic sites, supporting the potential
relevance of the observed transcellular interactions
to the central nervous system (Taniguchi et al., 2007;
Anderson et al., 2017). At the functional level, complex
formation of ADGRL1 with B-neurexins facilitates
cell—cell adhesion through recruitment of ADGRL and
neurexins to transcellular adhesion complexes on op-
posing membranes (Boucard et al., 2012). Interestingly,
the soluble ectodomain of neurexin-18 has been noted
to cointernalize with ADGRL1 (Boucard et al., 2012),
suggesting its involvement in ADGRL1 activation and
subsequent receptor desensitization. However, further
studies will be required to determine whether neurex-
ins serve as ADGRL modulators to influence ADGRL-
mediated signaling or simply provide transcellular
structure for facilitating cell adhesion.

D. Fibronectin Leucine-Rich Transmembranes

As the name suggests, fibronectin leucine-rich trans-
membranes FLRT1-FLRT3 are transmembrane adhe-
sion molecules characterized by multiple LRRs and an

Dunn et al.

FN3 domain in their extracellular domain. Both FLRT2
and FLRT3 have been demonstrated to form transsynap-
tic complexes with ADGRL1 and ADGRL3 (O’Sullivan
et al., 2012; Jackson et al., 2015, 2016; Lu et al., 2015).
Unlike teneurins, which require both the olfactomedin
and lectin domains of ADGRL for their interactions,
binding of FLRTs seems to be mediated only by the lectin
domain (O’Sullivan et al., 2012). Similar to teneurins and
neurexins, FLRT's also modulate cell—cell interactions via
transcellular association with ADGRLs (Jackson et al.,
2015, 2016). In addition to ADGRLSs, FLRTS can simulta-
neously interact with uncoordinated-5 (Unch) and this
binding appears to induce a conformational switch that
instead inhibits cell adhesion (Lu et al., 2015; Jackson
et al., 2016). Although the mechanism has not yet been
described, this complex formation may provide for altered
ADGRL signaling or simply disrupt or facilitate additional
interacting partners important for adhesion mechanisms.
Nevertheless, FLRTs can provide dual function to either
facilitate or inhibit ADGRL-mediated adhesion depen-
dent on their binding to Uncbh. This dual function in both
adhesion and repulsion is exemplified by ADGRL3-
FLRT2 transcomplexes. They contribute to cortical
neuron repulsion in a manner dependent on an intact
FLRT-binding site on ADGRL3 (Jackson et al., 2015).
Conversely, administration of soluble FLRT-binding
ADGRL1/3 peptides, ADGRL3 short hairpin RNA
(shRNA), or FLRT3 shRNA reduces excitatory synapse
density in cultured neurons, suggestive of a positive role
in adhesion and synaptic development (O’Sullivan et al.,
2012; Boucard et al., 2014). Furthermore, FLRT3 shRNA
in vivo decreases the strength of afferent inputs and the
number of dendritic spines in dentate granule cells in
support of its positive role in synaptic development
(O’Sullivan et al., 2012). Taken together, ADGRL-FLRT
transcomplexes play a critical role in modulating syn-
apse formation and development by opposing mecha-
nisms that involve both facilitation and repulsion of
synaptic adhesion depending on the presence of Uncb in
the complex. At this time, it is unclear whether FLRTs
have any role in modulating ADGRL-mediated signaling
in trans; however, it is foreseeable that ADGRL-FLRT
complexes in the presence or absence of Unc5 could
differentially modify ADGRL signaling to promote re-
pulsion or adhesion mechanisms, respectively.

E. Perspective

AGRLs currently represent the GPCR with the most
promiscuity in extracellular binding partners, which
suggests multimodal regulation of their function. Stud-
ies with FLRTs in complex with both ADGRLs and Unch
open a provocative idea that multimeric complex
formation can differentially regulate ADGRL function.
In contrast, specific comparisons between teneurins and
FLRTs demonstrate that they both use a similar bind-
ing site on ADGRLs, suggesting that teneurins and
FLRTs may not bind ADGRLs concurrently. Thus, it is
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likely that multimeric extracellular complexes extend
well beyond this example to create large intercellular
signalosomes with differential GPCR signaling out-
comes. It is also plausible that selective expression
patterns of synaptic adhesion molecules may dictate
the components of the GPCR’s extracellular complexing,
thereby defining the signaling outcome of the receptor in
a cell-specific and junction-specific manner.

V. Direct Interaction of Adhesion G
Protein-Coupled Receptor Subfamily G1/6
(G Protein-Coupled Receptor 56/126) with

Extracellular Matrix Proteins Regulates
Adhesion G Protein-Coupled Receptor
Activation Mechanisms

Adhesion GPCR subfamily G1 (ADGRG1; alternatively
known as GPR56) has been recognized as a key element in
the cortical development of the human frontal cortex
(Piao et al., 2004). Mutations in the ADGRG1 gene are
responsible for defects in neuronal migration and
lamination processes that lead to morphologic defects
of the cerebral cortex (Li et al., 2008; Luo et al., 2011).
More recently, ADGRG1 has been associated with oligo-
dendrocyte development in the central nervous system
and with peripheral nervous system development and
maintenance (Ackerman et al., 2015, 2018). Peripherally,
ADGRG1 has also been implicated in the function of
pancreatic islet B cells and the myoblast fusion process
(Wu et al., 2013; Olaniru et al., 2018). At the G protein
level, ADGRG1 has been shown to activate Gaqo/13
initiating downstream RhoA activation to control neu-
ronal progenitor migration (Luo et al., 2011, 2014;
Stoveken et al., 2015). The crystal structure obtained
from the ectodomain of ADGRG1 revealed a relatively
uncharacterized putative extracellular protein—protein
interaction domain labeled pentraxin/laminin/neurexin/
sex-hormone-binding-globulin-like (PLL) and a shorter
GAIN domain deviating from the one found in prototyp-
ical adhesion GPCRs (Salzman et al., 2016). A closely
related receptor, ADGRG6 (alternatively known as
GPR126), has been identified as an evolutionarily
conserved regulator of myelination in zebrafish Schwann
cells (Monk et al., 2009). During development, ADGRG6
is able to elevate cAMP levels by coupling to heterotri-
meric Gag proteins, thereby regulating the expression of
genes involved in the myelination process (Mogha et al.,
2013). Furthermore, postnatal expression of ADGRG6
in Schwann cells has been associated with numerous
aspects of peripheral nerve repair (Mogha et al., 2016).
Structurally, the ADGRG6 ectodomain also contains
a complement C1r/Cls, Uegf, Bmpl CUB domain, a pen-
traxin PTX domain, and a GAIN domain (Stehlik et al.,
2004). Both ADGRG6 and ADGRG1 interact directly with
critical components of the ECM and these events regulate
cell adhesion and activation mechanisms of these GPCRs.
In addition, ADGRGs have been suggested to interact with

511

extracellular/transmembrane proteins such as integrin
a3pB1 (Jeong et al., 2013) and CD81/CD9 (Little et al.,
2004; Chang et al., 2016); however, the nature of these
interactions remains to be elucidated. The following
ECM partners have been described.

A. Collagen II1

Binding of collagen III to ADGRG1 provides a canon-
ical example of adhesion GPCR interactions with ECM
proteins (Luo et al., 2011). Identified by an in vitro
biotinylation/proteomics approach, extracellular inter-
actions with collagen III were subsequently proven
capable of activating ADGRG1-mediated signaling via
Ga19/13 followed by RhoA activation to regulate cortico-
genesis (Luo et al., 2011, 2014). Peripherally, collagen
IIT induces ADGRG1-dependent calcium in pancreatic
islet B cells (Olaniru et al., 2018). Mechanistically, it
is foreseeable that collagen III could act as a positive
allosteric modulator to promote ligand-mediated effects
of the ADGRG1 Stachel peptide tethered agonist
(Stoveken et al., 2015), perhaps by aiding in removal of
the ectodomain (Paavola et al.,, 2014). Structurally,
collagen IIT assembles in a triple-helical structure stabi-
lized by disulfide bonds, the common structural organi-
zation for all fibrillar collagens, and utilizes the ADGRG1
PLL domain for the interaction (Luo et al., 2012). This
region of ADGRG1 also binds an important crosslinking
enzyme of the ECM, transglutaminase-2, in a mutually
exclusive manner with collagen III, suggesting that
ADGRGT1 activation is regulated dynamically depen-
dent on the associated ECM partner (Xu et al., 2006).
Interestingly, the presence of four alternative splic-
ing isoforms in the ADGRG1 ectodomain, two of
which include large deletions, further implicates a mul-
tilayered regulatory function that may differentiate
ADGRGT1 activation mechanisms beyond collagen III-
modulated signaling via the PLL domain (Bae et al.,
2014).

B. Collagen IV

Collagen IV is a major structural constituent of the
basal lamina and consists of an amino terminal 7S
domain, a triple helix-forming collagenous domain, and
a C-terminal noncollagenous NC1 domain (Brown et al.,
2017). Collagen IV binds to ADGRG®6 in the region of the
CUB-PTX domains, similar to ADGRG1-collagen III
complex formation. Collagen IV treatment of ADGRG6-
expressing HEK293 cells leads to an elevation in second
messenger cAMP accumulation and it has been pro-
posed that collagen IV interactions may provide
positive allosteric modulation by aiding in the re-
lease of ADGRG®6 ectodomain (Paavola et al., 2014),
an event thought to be required for the activation of
many adhesion GPCRs by exposing the Stachel peptide
tethered agonist (Liebscher et al., 2014; Stoveken et al.,
2015). A similar mechanism has been suggested for the
transcellular interaction of adhesion GPCR ADGRE5
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with CD55 (Karpus et al., 2013). However, CD55-mediated
removal of the ADGRE5 ectodomain instead induced
ADGRES5 downregulation and it remains unclear whether
induction of prototypical GPCR signaling is involved.
Interestingly, collagen IV binding to ADGRG6 seems to
be highly selective, as no association with other types of
collagen was observed (Paavola et al., 2014). This complex
formation precipitating removal of ectodomains presents
a possible mechanism by which ECM proteins can directly
regulate signaling of adhesion GPCRs.

C. Laminin-211

Laminins are ECM proteins organized as heterotri-
meric complexes of @, 8, and y chains (Aumailley, 2013).
Like collagens, laminins are critical components of the
basal lamina where they mediate adhesion, cell migration,
and cell differentiation (Aumailley, 2013). Unlike collagen
IV, laminin-211 interacts with ADGRG6 within the GAIN
domain to mediate myelination and the selection of
individual axons for myelination, a process known as
radial sorting (Petersen et al., 2015). Interestingly, the
interaction of ADGRG6 with laminin-211 modulates
a signaling response distinct from reactions reported to
be initiated by collagen IV binding. Unlike collagen IV,
application of laminin-211 to cells overexpressing
ADGRGS6 reduces cAMP by inhibiting its Ga, coupling
(Petersen et al., 2015). Therefore, it was proposed that
laminin-211 maintains ADGRG®6 in an inactive state
favoring static conditions and laminin polymerization
in the ECM provides the dynamic force required to
remove ADGRG6 ectodomain and subsequently acti-
vate canonical GPCR downstream signaling events
(Petersen et al., 2015). Thus, laminin-211 extracellu-
lar interactions may provide negative allosteric mod-
ulation prior to laminin polymerization to suppress
ADGRG®6 signaling.

D. Major Prion Protein

Major prion protein (PrP) is a GPI-anchored glyco-
protein intimately involved with the ECM (Westergard
etal., 2007) and has been implicated in the Schwann cell
myelination process (Bremer et al., 2010). A study
recently demonstrated that extracellular PrP was ca-
pable of modulating intracellular cAMP concentrations,
thereby initiating a search culminating in the identifi-
cation of ADGRG®6 as its receptor (Kiiffer et al., 2016). It
was shown that the flexible extracellular tail of PrP is
sufficient to trigger a dose-dependent increase of cAMP
levels in ADGRG6-expressing cells (Kiiffer et al., 2016).
Interestingly, analysis of the PrP sequence revealed
a polycationic cluster of amino acids within the ADGRG6-
binding motif that shares homology with collagen IV
(Kiiffer et al., 2016), thereby illuminating common mech-
anisms that appear to be involved in the positive allosteric
modulation of ADGRG6 activity by ECM proteins. Nota-
bly, PrP has also been found to bind mGluR5 and
collectively form a coreceptor for amyloid-8-mediated
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calcium signaling (Um et al., 2013). Therefore, it is
foreseeable that PrP, and perhaps other ECM components
described above, may act on other GPCRs beyond
ADGRG1/6 to modulate their activity either directly
or through formation of coreceptor complexes.

E. Perspective

Collectively, it is now abundantly clear that the ECM
cannot be simply considered as a structural network of
extracellular scaffolding. The direct interaction of a va-
riety of ECM components with ADGRG1/6 is dynami-
cally involved in both positive and negative modulation
of canonical GPCR signaling pathways. The action of
ECM on the GPCR ectodomains can facilitate subsequent
receptor activation or keep it in an inactive conformation.
Given these observations, it appears highly convincing
that the continuum of ADGRG signaling can be both
dynamically and directly regulated by the ECM, and
these mechanisms must be considered as we advance
our understanding of ADGRG pharmacology.

VI. Bidirectional Transsynaptic Coordination of
Signaling Involving Complexes Composed of
Adhesion G Protein-Coupled Receptor B1-3

(Brain-Specific Angiogenesis Inhibitor 1-3)

Adhesion GPCR subfamily B1-3 (ADGRB1-3; alter-
natively known as brain-specific angiogenesis inhibitor
1-3) is composed of brain-enriched postsynaptic adhe-
sion GPCRs implicated in central synapse formation
and lesser peripheral expression in the heart and skeletal
muscle where they have been implicated in the myoblast
fusion process (Cork and Van Meir, 2011; Duman et al.,
2013; Hamoud et al., 2014; Kakegawa et al., 2015;
Sigoillot et al., 2015; Martinelli et al., 2016). Similar to
ADGRLs, ADGRBs have been demonstrated to initiate
canonical G protein activation pathways and subsequent
intracellular signaling cascades (Park et al., 2007; Lanoue
et al., 2013; Stephenson et al., 2013; Hamoud et al., 2014).
Accordingly, modulation of this process via extracellular
interacting partners posits heavy implications in adhesion
GPCR signaling and physiology. As with many adhesion
GPCRs, ADGRB ectodomains feature conserved domains
such as four to five thrombospondin repeats, a hor-
mone-binding HB domain, and a membrane proximal
GAIN domain. In addition, ADGRB3 comprises a unique
CUB domain. Through their multimodular ectodo-
mains, ADGRBs have been shown to interact with
multiple extracellular proteins to regulate both cell
autonomous and noncell autonomous functions to
coordinate both pre- and postsynaptic processes as
detailed below.

A. Complement Clq-Like 1-4

The Clqg-like family is composed of brain-enriched,
presynaptically secreted proteins that form homo- and
heteromeric complexes (Iijima et al., 2010; Yuzaki, 2010;
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Martinelli et al., 2016). Physiologic roles in the central
nervous system and in peripheral tissues have been
clearly established for some members of the family.
Clqgll was shown to modulate Purkinje cell spino-
genesis necessary for motor learning (Kakegawa et al.,
2015; Sigoillot et al., 2015). In addition, C1ql3 was
shown to be involved in synapse formation/maintenance
underlying formation of fear memories (Martinelli
et al., 2016). Peripherally, C1ql3 inhibits insulin secre-
tion in pancreatic B8 cells (Gupta et al., 2018), whereas
Clql4 acts as a repressor of myoblast fusion (Hamoud
et al., 2014) and was recently identified as a novel
regulator of testosterone secretion in the testis (Tan
et al., 2019). ADGRBS3 utilizes selective domains to
engage with different Clql proteins. For example, the
thrombospondin repeat domains in the ADGRBS3 ecto-
domain are both necessary and sufficient for the in-
teraction with C1ql3 (Bolliger et al., 2011), whereas the
interaction with the homolog Cl1qll in the cerebellum
is mediated instead by the CUB domain (Kakegawa
et al., 2015). Notably, Clql proteins interact with the
ADGRB3 ectodomain in a Ca®"-dependent fashion
(Bolliger et al., 2011), suggesting the possibility of
dynamic binding events and feeding a hypothesis
that Clqls could mediate their physiologic effects by
directly modulating ADGRB signaling properties. For
instance, Clql4 could act as a negative allosteric
modulator by stabilizing the inactive conformation
of ADGRBS3 to limit G protein signaling (Hamoud
et al., 2014), perhaps competing with the positive
modulator of ADGRBS3 signaling: stabilin-2.

B. Stabilin-2

The single-pass transmembrane receptor stabilin-2
is a key element in myoblast fusion, an essential step
in the development of skeletal muscle myofibers (Park
et al., 2016). Stabilin-2 has been shown to interact with
ADGRBS3 in cis. Interestingly, ADGRB3’s interaction
with stabilin-2 or C1ql4 appears to be mutually exclu-
sive, acting as a molecular switch to activate or suppress
myoblast fusion, respectively (Hamoud et al., 2014).
Mechanistically, the coexpression of ADGRB3 with
stabilin-2 promotes G protein activation and the
accumulation of second messenger could help facilitate
the observed myoblast fusion events. In contrast, C1ql4
has been proposed to stabilize ADGRBS in an inactive
conformation, thereby limiting G protein signaling and
fusion events (Hamoud et al., 2014). Collectively, it
appears that ADGRBs are capable of hosting multiple
extracellular binding partners to either positively or
negatively modulate signaling events, thereby providing
a molecular mechanism to regulate postsynaptic spino-
genesis in the central nervous system.

C. Neuroligin-1

Neuroligin-1 is known as a powerful regulator of
excitatory synapse formation and maturation that acts
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by making transsynaptic contacts with neurexin family
members (Scheiffele et al., 2000), yet recent studies have
identified a novel interaction in cis between neuroligin-1
and ADGRBI1 (Tu et al., 2018). One physiologic role of
the ADGRB1 ectodomain, possibly mediated by such
interactions, consists of its ability to promote spino-
genesis and excitatory synaptogenesis (Duman et al.,
2013; Tu et al., 2018). Interestingly, postsynaptic
ADGRB1 is also capable of inducing presynaptic
differentiation, suggesting that this GPCR can fur-
ther be involved in retrograde signal transmission
across the synaptic cleft (Tu et al., 2018). Because
neuroligin-1is a well established transsynaptic bind-
ing partner of neurexins, it was hypothesized that
postsynaptic ADGRB1 may coordinate pre- and post-
synaptic processes via its interaction with neuroligin-
l-neurexin transsynaptic complexes (Tu et al., 2018).
In this model, ADGRB signaling could be modulated
via extracellular interactions with neuroligin-1 in cis
to facilitate postsynaptic spinogenesis. The impact of
neuroligin-1 on ADGRB signaling could be further
modified by conformational changes induced by
interactions with neurexin in trans. It is also possible
that ADGRB-dependent signaling could be trans-
duced in a retrograde-manner presynaptically depend-
ing on interactions within the neuroligin-1-neurexin
transcomplex, thereby providing a mechanism for co-
ordinating pre- and postsynaptic actions during syn-
aptogenesis. However, this hypothesized retrograde
mechanism remains to be established.

D. Perspective

Observations reported for ADGRB reinforce the view
that activation and inactivation mechanisms of GPCRs
may be closely linked to their extracellular interactions.
It is possible that the identity of components forming
particular complexes could differentially contribute
to regulation of the ADGRB along the signaling
continuum. For example, stabilin-2 interactions in
cis may act as positive allosteric modulators of G
protein signaling of ADGRB, whereas interactions
with C1qls may act as negative allosteric modulators
to stabilize the receptors in the inactive confirma-
tion. These transitions may be dynamic, as suggested
by the Ca®" dependence of some of these interac-
tions. Furthermore, the diversity of proteins found to
bind the ADGRB ectodomain at alternative binding
sites may further complicate the functional regula-
tion by allowing their synergistic or antagonistic
interactions. Finally, ADGRBs may be involved in
bidirectional coordination of signaling across the
synaptic cleft, as evidenced by the ADGRB1 ectodo-
main inducing antiproliferative and antiangiogenic
effects via integrin ayB5 and CD36 (Koh et al., 2004;
Kaur et al., 2009). The intriguing possibility of
retrograde signaling initiated by ADGRBs but con-
verted into the cellular signaling outcomes by other
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components of the complexes will need to be better
defined mechanistically.

VII. Assembly of Transsynaptic Complexes with
Orphan G Protein-Coupled Receptor 158/179
Facilitates Bidirectional Scaffolding of
Intracellular Signaling Molecules

Related orphan receptors GPR158 and GPR179 were
recently found to play key roles in regulating intracel-
lular signaling pathways crucially involved in funda-
mental behaviors. For instance, GPR158 is emerging
as a key player in mood control (Sutton et al., 2018;
Orlandi et al., 2019) and cognition (Khrimian et al.,
2017; Condomitti et al., 2018), acting in the prefrontal
cortex and hippocampus, respectively, whereas GPR179
in the retina has been noted for its indispensable role
in dim vision (Audo et al., 2012; Orlandi et al., 2012;
Peachey et al., 2012). Transmembrane domains of both
GPR158 and GPR179 identify most closely with class C
GPCRs (Bjarnadéttir et al., 2005). In addition, these
receptors feature large extracellular amino termini that
do not resemble those of other GPCRs from this group.
Instead of a Venus flytrap domain, the canonical
ligand-binding structure for class C GPCRs, GPR158
and GPR179 have conserved sequences that are most
commonly found in adhesion GPCRs such as an EGF-
like Ca®*-binding domain and a short leucine repeat
(Orlandi et al., 2012). The high homology of sequence
between GPR158 and GPR179 suggests that they
could share similar functional properties, yet expres-
sion pattern analysis revealed that GPR179 is selec-
tively expressed in the mammalian retina, whereas
GPR158is widely expressed in the brain, including in
the prefrontal cortex and hippocampus (Orlandi et al.,
2012; Khrimian et al., 2017; Condomitti et al., 2018;
Sutton et al., 2018). It has been suggested that in the
hippocampus, GPR158 may be activated by interaction
with a peptide hormone osteocalcin to signal via a Gag
(Khrimian et al., 2017). However, further studies are
needed to establish whether G proteins are indeed
direct substrates of GPR158/179 actions and whether
there are additional ligands and/or activation reactions.
Uniquely, both GPR158 and GPR179 have been shown
to serve as membrane anchors for a neuronal-enriched
family of regulator of G protein signaling (RGS) proteins
involved in many neurophysiological processes (Orlandi
et al., 2012, 2015). Through proteomic screening, GPR158
and GPR179 ectodomains were recently found to interact
with several members of the heterogenous family of
cell-surface and secreted heparan sulfate proteogly-
cans (HSPGs) (Condomitti et al., 2018; Orlandi et al.,
2018). HSPGs are abundant components of the cell
surface with contributions to the structure of the
ECM and the distribution of extracellular signaling
molecules (Sarrazin et al., 2011; Condomitti and de
Wit, 2018). Emerging discoveries increasingly point
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at HSPGs as regulators of synaptic connectivity (Sarrazin
et al., 2011; Condomitti and de Wit, 2018); their pro-
miscuous interactions with a variety of binding part-
ners, together with a restricted expression pattern for
each member of the family, make HSPG complexes an
extremely powerful way to generate synaptic specificity.
Two such partners have been characterized extensively,
providing the following information.

A. Pikachurin

In the retina, GPR179 is specifically localized at the
dendritic tips of ON-bipolar neurons that make direct
synaptic contacts with the presynaptic photoreceptors
(Audo et al., 2012). The ectodomain of GPR179 has been
shown to interact with the HSPG pikachurin (Orlandi
et al., 2018). Pikachurin features a modular composition
with two FN3 domains at the amino terminus and three
laminin G domains separated by two EGF-like domains
in the carboxyl terminus. Pikachurin is a secreted
protein released by photoreceptors. It is a component
of the presynaptic dystrophin-associated glycopro-
tein complex (DGC) involved in the synaptic commu-
nication of photoreceptors (Sato et al., 2008). The
interaction of GPR179 with pikachurin does not require
heparan sulfate (HS) modification because removal of
HS chains does not disrupt the binding. Instead, the
interaction site comprises the last EGF-laminin G
domain region of pikachurin (Orlandi et al., 2018).
Notably, transsynaptic interaction of the DGC complex
with GPR179 mediated by pikachurin plays essential
role for the postsynaptic targeting of GPR179 and
ablation of pikachurin disrupts GPR179 protein sta-
bility (Orlandi et al., 2018). As a consequence, the
localization of RGS proteins scaffolded by GPR179 on
the postsynaptic site is compromised (Orlandi et al.,
2018). This deficit leads to slowing of the synaptic
transmission speed, as RGS proteins are essential
components of the postsynaptic signaling machinery
that drives postsynaptic depolarization (Orlandi et al.,
2012; Sarria et al., 2016). Taken together, these obser-
vations suggest that pikachurin acts as an integral
scaffold of the postsynaptic GPR179-RGS complex to
influence unique postsynaptic signaling and neuro-
transmission. Additional anchoring of pikachurin by
presynaptic DGC enables it to serve as a transsynap-
tic bridge in coordinating function of synaptic mac-
romolecular complexes involved in transmission of
the signal.

B. Glypican 4

Glypicans (GPC1-GPC6) are evolutionary conserved
proteins similar in size and characterized by the pres-
ence of several intramolecular disulfide bonds critical in
defining their three-dimensional structure. Unlike pika-
churin, GPC4 is a GPI-anchored extracellular protein
that acts as a presynaptic regulator of excitatory synapse
formation with the capability of forming transsynaptic
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Fig. 2. The diversity and complexity of the GPCR extracellular interactome suggests functional and structural roles beyond traditional ligand
activation. A multitude of proteins create direct or indirect links in cis and in trans with GPCR ectodomains. Proteins are represented schematically,
and arrows represent validated protein—protein interactions of functional consequence.

complexes with a variety of adhesion molecules (de
Wit et al., 2013; Siddiqui et al., 2013). Interestingly,
GPR158 expressed in hippocampal CA3 pyramidal
neurons is selectively localized at postsynaptic sites
in the proximal segment that receive inputs from
mossy fiber where GPR158 has been demonstrated to
interact with GPC4 in ¢trans (Condomitti et al., 2018).
Such organization allows GPR158 to induce presyn-
aptic differentiation and regulate the spine density in
an input-specific manner (Condomitti et al., 2018).
These important organizational events of the synapse
are mediated by GPR158-specific transsynaptic inter-
actions with GPC4 and require the recruitment of an
additional presynaptic partner by GPC4: leukocyte
antigen-related (LAR) tyrosine phosphatase (Condomitti
et al., 2018). In contrast to the GPR179-pikachurin
interaction, GPR158-GPC4 binding was found to be HS
dependent, as enzymatic removal of HS or mutation of
the HS-modified amino acids disrupted the interaction
(Condomitti et al., 2018), suggestive of a possible
dynamic modulation of the interaction by changes in
posttranslational modification status. The ability of
the GPR158 ectodomain to induce presynaptic differ-
entiation in contacting axons does not require its
EGF-like nor leucin repeat domain (Condomitti et al.,
2018). Collectively, GPR158 organizes both the post-
synaptic density ultrastructure and the presynaptic
active zone for neurotransmitter release, presumably
by its control over the presynaptic GPC4-LAR complex.

C. Perspective

Orphan GPCRs remain elusive in our pursuit to fully
understand GPCR pharmacology; however, the identi-
fication of transsynaptic HSPG binding partners and
examples of their necessity for adequate localization of
constituent signaling complexes paves a way for in-
terrogating activation mechanisms and cellular roles of

GPR158 and GPR179 and possibly other orphan GPCRs
featuring ectodomains with protein—protein interaction
motifs. The involvement of GPR158/179 in the formation
of transsynaptic complexes, together with the ability of
their HSPG partners to scaffold other signaling molecules
in cis, suggests an intriguing possibility of extracellular
scaffolding involved in bidirectional modulation of in-
tracellular signaling on both sides of opposing synaptic
membranes. For example, HSPGs may direct targeting
of GPR158/179 and ensuing assembly of signaling
complexes involving RGS proteins on the postsynap-
tic side, whereas GPR158/179 may reciprocally con-
tribute to presynaptic organization of HSPG complexes
with signaling mediators (e.g., LAR) to form a higher-
order transsynaptic GPCR signalosomes.

VIII. Concluding Remarks

The evidence compiled above strongly suggests that
the emerging concepts of extracellular and transcellular
interactions in GPCR regulation (Fig. 2) provide a com-
parable degree of diversity to the well characterized
intracellular modulation of GPCR function. Functions
of adhesion GPCRs have been heavily linked with
extracellular biology, yet the recent inclusion of class
C GPCRs in these novel structural complexes suggests
that class C GPCRs, or GPCRs with large extracellu-
lar domains in general, may similarly possess adhesion
GPCR-like properties and be subject to a variety of
extracellular modulators that remain to be charac-
terized. Furthermore, these interactions have proven
relevant to a subset of orphan GPCRs and may provide
a blueprint for our understanding of the unusual biology
of these understudied receptors. Beyond structural
implications, it is important to consider that extracel-
lular interacting partners can endow the GPCR with
specific functional consequences, seemingly acting as
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TABLE 1

Functional consequence of extracellular interactions with GPCRs

Receptor (Alternate

Name) Partner Structure Functional Consequences of Extracellular GPCR Interaction Reference
ADGRL1 (LPHN1) Contactin-6 Cis Role in neurite outgrowth and apoptosis Zuko et al. (2016)
ADGRL1 (LPHN1) Teneurin-2 Trans/ Synaptogenic interaction. Purified teneurin-2 ectodomain Silva et al. (2011)
soluble induces Ca2" release in presynaptic boutons of
hippocampal neurons
ADGRL1 (LPHN1) Teneurin-2 Trans/ Role in axonal attraction and fasciculation. Functional role in  Vysokov et al. (2018)
soluble neuromuscular junction transmission
ADGRL1 (LPHN1) Teneurin-2 Trans/ Interaction in trans alters cAMP accumulation in ADGRL1- Li et al. (2018)
soluble expressing cells
ADGRL1-3 (LPHN1-3) Teneurin-2, Trans/ Induces cellular aggregation and junction formation. Boucard et al. (2014)
teneurin-4 soluble Interruption of interaction decreases synaptic density in
cultured neurons
ADGRL1-3 (LPHN1-3) FLRT3 Trans Interruption of interaction decreases synaptic density in Boucard et al. (2014)
cultured neurons
ADGRL1 (LPHN1) FLRT3 Trans Role in defining excitatory synapse density, afferent input O’Sullivan et al. (2012)
strength, and dendritic spine number
ADGRL3 (LPHN3) FLRT2 Trans Interaction facilitates adhesion in HeLa cells and repulsion in Jackson et al. (2015)
cortical neurons
ADGRL1 (LPHN1) FLRT2 Trans Complex with Unc5D inhibits cell adhesion Jackson et al. (2016)
ADGRL1 (LPHN1) NRXN1 Trans ADGRL1 competes with neuroligin to form a transcellular Boucard et al. (2012)
adhesion complex with neurexin
ADGRC3 (CELSR3) Dystroglycan Trans Role in axon guidance Lindenmaier et al. (2019)
ADGRBS3 (BAI3) C1ql3 Soluble Ca?"-dependent interaction with TSRs in ADGRB3 ectodomain Bolliger et al. (2011)
ADGRB3 (BAI3) Clqll Soluble Role in motor learning at climbing fiber-Purkinje cell synapses Kakegawa et al. (2015)
ADGRB3 (BAI3) Clqll Soluble C1ql1’s modulation of Purkinje cell spinogenesis is Sigoillot et al. (2015)
ADGRBS3 dependent
ADGRBS3 (BAI3) Clql4 Soluble C1ql4 interacts with ADGRB3 to suppress myoblast fusion Hamoud et al. (2014)
ADGRB3 (BAI3) Stabilin-2 Cis Stabilin-2 interacts in cis to promote G protein activation via Hamoud et al. (2014)
ADGRBS3 and activate myoblast fusion
ADGRB1 (BAI1) Neuroligin-1 Cis Role in spinogenesis, excitatory synaptogenesis, and Tu et al. (2018)
presynaptic clustering of vGlutl with neuroligin-neurexin
transcomplex
ADGRB1 (BAI1) Integrin avBs Trans ADGRB1 ectodomain shows antiproliferative effects by blocking Koh et al. (2004)
avyPBs5 integrin
ADGRBI1 (BAIl) CD36 Trans ADGRBI released ectodomain mediates antivascular effects by Kaur et al. (2009)
interacting with CD36
ADGRES5 (CD97) CD55 Trans Role in cell adhesion Hamann et al. (1996)
ADGRES5 (CD97) CD55 Trans Promotes receptor desensitization after ectodomain cleavage Karpus et al. (2013)
ADGRES5 (CD97) CD90 Trans Role in leukocyte adhesion to activated endothelium during Wandel et al. (2012)
inflammatory processes
ADGRES5 (CD97) Integrin asB; Trans Interaction initiates endothelial cell invasion by Wang et al. (2005)
inflammatory cells
ADGRG1 (GPR56) Collagen III Soluble Promotes ADGRG1-dependent calcium signaling in pancreatic Olaniru et al. (2018)
islet B cells
ADGRG1 (GPR56) Collagen IIT Soluble Interaction activates Gayo/13-RhoA to control neuronal Luo et al. (2011, 2014)
progenitor migration and corticogenesis
ADGRGS6 (GPR126) Collagen IV Soluble Collagen IV treatment of ADGRG6-expressing cells Paavola et al. (2014)
increases cAMP
ADGRGS6 (GPR126) Laminin-211 Soluble Laminin-211 promotes myelination through ADGRGS6 in vivo. Petersen et al. (2015)
Interaction reduces cAMP via ADGRG6
ADGRGS6 (GPR126) PrP Soluble PrP activates ADGRG®6 to increase cAMP Kiiffer et al. (2016)
GPR179 Pikachurin Soluble Pikachurin recruits GPR179-RGS complex to photoreceptor Orlandi et al. (2018)
postsynaptic sites
GPR158 Glypican4 Trans Role in presynaptic differentiation and defining input-specific =~ Condomitti et al. (2018)
synaptic properties at mossy fiber-CA3 synapses in
hippocampus
mGIluR7 ELFN1 Trans Soluble ectodomain promotes constitutive activity Stachniak et al. (2019)
mGIluR7 ELFN1 Trans Role in synaptic targeting of mGluR7 Tomioka et al. (2014)
mGluR6 ELFN1 Trans Role in promoting mGluR6 expression and synaptic targeting Cao et al. (2015)
mGluR4/6 ELFN1 Trans Allosteric modulation of mGluR4/6 via G protein coupling Dunn et al. (2018)
mechanisms. Promotes constitutive activity
GABAgR1a APP/sAPP Soluble Modulates GABAgR1a axonal trafficking and signaling to Dinamarca et al. (2019),

decrease vesicle release probability

Rice et al. (2019)

BAI, brain-specific angiogenesis inhibitor; LPHN, latrophilin; TSR, thrombospondin repeat.

either positive or negative allosteric modulators of the
GPCR response to ligand-mediated effects (Table 1). It
is now clear that transcellular interactions are involved
in adjusting pharmacological properties of GPCRs
and therefore must be considered and exploited in
drug discovery efforts. Just as cell-specific effects of

drug action have been implicated, it is foreseeable
that the differential expression patterns of extracellular
proteins at different cellular and synaptic junctions could
provide diverse functional consequences for the GPCR
that alter pharmacological responses to drugs in a cell-
specific and junction-specific manner. Furthermore, this
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concept of the extracellular dimension of GPCRs intro-
duces an added complexity to our understanding of cell
junction/synapse formation and the possibility of novel
cell-to-cell communication mechanisms that remain to
be fully elucidated. With the combined efforts of multiple
research groups, the characterization of transcellular/
transsynaptic regulation of GPCRs by a variety of extra-
cellular proteins is proving to be a new dimension in the
central dogma of GPCR function and pharmacology.
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