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GPR56/ADGRG1 is a versatile adhesion G protein-coupled receptor important in the phys-
iological functions of the central and peripheral nervous systems, reproductive system,
muscle hypertrophy, immune regulation, and hematopoietic stem cell generation. By
contrast, aberrant expression or deregulated functions of GPR56 have been implicated in
diverse pathological processes, including bilateral frontoparietal polymicrogyria, depres-

Keywords: sion, and tumorigenesis. In this review article, we summarize and discuss the current
Adhesion GPCR understandings of the role of GPR56 in health and disease.
G protein
Ligand
Signaling

- ligands/binding partners of GPCRs range from subatomic
1. Introduction

Representing the largest transmembrane receptor family in
the human proteome, the G protein-coupled receptors (GPCRs)
are hallmarked by the characteristic seven transmembrane
(7TM) helices and normally couple to heterotrimeric G pro-
teins upon receptor activation [1,2]. There are approximately
800 human GPCRs involved in a plethora of physiological
processes such as vision, olfaction, and taste [1,2]. The

particles (photons) to ions, small organic molecules (lipids,
neurotransmitters), peptides, hormones, and proteins [1,3,4].
Functional disruption of GPCRs leads to diverse pathologies,
and hence they are the major targets of medicinal drugs in use
today. Overall, GPCRs are proteins of functional and medicinal
importance [5,6].

Recently, the GPCR superfamily was further divided into
five different subfamilies based on their phylogenetic similar-
ities, namely the Glutamate, Rhodopsin, Adhesion, Frizzled,
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and Secretin (GRAFS classification system) [2]. The human
adhesion GPCRs (aGPCRs) form the second-largest GPCR sub-
family with a total of 33 members [7—11]. Evolutionarily,
aGPCRs are very ancient and are found in all vertebrates,
primitive animals, and even ancient metazoans [7,8,10,12].
Phylogenetic analyses have predicted that aGPCRs probably
evolved ~1275 million years ago from the common ancestor of
eukaryotes, and it is thought that the Secretin GPCR subfamily
is likely derived from the ancestral aGPCRs [9]. Distinguished
from other GPCRs, aGPCRs are signified by their unusually
large extracellular region (ECR), which contains the GPCR auto-
proteolysis inducing (GAIN) domain that mediate auto-
proteolytic cleavage of these receptors [13,14]. This novel
auto-proteolytic modification leads to the generation of two
non-covalently associated receptor subunits, an N-terminal
fragment (NTF) (o subunit) and a C-terminal fragment (CTF) (B
subunit) [13—16]. To date, aGPCRs have been implicated in
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diverse physiological and pathological processes such as in
embryonic development, nervous and reproductive systems,
immune regulation, and stem cell maintenance [10]. In this
review article, we will discuss the functional role of aGPCR
GPR56/ADGRGL in health and disease.

1.1. Overview of GPR56/ADGRG1 protein

The ADGRG1 gene spans ~45 kb of DNA on human chromo-
some 16921 and comprises of 14 exons with a coding region of
2082 base pairs (bp) from the exon 2 to 14 [Fig. 1A] [17,18].
Located next to it on the same locus are two different aGPCR
genes, namely GPR97/ADGRG3 and GPR114/ADGRGS5, suggest-
ing a strong evolutionary relationship [19]. GPR56/ADGRG1 is
expressed in the brain, heart, thyroid, kidney, testis, pancreas,
and skeletal muscle [17,20]. It has at least four protein variants
due to alternative RNA splicing and 17 alternative translation
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Fig. 1 Organization of the GPR56 gene and receptor protein variants. (A) Schematic diagrams of the GPR56 gene (upper panel)
and the encoding receptor protein (lower panel). The GPR56 gene consists of 14 exons, of which the exons 2—14 code for the
receptor protein. The figure depicts the full-length GPR56 gene with a length of 2082 base pairs (Intron: line; Exon: solid bar;

coding region: blue; non-coding region: red). The corresponding wild-type (WT) protein isoform is composed of 693 amino acids
(Signal Peptide: red; PLL domain-B sheet A: yellow; PLL domain-p sheet B: green; GAIN-subdomain A: purple; GAIN-subdomain
B: dark green; GPS region and Stachel peptide: pink; TM regions: orange; Intracellular and extracellular loops: cyan) [16,22]. (B)
Schematic diagrams depicting the four GPR56 alternatively spliced isoforms, S1—-S4. The corresponding protein structures are
depicted below the gene structure [16,22,24]. (C) The schematic cartoon of the structural organization of GPR56 receptor protein.

ICR: Intracellular Region.
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initiation sites in the first non-coding exon, all of which have
distinct expression profiles in human [Fig. 1B] [16,21—-23].
GPR56 contains two different protein domains in its ECR,
namely the PLL (Pentraxin/Laminin/neurexin sex-hormone-
binding globulin-Like) and GAIN domains [Fig. 1]. The PLL
domain is located at the most N-terminus and is unique to
GPR56 [16]. Structural analysis has shown that the GAIN
domain of GPR56 is unusually small among aGPCRs; its GAIN-
A sub-domain contains only three a-helices whereas those of
Latrophilin-1 and BAI-3 have six [13,14,16]. The post-
translational auto-proteolytic cleavage of GPR56 occurs be-
tween Leu-382 and Thr-383 at the GPCR proteolytic site (GPS)
within the GAIN-B sub-domain, with His-381, Leu-382, and
Thr-383 acting as the catalytic triad [16].

The unique 133-amino acid long PLL domain is a 12-
stranded B-sandwich domain, forming two B-sheets (B-sheet
A and B) and sharing only a weak homology with either pen-
traxin or laminin/neurexin/sex-hormone-binding globulin
domain [16]. The PLL domain attenuates the receptor's basal
activity and is necessary for GPR56's role in supporting oligo-
dendrocyte development [16]. Interestingly, the GPR56 splice
variant 4 lacks the entire PLL domain, but is specifically
involved in microglia-mediated synaptic pruning [16,24]. A total
of seven N-glycosylation sites are identified in the ECR of GPR56
[25]. N-glycosylation affects GPR56 receptor protein trafficking,
cell surface expression, and even ligand-binding affinity. As
such, it has been reported that N-glycosylation decreased the
binding affinity of GPR56 to tissue transglutaminase 2 (TG2), but
did not affect its binding to another ligand, collagen III [25—27].
Apart from collagen IIl and TG2, many other endogenous pro-
tein ligands and binding partners have been identified for
GPR56, making it no longer an orphan receptor [28]. These
include tetraspanins CD9/CD81, progastrin, phosphatidylserine
(PS), and laminin, which function either as a scaffold protein,
co-receptor, or cognate ligand [24,29—31]. In addition, a small-
molecule agonist, 3-a-acetoxydihydrodeoxygedunin (3-a-
DOG), and an antagonist, dihydromunduletone (DHM), as well
as a distinct glycosaminoglycan (GAG) binding partner, hepa-
rin, were also identified recently for GPR56 [32—35].

1.2.  Activation and signaling mechanisms of GPR56

GPR56 receptor activation can be induced by diverse mecha-
nisms, including the tethered ligand (Stachel)-dependent/in-
dependent and  autoproteolysis-independent modes
[33,36—39]. There is a wealth of experimental evidence sug-
gesting that GPR56-NTF functions as a repressor of basal GPR56
signaling. As such, the NTF-deleted GPR56 mutants are
constitutively active, characterized by increased SRF and NFAT
activity, TGF-o shedding, B-arrestin 2 binding, and ubiquiti-
nation of the receptor [36,40]. In line with the well-established
tethered-agonist activation mechanism of aGPCRs [37,41], the
binding of cognate ligands or receptor-specific activating an-
tibodies (Abs) or other interacting-molecule complexes trigger
GPR56 activation and downstream Guajy/13-RhoA signaling
cascade by inducing the irreversible NTF shedding and sub-
sequent exposure of the tethered Stachel agonist peptide [Figs.
2 and 3] [33,36—38,42]. This Stachel peptide is sometimes also
referred as the stalk region, or the p-strand 13 of the GAIN-B

sub-domain. More precisely, the agonistic property of this
peptide is imparted by the TYFAVLM sequence, which is suf-
ficient to activate GPR56 receptor and increase the SRF activity
when added ectopically [37]. The increased SRF and NFAT ac-
tivity is due to the RhoA signaling by Goa,/13 and calcium-ion
channel activation by GBy, respectively [36,38]. Interestingly,
the homophilic N terminus-N terminus trans-activation of
GPR56 is also observed, with amino acids between 228 and 342
being essential [40]. Recently, it has also been shown that the
deletion of the entire Stachel sequence of GPR56 still leaves the
receptor constitutively active, however it only leads to NFAT
activity and TGF-a shedding, but not the SRF activity, hence
establishing the Stachel-independent mechanism of receptor
activation [36,38].

The small-molecule agonist 3-2-DOG can activate the GPS
autoproteolysis-deficient GPR56-F385A mutant [33,35]. Like-
wise, a panel of human GPR56-specific monobodies was shown
to be able to activate the autoproteolysis-deficient F385A
mutant [39]. These observations led to the proposal of the
proteolysis-independent receptor activation mechanism,
wherein the small agonist binds to the receptor and cause its
conformational change, thereby activating the receptor
without requiring its autoproteolysis and the exposure of the
tethered Stachel agonist peptide [33,39]. In short, GPR56 medi-
ates diverse signaling mechanisms in concert with its inter-
action with tissue-/cell type-specific ligands to achieve various
physiological and pathological functions [Figs. 2 and 3].

2. Physiological roles of GPR56/ADGRG1

GPR56/ADGRGT1 is involved in a wide variety of physiological
functions [Fig. 2]. The most studied ones are in the central and
peripheral nervous systems (CNS/PNS), the immune system,
differentiation of hematopoietic stem and progenitor cells
(HSPCs), the reproductive system, and muscular hypertrophy
[Table 1].

2.1.  Nervous system (CNS/PNS)

GPR56 is expressed in Tujl"™ migrating neurons, Cajal-Retzius
cells, radial glial cells, and multiple cell types from the pre-
plate and the marginal zones, including the ventricular and
sub-ventricular zones of the developing brains [28,43]. In the
developing cerebrum, GPR56 couples to Gaj,/13 and activates
the RhoA pathway upon binding to collagen-type III alpha-1
(COL3A1) expressed by meningeal fibroblasts at the pia sur-
face/marginal zone, thereby inhibiting neuronal (over)migra-
tion and hence properly laminating the cerebral cortex [28]. As
such, the COL3A1 homozygous null mutation phenocopies the
over migration of neurons, breaching of the pial basement
membrane (BM), and cobblestone-like cortical malformation,
all of which were similarly observed in the cerebrum of GPR56
homozygous null mutants [28].

In addition, it was reported that the loss of integrin-o3
(Itga3) leads to enhanced phenotypic severity of GPR56 dele-
tion in a dose-dependent manner with Itga3~/~Gpr56 /= being
most severely affected [44]. These enhanced phenotypic se-
verities in Itga3 and Gpr56 double-knockout mice include the
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Fig. 2 GPR56 signaling in physiological processes. (A) In a neuron cell, collagen III acts as a ligand of GPR56 [28]. During the
inactive state, GPR56 is found in detergent-soluble non-lipid raft regions of the plasma membrane [102]. However, in the
presence of collagen III, the NTF of GPR56 binds to the collagen III which subsequently leads to removal of NTF from the CTF
[103]. The shedding of NTF exposes the tethered Stachel agonistic peptide within the CTF [33]. The removal of NTF is also
followed by the translocation of CTF to lipid rafts [103]. The tethered Stachel sequence then binds to and induces the
conformational changes in CTF to activate the Gayy/13 protein [28]. Upon the GDP-GTP exchange, this heterotrimeric G-protein
complex dissociates into Ga1y/13 and Gy subunits. The Ga,/13 subunit then activates RhoA, which activates various
downstream signaling molecules to finally result in the inhibition of migration of the neuron [28]. Some observations suggest a
possible interaction of GPR56 with integrin «3p1 [43]. Laminin-511 is known to bind to the integrin «3p1. However, the details of
this interaction of GPR56 with integrin remains elusive. (B) In the skeletal muscle cells, resistance exercises and apigenin, a
natural flavone found in many edible plants, induces muscle hypertrophy [48,49]. Apigenin enters the cell and activates Prmt7,
which then directly activates PGC-1a [49]. The PGC-1a is a transcriptional coactivator which enhances GPR56 and collagen III
expression, thereby finally inducing muscle hypertrophy via the IGF-1-mTORC1 pathway [48,49]. (C) In an oligodendrocyte
progenitor cell (OPC), the tripartite signaling complex formed of TG2 released by microglia, laminin-111 from ECM, and GPR56
on its cell surface induce the myelin formation and repair in CNS by promoting OPC proliferation and inhibiting its premature
differentiation to oligodendrocytes via the Ga1,/13-RhoA signaling pathway [47,96]. (D) In a Schwann cell, GPR56 in association
with other transmembrane and cytoskeletal linker proteins, like dystroglycan and plectin, induces proper PNS myelination by
cytoskeletal remodeling via the RhoA pathway and physical interaction with plectin [29]. (E) Hobit is the primary driver of
GPR56 expression in human cytotoxic NK cells [54]. GPR56 in association with CD81 inhibits the effector functions of cytotoxic
NK cells during inactive state [19,54]. However, NK cell activation leads to the cleavage of a portion of GPR56 ECR and induces
PKC-mediated internalization of the GPR56 receptor, thereby removing its inhibitory effector functions [54]. The solid lines
represent direct interaction, whereas the dotted lines indicate indirect pathways with potential additional intermediate(s).
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earlier manifestation of abnormalities, larger neuronal ecto-
pias in number and size, and reduced collagen IlI-mediated
neuronal migration inhibition in vitro compared to controls
[44]. GPR56 and o3 integrin co-localize in radial glial cells and
rostral preplate neurons, and «3f1 integrin does not bind to
collagen III, but it does bind to laminin-511 [44]. It is hence
possible that the «3p1 integrin coordinates with GPR56 via an
undefined mediator to regulate cortical development [Fig. 2A].
Granule cells of the rostral cerebellum express GPR56 as well,
and these cells in Gpr56-null mutants have a reduced binding
affinity to laminin-111 and fibronectin compared to those of
wild-type (WT) mice. These phenotypes are likely due to the
defective TG2-binding of GPR56-null granule cells since TG2
can interact with GPR56, laminin, and fibronectin [31,45,46].

GPR56 is also involved in the myelin formation and repair in
CNS neurons via a tripartite signaling complex of microglial
TG2, laminin in ECM, and GPR56 on oligodendrocyte progenitor
cells (OPCs) via the Gajz/13-Rho signaling pathway [Fig. 2C]
[30,46,47]. GPR56 acts as a positive regulator of OPC prolifera-
tion, but a negative regulator of OPC differentiation to oligo-
dendrocytes (OLs) [47]. The myelin sheath thickness of
myelinated axons, however, does not differ significantly be-
tween Gpr56 null-mutant and WT [47]. GPR56 coupled to Ga19/13
is also involved in the myelination of PNS neurons by cyto-
skeletal remodeling in Schwann cells (SCs) via the RhoA
pathway and by physical interaction with plectin, a large
cytoskeletal linker protein, upon receptor activation [Fig. 2D]
[29].

In addition to the cortical lamination, and repair as well as
formation of myelin, GPR56 was recently found to be involved
in the microglia-mediated synaptic remodelling by serving as a
receptor for phosphatidylserine (PS) exposed on the mem-
brane of apoptotic synapses, thus facilitating their engulfment
and removal by microglial cells. Interestingly, this synaptic
pruning function of GPR56 is specifically mediated by its splice
variant 4 isoform [Fig. 1B] expressed by microglial cells [24].

In short, GPR56 regulates brain cortical patterning and proper
cerebral cortex development, rostral cerebellar development,
nerve axon myelination and myelin repair in both CNS and PNS,
OPC proliferation, inhibition of OPC differentiation to OLs in the
CNS, and proper radial axonal sorting by SCs in the PNS,
including synaptic remodelling.

2.2.  Muscle hypertrophy

Apigenin (4,5,7-trihydroxyflavone), a natural flavone abun-
dant in various edible plants, and resistance exercises induce
muscle hypertrophy by Prmt7-PGC-1a-ADGRGI that activates
Goyp13 and downstream signaling through the IGF1-Akt-
mTOR pathway [Fig. 2B] [48,49]. Expression of the PGC-la
isoform 4 (PGC-104) transcription coactivator is sufficient for
enhancing GPR56 and collagen III expressions, thereby
inducing muscle hypertrophy [48]. Interestingly, GPR56 may
act at an early stage of myotube fusion and regulate myoblast
commitment to differentiation, possibly through SRF to pro-
mote the transcription of myogenic regulators. However,
GPR56 overall is dispensable for muscle development since
the absence of GPR56 only produces a mild phenotype due to
unknown compensatory mechanisms [50].
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PCBP2 (Poly(C)-binding protein 2) negatively regulates
angiotensin II (Ang II)-induced hypertrophy of car-
diomyocytes by regulating the GPR56 mRNA stability and its
degradation at the transcriptional or post-transcriptional
level [51]. PCBP2 mRNA and protein levels are low in
human failing or hypertrophic hearts, overload-mediated
hypertrophic hearts in mice, and neonatal rat car-
diomyocytes treated with Ang II, isoproterenol, or phenyl-
ephrine to induce hypertrophy [S1]. This decreased PCBP2
levels significantly increase the amounts of Ang II, GPR56,
and fetal genes such as Nppa, Nppb, and Myh7, hence
inducing an Ang II-mediated increase in cardiomyocyte size
and protein synthesis (hypertrophy) [51].

In a recent report, all-trans-retinoic-acid-induced or -
carotene-stimulated myotubes and the soleus muscles of B-
carotene treated mice were shown to enhance Tg2 mRNA
expression and secretion of TG2 into the ECM [52]. Extracellular
TG2 promotes phosphorylation of Akt, mTOR, and ribosomal
p70S6K through GPR56 to induce protein synthesis and hyper-
trophy in myotubes without requiring its cross-linking abilities
[52]. These results suggest that although GPR56 is not necessary
for overall muscle development due to possible compensatory
mechanisms, it is required for resistance exercise-induced
muscle hypertrophy, Ang II or overload-induced car-
diomyocyte hypertrophy, and myotube function in general.

2.3. Immune system and HSPC

In the immune system, GPR56 acts as a specific cell surface
marker of pan-cytotoxic leukocytes. Its expression is
restricted to NK cells and cytotoxic T lymphocyte subsets,
including CD8*, CD4", and v3 T cells [19,53]. GPR56 expression
in human cytotoxic lymphocytes is primarily driven by Hobit
and overlaps with that of cytolytic enzymes such as perforin,
granzyme A and granzyme B [19,54]. GPR56 inhibits the cyto-
toxic activity and migration ability of NK cells by coupling to
CD81 [19,54]. GPR56 downregulation in cytotoxic lymphocytes
upon cell activation is protein kinase C-mediated, which is
also known to associate with the intracellular region of CD81
[Fig. 2E] [54]. Platelets also express GPR56, which functions as a
collagen responder and shear force sensor during hemostasis
[55]. It is important to note that the expression profiles of
GPR56 and Hobit in human and murine immune cells differ
significantly. As such, while GPR56 and Hobit are co-expressed
in human peripheral NK and T cells, both molecules are ab-
sent in murine peripheral NK and T cells [54].

Recently, a novel KLR/GPR56-based classification system
(KLRB1, KLRG1, GPR56/ADGRG1, and KLRF1) was proposed for
CD4" memory T cells that better define the functional states of
these cells than the classical CD45RA/CCR7-based classifica-
tion [56]. Therefore, based on the production potential of se-
lective cytokines (TNF and INF-y), CD4" memory T cells are
divided into high, medium, low, and exhausted subgroups
that can be defined by the unique expression patterns of
distinct surface KLRs and GPR56 [56].

GPR56 is expressed abundantly by HSPCs during definitive
hematopoiesis in the embryo and adult bone marrow, but its
levels are reduced significantly upon lineage restriction and
differentiation [57]. The highly enriched CD34 c-Kit"Sca-
1*Lin* hematopoietic stem cell (HSC) fraction expresses

GPR56, and the GPR56"' fraction contains almost all of the
long-term repopulating (LTR) cells, hence implicating GPR56
as a potential surface marker for LTR HSCs [58]. GPR56 is a
transcriptional target of heptad transcription factors (TFs) and
is involved in endothelial-to-hematopoietic transition (EHT)
[59]. Moreover, heptad TFs and GPR56 are essential for HSC
generation during EHT in healthy as well as leukemic human
hematopoietic cells, and this role of GPR56 is conserved even
in zebrafish [59]. GPR56 is also necessary to overcome repeated
proliferative stress induced by serial bone marrow trans-
plantations [57]. However, despite all these, GPR56 is mostly
dispensable in context to HSPCs since GPR56 deficiency does
not lead to any significant impairment in HSPC maintenance,
migration, or function during steady-state or myeloablative
stress-induced hematopoiesis [57].

In short, GPR56/ADGRG1 modulates human cytotoxic NK
cell effector functions in part by negatively regulating cell
cytotoxicity and migration, involves in the platelet—collagen
interaction and hemostatic response, but is mostly dispens-
able in context to HSPCs. Further explorations will be required
to better understand the role of GPR56 in human HSPCs and
immune cells.

2.4. Pancreas/islet (3-cell

GPR56 is the most abundantly expressed GPCR in human
and mouse pancreatic islets, and its expression is strongly
correlated with many essential genes for B-cell function and
type-2 diabetes risk [60]. Extracellular collagen III found at
the peri-islet basement membrane and islet capillaries are
the putative ligand of GPR56 in pancreatic B-cells [60]. It
protects B-cells from cytokine-induced apoptosis, increases
calcium-ion levels, and potentiates glucose-induced insulin
secretion [60]. Despite these roles, GPR56 is mostly
dispensable for in vitro glucose-induced insulin secretion,
glucose tolerance in adult mice, or normal islet vasculari-
zation or innervation [61]. Interestingly, reduced GPR56
expression was identified while studying the effects of
GPR142 knockdown in rat INS-1832/13 insulinoma cell line
[62]. Hence, there might be some regulatory cross-talk be-
tween GPR142 and GPR56. These results suggest that mod-
ulation of GPR56 signaling could possibly improve islet
transplantation outcomes and may even be a potential
target for treating type-2 diabetes.

2.5.  Adipogenesis

Adipogenesis is the formation of adipocytes from stem cells,
and in vitro studies have shown that GPR56 is necessary for
adipogenesis, although in vivo validations are yet to be done.
Compared to lean control rats, adipose tissues of genetically
obese Zucker rats have low GPR56-transcript levels [63].
Furthermore, low endogenous GPR56 protein levels are found
in 3T3-L1 preadipocytes, and GPR56 knock-out by genome
editing abolishes adipogenesis in 3T3-L1 cells [63]. Interest-
ingly, only mitotic cells present cell surface GPR56 staining,
suggesting that its localization may be regulated during cell
division and might contribute to the modulation of adipo-
genesis [63].
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2.6. Reproduction
The absence of GPR56 causes asymmetric partial disruption of
seminiferous tubules in the embryonic gonads just after the
initial establishment of testis cords in mouse [64]. Therefore, it
seems to act as a spatial or temporal inducer of asymmetry in
cord remodeling during male gonad development. Sertoli cells
express GPR56, and the absence of its expression leads to
improper formation of seminiferous tubules during embryo-
genesis, leading to reduced male fertility [64]. Interestingly, only
the mesonephric side of the testis cords is disrupted. In contrast,
the coelomic side remains predominantly intact, thereby pro-
posing the first-ever genetic evidence for the asymmetric for-
mation of testis cords in mouse gonads [64]. Spermatogenesis
still occurs in the normal parts of the Gpr56-knockout adult mice
testes, leading to partial fertility in these mice [64].

GPR56 is a highly female-biased gene on the embryonic day
6 of chicken embryos. Itis strongly expressed in female gonads,
primarily in the ovary's cortex, compared to male gonads in
which GPR56 expression is weak [65]. During experimental sex
reversal, GPR56 expression is down-regulated in embryonic
female gonads treated with fadrozole, an aromatase inhibitor
[65]. A more recent study showed that GPR56 is involved in
Mullerian duct development in the chicken embryo [66]. GPR56
mRNA is presentin the inner Mullerian duct epithelium during
the elongation phase of the duct formation [66]. Interestingly,
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collagen III expression is also observed in the Mullerian duct
during the same developmental stages, suggesting a possible
role of collagen III as a ligand for GPR56 in these tissues [66].
Knockdown of GPR56 expression using in ovo electroporation
results in variably truncated ducts and loss of expression of
both epithelial and mesenchymal markers of duct develop-
ment, whereas in vitro overexpression leads to enhanced cell
proliferation and cell migration [66]. Hence, GPR56 plays an
essential role in avian Mullerian duct development through
duct elongation regulation. It is also essential for asymmetric
testis cord remodeling in male mammals.

3. Pathological roles of GPR56/ADGRG1

Since GPR56/ADGRG1 is involved in diverse physiological
functions, it is not surprising that many pathological disor-
ders were manifested due to abnormal functioning of this
receptor, mainly in the nervous system and cancer devel-
opment [Fig. 3] [Table 2].

3.1. BFPP

Bilateral frontoparietal polymicrogyria (BFPP), a novel brain

cortical malformation, is an autosomal recessive genetic dis-
order caused by homozygous mutations in the coding region of
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Fig. 3 GPR56 signaling in pathological processes. (A) In a colorectal cancer (CRC) cell, progastrin (PG) binds to GPR56 and
promotes the epithelial-to-mesenchymal transition and metastasis by the PI3K/Akt pathway. Moreover, GPR56 also promotes
drug resistance by promoting MDR1 expression via the RhoA pathway [83—85]. (B) GPR56 inhibits the metastasis and tumor
survival in a melanoma cell by internalization and degradation of TG2-bound GPR56 thereby controlling the concentration of
TG2 in ECM which is a major promoter of tumor survival [46,104]. An alternative mechanism observed in melanoma cells is the
interaction of GPR56 with tetraspanins such as CD81, which recruit Gog/11(GBy) heterotrimer and finally inhibits VEGF secretion,
and hence the angiogenesis, via the PKCa pathway [72,104]. (C) In the HT1080 cell line, heparin has been demonstrated to bind
to the NTF of GPR56 [32,104]. One of the major heparin-binding sites of GPR56 overlaps with the collagen III-binding site, hence
making heparin capable of modulating the binding and signaling by collagen III [32]. It is observed that the binding of heparin
reduces NTF shedding and promotes cell motility and adhesion [32]. (D) In U87-MG cells, GPR56 inhibits cell migration via the
Gog and Rho pathway [81]. Moreover, GPR56 also inhibits mesenchymal transition and radioresistance by inhibiting the NF-«xB
signaling pathway upstream of NEMO [82]. TNF activates the TNF receptor which promotes mesenchymal transition and
radioresistance by activating NF-«B signaling pathway and downregulating GPR56 indirectly [82]. The solid lines represent
direct interaction, whereas the dotted lines indicate indirect pathways with potential additional intermediate(s).
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Table 2 GPR56 in pathology.

Section  Pathological function GPR56 expression level The role of GPR56/ADGRG1 Special Remarks References
1 Bilateral Fronto-Parietal Mutation(s) in coding region Neuronal migration inhibition and Mutations in GPS (GPCR Proteolytic Site) results in a phenotypically [17,45]
Polymicrogyria (BFPP) of GPR56 gene hence in the proper development  more severe case of BFPP
of the cerebral cortex and rostral
cerebellum.
211 EVIlhigh Acute Myeloid Upregulated Probable role in cellular growth and  Highly expressed in CD34*CD38 EVI1"&" Leukemic Stem Cell (LSC) [74]
Leukemia (AML) apoptosis fraction
2.1.2 Leukemic Stem Cells (LSCs) Upregulated Chemosensitivity Identification of LSCs beyond CD34+ fractions, and high expression [75,77,98—100]
of AML significantly correlating with OS and chemotherapy resistance
213 Cytarabine-resistant AML Upregulated Chemosensitivity to cytarabine GPR56 SNP 151376041 G > A minor allele is highly associated with high [76]
GPR56 mRNA expression and cytarabine resistance in leukemic cells
2.2 Metastatic Melanoma Downregulated Tumor cell migration, angiogenesis Downregulation correlates with higher metastatic potential [71]
and ECM remodeling melanoma
2.3.1 Glioma/Glioblastoma Upregulated Glioblastoma cell adhesion GPR56 expression is correlated with cellular transformation [80]
phenotypes
232 Radioresistant glioblastoma Downregulated Inhibitor of mesenchymal GPR56'°Y presents with a poor prognosis in glioblastoma patients [82]
differentiation largely due to increased differentiation to radioresistant mesenchymal
glioblastomas
2.4 Esophageal Squamous Cell  Upregulated Cell migration GPR56 nuclear expression significantly correlates with nodal invasion/  [88,89]
Carcinoma (ESCC) metastasis in ESCC
2.5 Acute Lymphoblastic Upregulated = = [79]
Leukemia (ALL)
2.6 Non-small-cell Lung Upregulated Cell proliferation and invasion GPR56 expression significantly correlates with the TNM stage of NSCLC  [90]
Carcinoma capacity and OS
2.7 Multidrug-Resistant Lung Higher promoter Multidrug resistance GPR56, MT1G and RASSF1 can be used as a potential methylation [91]
Adenocarcinoma methylation of GPR56 marker associated with acquired MDR lung adenocarcinoma
isoform 3
2.8 Osteosarcoma Upregulated Cell proliferation and invasive GPR56 highly correlates with TNM stage and OS in osteosarcoma [94]
capacity patients
2.9 Ovarian Cancer Upregulated Cellular proliferation GPR56 expression significantly correlates with advanced FIGO stage, [86]
lymph node metastasis and OS; GPR56 can act as an independent
prognostic factor
2.10 Colorectal cancer (CRC) Upregulated CRC cell proliferation, metastasis GPR56 expression significantly correlates to malignant progression of  [84]
and invasion via epithelial-to- the primary tumor and poorer prognosis
mesenchymal transition
2.11 Gastric Cancer Downregulated Probable role in cellular growth, GPR56 is under the direct control of VEZT, which is significantly [92]
migration, and invasion correlated with TNM stages
3 Rheumatoid Arthritis (RA) High levels of serum soluble — GPR56 positively correlates with rheumatoid factor and elevated tumor [101]
GPR56 necrosis factor in RA patients
4 Depression Downregulated = Treatment of anti-depressants, duloxetine or fluoxetine, leads to [70]

upregulation of GPR56 expression levels
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GPR56 gene [17]. BFPP patients usually display five common
clinical features and three characteristic MRI signatures [Table
3] [17,18]. In addition, BFPP is also associated with West syn-
drome and Lennox-Gastaut syndrome in multiple cases [67].
The histopathology of BFPP is cobblestone-like lissencephaly
characterized by neuronal ectopias breaching the pial BM of
the cerebral cortex caused by the over migration of post-
mitotic neurons from deep as well as superficial cortical
layers into the marginal zone [68]. This breaching of pial BM is
associated with discontinuity of ECM constituents of pial BM,
such as laminin, Col-IlI, Col-IV, and nidogen [68]. Neuronal
progenitor/precursor cells (NPCs) and migrating neurons in
their early phases of differentiation (GPR56"Nestin™ cells) ex-
press GPR56 as well [68,69]. However, the fully differentiated
GFAP-positive-astrocytes, BlII-tubulin-positive neurons, or
migrating neurons in their later phases of differentiation
(GPR56 Nestin™ cells) do not express GPR56 [69]. GPR56
expression is required for proper positioning, adhesion, and
inhibition of neuronal migration upon activation by COL3A1
presented on meningeal fibroblasts in the cerebral cortex
during neurogenesis and cerebral cortical development [28,69].

The developing granule cells of the rostral cerebellum also
express GPR56. Analyses of Gpr56-knockout mice and BFPP-
diagnosed human fetus have revealed highly severe malfor-
mation of rostral cerebellum characterized by the fusion of
adjacent lobules I-1II, disrupted layering of neurons and glia,
and fragmentation of the pial BM [45]. As discussed in the
section Nervous system (CNS/PNS), it is probably due to the
loss of the ability of these Gpr56~/~ granule cells to bind to
TG2. No other defects in cell proliferation, migration, or neu-
rite growth are known in Gpr56-knockout rostral cerebellum
granule cells. Another typical feature observed in BFPP pa-
tients is the presence of white matter abnormalities indicative
of myelination defect. Indeed, GPR56/ADGRG1 plays a crucial
role in myelination in CNS, as described in the section
Nervous system (CNS/PNS).

3.2. Depression and other nervous system-related
pathologies

GPR56 is also associated with nervous system-related pa-
thologies other than BFPP. A 15-bp deletion in a regulatory
element <150 bp upstream of the transcriptional start site of
the non-coding exon 1 m (elm) of the GPR56 gene leads to
severe bilateral cortical disruptions around the Sylvian region,
predominantly in the Broca's region, of the primary language
area [23]. Additionally, GPR56 was found recently to be a reli-
able treatment-response biomarker of depression patients
treated with anti-depressants [70]. Specifically, treatment of
anti-depressants, duloxetine or citalopram, leads to upregu-
lated GPR56 expression only in the responder cohorts [70]. By
contrast, chronic stress in mice leads to a significant reduction
of GPR56 expression in the blood, prefrontal cortex and dorsal
hippocampal areas, but not in the nucleus accumbens or
ventral hippocampal region [70]. Such down-regulated GPR56
expression in mice results in depression-like behavior, which
is reversed following the treatment of antidepressants [70].
The gene sets associated with AKT-, GSK3-, and EIF4-
pathways were found to be the most upregulated in GPR56
agonist-treated cells compared to controls in the functional
characterization of the anti-depressant role of GPR56 [70]. As
these pathways have previously been implicated highly in
depression and anti-depressant action of several drugs,
including selective serotonin reuptake inhibitors and keta-
mine, GPR56 most probably uses these pathways for agonist-
mediated anti-depressant activities [70].

3.3. Cancers
Invasion and migration of tumor cells are highly dependent on

their interaction with ECM and a delicate balance of cell
adhesion and detachment. GPR56 promotes or inhibits cancer

Table 3 Common clinical and MRI signatures of BFPP patients [17,18,67].

Feature

Description

1 Mental Retardation

Moderate to severe mental retardation in all patients and limited verbal

language in most cases.

2 Motor Developmental Delay
3 Seizures

Developmental milestones are achieved at much later ages.
Reported in most BFPP patients. They mostly have symptomatic

generalized epilepsy. Types of seizures varying among the patients

4 Cerebellar Signs
5 Dysconjugate Gaze

6 Bilateral Polymicrogyria

7 White Matter Defect

8 Brainstem and Cerebellar Hypoplasia

include tonic, atonic, atypical absence, and myoclonic. Some BFPP cases
are also associated with Lennox-Gastaut syndrome, characterized by a
severe form of generalized seizure of multiple types. Specific
electroencephalogram (EEG) abnormality called slow spike-and-wave
pattern is also observed in BFPP patients while awake and generalized fast
rhythms while asleep.

Cerebellar signs such as truncal ataxia, finger dysmetria, and rest tremor
are observable in most BFPP patients.

Many BFPP cases report the patient's gaze as esotropia, nystagmus,
exotropia, strabismus, or a history of squint eye.

Abnormally thickened cortex with many small ridges or folds in a
bilaterally symmetrical manner with decreasing anterior-to-posterior
gradient of severity.

Random white matter signal changes are observed in all BFPP patients
bilaterally.

BFPP patients present with small brain stem and vermis in many cases.
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development in a cell type- and/or tumorigenic stage-specific
manner in different cancers [Fig. 3] [Table 2].

3.3.1. Melanoma

In 1999, A.J. Zendman et al. discovered an inverse correlation of
the TM7XN1 (later found to be GPR56) expression level with the
metastatic potential of human melanoma cell lines [71]. Upon
further exploration, it was found that multiple mechanisms are
involved in the role of GPR56 in melanoma tumorigenesis. One
is due to the inhibition of vascular endothelial growth factor
(VEGF) secretion by GPR56, thereby reducing the number of
blood vessels at the site of metastatic melanomas [Fig. 3B]
[22,72]. TG2 was identified as the ECM ligand of GPR56 in mel-
anoma cells, and GPR56-mediated TG2 internalization and
degradation is considered a possible anti-tumorigenic mecha-
nism [Fig. 3B] [46]. As TG2 is a major cross-linking enzyme of
ECM that promotes fibronectin and focal adhesion kinase (FAK)
deposition, its internalization followed by degradation likely
provides a control over tumor tissue ECM environment [46].
These ECM modifications help in impeding the expansion of
micro-metastases to macro-metastases of melanoma [73]. On
the other hand, activation of GPR56 was shown by us recently to
promote melanoma cell migration by coupling to Go5/13 and IL-
6 up-regulation in a RhoA-dependent manner [42]. The roles of
GPR56 in melanoma development are likely dependent on the
stage of cancer cells and the activation mechanisms involved.

3.3.2.  Acute myeloid and lymphoblastic leukemia (AML/ALL)
GPR56 is an excellent cell surface marker for AML. It identifies
CD34" AML cells as well as CD34" leukemia stem cell (LSC)
fraction and is correlated with various prognostic factors such
as low overall survival (OS) and high chemo-resistance
[74—77]. The presence of GPR56 SNP rs1376041 G > A minor
allele A is associated with high GPR56 mRNA expression,
which in turn is positively associated with cytarabine resis-
tance in leukemic cells of AML patients [76]. GPR56 silencing in
AML cells leads to a significant increase in apoptosis and
cytarabine sensitivity [76]. These results suggest that GPR56
might also be a potential therapeutic target in AML, especially
in the chemo-resistant AML.

GPR56 expression is high in EVI1M8® (Ecotropic Viral Inte-
gration site-1) AML cells [74]. It is associated with high cell-
adhesion and anti-apoptotic ability [74]. EVI1 directly binds
to the promoter region of GPR56 and regulates its expression
in these EVI1Me" AML cells [74]. Furthermore, therapeutically
useful and novel pyrrole-imidazole polyamides (PIPs) have
been developed that can specifically bind to the GPR56 pro-
moter and inhibit the binding of EVI1, thereby inhibiting its
expression and thus suppressing the cell growth and pro-
moting apoptosis [77,78]. The expression levels of GPR56 and
white blood cell count at diagnosis are significantly associated
in ALL [79]. In addition, GPR56 is upregulated in T-ALL
compared to precursor B-ALL [78].

3.3.3.  Glioblastoma

Glioblastomas have upregulated expression levels of GPR56,
which co-localize with a-actinin on the leading edges of the
extending cell membranes, thereby suggesting a role in
cellular migration and adhesion [80]. Receptor activation in
U87-MG human glioma cells inhibits cell migration via Gaq

and Rho pathway [Fig. 3D] [81]. The mesenchymal transition
of glioblastoma occurs naturally and in response to therapy.
Clinically, a correlation of higher radioresistance and shorter
survival is associated with glioblastoma of the mesenchymal
subtype [82]. Interestingly, upregulated GPR56 expression in
proneural and classical glioblastomas cells is lost during their
mesenchymal transition [82]. Conversely, silencing or down-
regulation of GPR56 promotes mesenchymal differentiation
and radioresistance of proneural glioma initiating cells [82]. It
is thought that GPR56, by inhibiting NF-«kB signaling, might act
as an inhibitor of mesenchymal differentiation of glioblas-
toma and beyond [82]. Altogether, these results suggest that
GPR56!°Y expression might correlate with a poor prognosis
and that GPR56 can act as a diagnostic marker of glioma/
glioblastomas.

3.3.4. Colorectal cancer (CRC)

GPRS56 levels are significantly upregulated in CRC cells of CRC
patients. It is reported to associate with progastrin and is
expressed by epithelial cells found near the base of the colonic
crypts and marks the long-lived colonic progenitor cells [83].
Progastrin specifically binds to GPR56 expressing cells, and
overexpression of progastrin leads to an increase in GPR56
expressing cells, while treating azoxymethane (AOM), a
carcinogen, leads to an increase in GPR56 mRNA in progastrin
overexpressing mouse colonic mucosa compared to WT mice
[83]. GPR56 is required for progastrin-dependent inhibition of
apoptosis of colonic epithelial and CRC cells [Fig. 3A] [83,84].
The high expression of GPR56 correlates well with malignant
progression of primary tumors, poorer prognosis, and drug-
resistance, compared to low GPR56 expression [84]. GPR56 in-
creases cell migration of CRC cells by stimulating epithelial-to-
mesenchymal transition via PI3K/AKT signaling activation
[84]. LGRS (Leucine-rich repeat-containing G-protein-coupled
Receptor 5) is a cancer stem cell marker in CRC and is reported
to interconvert with more drug-resistant LGR5™ cancer cells
[85]. Interestingly, a decrease in levels of LGR5 is associated
with an increase in GPR56 levels and enhanced resistance to
drugs such as irinotecan and 5-fluorouracil [85]. Knockdown of
GPR56, however, restores the sensitivity of these cells to the
drugs [85]. Enhanced expression of ABC (ATP-Binding Cassette)
transporters, MDR1 (ABCB1) in particular, is reported to cause
this GPR56-mediated enhancement of drug-resistance via the
RhoA-mediated signaling pathway [Fig. 3A] [85].

3.3.5. Ovarian cancer

High GPR56 expression is observed in epithelial ovarian cancer
cells compared to normal ovarian tissues and adjacent
ovarian tissues [86]. It is significantly correlated with
advanced FIGO (International Federation of Gynecology and
Obstetrics) stage, lymph node metastasis, and OS, and can
also act as an independent prognostic factor [86]. GPR56
silencing leads to inhibitory effects on cell proliferation,
migration ability, and invasion of ovarian cancer cells [86].
GPR56 knockdown leads to the downregulation of RhoA-GTP
and upregulation of E-cadherin [86]. DMU-214 (3'-Hydroxy-
3,4,5,4'-Tetramethoxy-stilbene), a metabolite of cytotoxic
resveratrol analogue DMU-212, exerts significantly higher
biological activity than the parent compound [87]. The anti-
migratory and anti-proliferative activity of DMU-214 on
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ovarian cancer cells is probably by downregulating the mRNA
and protein levels of GPR56, SRF, and RGCC (Regulator of Cell
Cycle) by 60—75% [87]. Overall, GPR56 has the potential for
diagnostic and therapeutic roles in ovarian cancer.

3.3.6. Other cancers

GPR56, TG2, and NF-kB are concomitantly expressed in
esophageal squamous cell carcinoma (ESCC), and their
expression levels are significantly correlated with ESCC nodal
invasion and metastasis [88,89]. GPR56 positively regulates
tumor growth and invasion capacity of non-small-cell lung
carcinoma (NSCLC) [90]. Methylation of the GPR56 gene is
linked to multidrug resistance in lung adenocarcinomas [91].
In the tissues and blood of gastric cancer patients, Vezatin
(VEZT), a putative tumor suppressor adherens junctions
transmembrane protein that is highly correlated with the
TNM (Tumor, Nodes, Metastases) stage, depth of cancer in-
vasion, and lymphatic metastasis, is inactivated by hyper-
methylation of its promoter region compared to healthy
controls [92]. Upon restoring the expression of VEZT in gastric
cancer cell lines, tumor growth, adhesion, cell cycle, and
migration or invasion is inhibited, probably by the down-
regulation of its direct target genes, TCF19 and CDC42, and by
the upregulation of another direct target gene, GPR56 [91,92].
GPR56 expression levels are significantly increased in TCF-4J
(T Cell Factor 4 isoform J) compared with TCF-4K (T Cell Fac-
tor 4 isoform K) expressing hepatocellular carcinoma cells
[93]. GPR56 positively regulates tumor proliferation and inva-
sive capacity of osteosarcoma, and is highly correlated with
the TNM stage and OS of osteosarcoma patients, suggesting
GPR56 to be a potential independent unfavorable prognostic
factor [94].

4. Conclusion and future perspectives

Since its discovery in 1999 by two independent groups via
two entirely different approaches, GPR56 is one of the most-
studied members of the aGPCR family [10,21,71]. Numerous
studies discussed herein have also established it as a critical
receptor in health and disease. Its functional role in various
physiological and pathological processes described above
makes it a considerable target for developing novel diag-
nostic tools and therapeutics for the relevant diseases/dis-
orders such as cancer progression and immune-system
dysfunction. Indeed, with the increasing understanding of
its activation and signaling mechanisms as well as the
functional link of GPR56 to the migration, metastasis, and
radio-/chemo-resistance of diverse cancers that are the
major causes of cancer treatment failure [73,85], GPR56
might be an useful diagnostic and/or prognostic marker for
certain cancers, as well as potential cancer-targeted thera-
peutics [95].
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