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1 |  COMPOSITION OF THE 
ADHESION FAMILY OF GPCR

The unravelling of signalling pathways has marked a major 
leap in the understanding of cellular, organ and organismic 
physiology. Surface receptors play a central role in this pro-
cess, as they operate at the interface between the cell and 
its exterior. Transmembrane molecules of the adhesion G 
protein–coupled receptor (aGPCR) family denote an excep-
tion from the widespread interest that receptor molecules 
have received in the past. They are placed as a large group 
of over 30 human homologues within the seven transmem-
brane (7TM) receptor superfamily1 (see Table 1 for previ-
ous and current receptor names) and exhibit characteristics 
that have rendered them a challenging research topic in the 
pre‐genomics era.

Their existence as a family was not uncovered until 
bioinformatics efforts, based on whole genome sequenc-
ing datasets of a variety of organisms, could leverage the 

homology signatures of their 7TM domains to identify the 
set of aGPCR.27 This process uncovered that the number 
and size of gene products derived from aGPCR genes are 
considerably large.28 The aGPCR branch of 7TM recep-
tors counts 33 homologues in the human genome,1 which 
are further categorized in nine subfamilies based on the 
homology of their 7TM domains and the composition of 
their extracellular region (ECR).28 Popular genetic models 
in aGPCR research possess receptor homologues only par-
tially conforming to this initial classification. Drosophila 
melanogaster contains a single ADGRL and ADGRC 
ortholog, respectively,29 and two additional functional 
aGPCR loci were recently identified in the fruit fly ge-
nome.30 The gene set of the nematode Caenorhabditis el-
egans encodes two ADGRL paralogs and a sole ADGRC 
ortholog.31 The genome of the zebrafish Danio rerio, an-
other important model in the aGPCR field that has under-
gone a genome duplication during evolution, encodes at 
least 59 homologues from all subfamilies.32
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Abstract
While a wide range of G protein‐coupled receptors (GPCR) have emerged as prime 
targets for pharmacological intervention long ago, a distinct group of GPCR has only 
recently been identified and become a research subject to fundamental and clinical 
scientists. Adhesion‐type GPCR (aGPCR) are exceptional members of the GPCR 
superfamily in many aspects: structurally, they appear as chimeric surface molecules 
that possess signature domains of heptahelical (7TM) and adhesion proteins, many 
aGPCR are autoproteolytically processed, and several homologues have lately been 
shown to operate as mechanosensors. Bound together by the recent discovery of 
tethered agonism in aGPCR, these molecular and functional features have entered 
first models on how aGPCR are activated. Here, I briefly review recent discoveries 
pertaining to the role of aGPCR as metabotropic mechanosensors that control a large 
variety of processes in all major tissue types.
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2 |  THE 7TM‐GAIN DOMAIN PAIR 
IS THE MOLECULAR HALLMARK 
STRUCTURE OF ADHESION GPCR

Apart from their distinct 7TM signature, their extensive as-
semblies of adhesion modules located in their ECR and 
large intracellular regions (ICR) (Figure 1A), aGPCR are 

characterized by another molecular feature that sets them 
apart from the rest of the 7TM superfamily. The extracel-
lular GPCR autoproteolysis–inducing (GAIN) domain is 
positioned next to the heptahelical transmembrane unit of 
aGPCR, to which it is connected through a short linker5 
(Figure 1B). Before the discovery of the GAIN domain, 
several aGPCR homologues were already known to be au-
toproteolytically cleaved into a N‐ (NTF) and a C‐terminal 

Receptor name
GPS tripeptide in 
human homologue

GPS cleavage for 
any homologue ReferencesCurrent Previous

ADGRA1 GPR123 GAIN domain absent NA

ADGRA2 GPR124 HLG No 2

ADGRA3 GPR125 SLS No

ADGRB1 BAI1 RLS Yes 3

ADGRB2 BAI2 HLS Yes 4

ADGRB3 BAI3 RLS Yesin vivo

Noin vitro

5

ADGRC1 CELSR1 HTA No 6

ADGRC2 CELSR2 HMT Yes 7

ADGRC3 CELSR3 RTG No

ADGRD1 GPR133 HLT Yes 8

ADGRD2 GPR144 HST No

ADGRE1 EMR1 QMA No

ADGRE2 EMR2 HLS Yes 9,10

ADGRE3 EMR3 HLS Yes 11

ADGRE4* EMR4 HLS (mouse) Yes 12

ADGRE5 CD97 HLS Yes 13

ADGRF1 GPR110 HLT Yes 14

ADGRF2 GPR111 LFT No

ADGRF3 GPR113 HLT Yes

ADGRF4 GPR115 VVM No 15

ADGRF5 GPR116 HLT Yes 16

ADGRG1 GPR56 HLT Yes 17

ADGRG2 GPR64 HLT Yes 18

ADGRG3 GPR97 HLT Yes 19

ADGRG4 GPR112 HLT Yes 20

ADGRG5 GPR114 HLT Noin vitro 21

ADGRG6 GPR126 HFT Yes 22

ADGRG7 GPR128 HTT No

ADGRL1 LPHN1 HLT Yes 23

ADGRL2 LPHN2 HLT Yes

ADGRL3 LPHN3 HLT Yes

ADGRL4 ELTD1 HLT Yes 24

ADGRV1 VLGR1 HMS Yes 25

Asterisk indicates ADGRE4P as a pseudogene in humans.26 If no reference is listed, GPS cleavability has not 
been experimentally documented to date but is inferred from the GPS tripeptide sequence.9

T A B L E  1  Evidence for GAIN 
domain‐mediated autoproteolysis of 
adhesion GPCR
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fragment (CTF) at an evolutionarily highly conserved GPCR 
proteolysis site (GPS)9,33 (Figure 1B,C). The region neces-
sary for this post‐translational phenomenon was defined as 
the GPS motif encompassing approximately 50 amino acids 
before the beginning of the transmembrane unit.33

The elucidation of the GAIN domain structure demon-
strated that the GPS motif is a critical component of the fold 
and that the domain is sufficient and necessary to catalyse the 
cleavage reaction5 (Figure 1B). It also showed that the cleav-
age reaction liberates the C‐terminal β‐strand of the domain 
while at the same time stabilizing its association with the rest 

of the GAIN domain through a network of hydrophobic in-
teractions.34 This unusual facility leads to the surface presen-
tation of the full‐length receptor as a NTF‐CTF heterodimer 
even though both fragments are not connected through cova-
lent bonds. Of note, several aGPCR are not autoproteolysed 
at all since their lack of the canonical tripeptide cleavage se-
quence or for yet unknown reasons35 (Figure 1C).

3 |  ADHESION GPCR CAN 
BE ACTIVATED THROUGH A 
TETHERED AGONIST

Drawing from the structural discoveries of the GAIN do-
main, its association with the 7TM domain, and the strong 
conservation of the amino acids representing the last β‐strand 
of the GAIN domain, that is the receptor sequence C‐terminal 
to the GPS (termed Stachel or Stalk), several investigations 
into the activation mechanism of aGPCR were launched.

A seminal experiment in this process was the artificial 
removal of the NTF of ADGRG1/GPR56, which resulted 
in a largely enhanced RhoA response leading to a model 
in which the NTF of an aGPCR suppresses the activity of 
its CTF.36 This finding was corroborated by in vivo stud-
ies with the ADGRL/latrophilin homologue LAT‐1 from 
C. elegans using intermolecular complementation exper-
iments with truncated or chimeric receptor variants. These 
experiments showed that two non‐functional LAT‐1 variants 
either lacking a functional GPS motif or 7TM domain can 
reconstitute biological activity if co‐expressed, extending the 
aGPCR activation model by suggesting that the GPS motif 
acts as a tethered endogenous ligand for the 7TM domain.37 
Incisive investigations into the exact nature of this process 
yielded molecular proof of the concept of tethered agonism 
in aGPCR. These experiments demonstrated that aGPCR 
versions lacking the NTF but retaining the complete CTF in-
cluding the Stachel sequence (so‐called ΔNTF receptors) dis-
play high constitutive activity. This activity is lost when the 
Stachel is removed (termed ΔECR receptors) or when it was 
spiked with point mutations. Conversely, signalling‐defective 
ΔECR receptors could be stimulated with synthetic Stachel 
peptides showing that the Stachel sequence of aGPCR fulfils 
the functional criteria of a tethered agonist.8,14 After this dis-
covery, many more aGPCR homologues were demonstrated 
to use a tethered agonist for signal activation.38 Based on the 
knowledge and consequential availability of synthetic activa-
tors of aGPCR signalling in form of Stachel‐mimicking pep-
tides, coupling analyses, which were only scarcely reported 
before, proceeded and led to the identification of canonical 
intracellular actuators, such as different Gα and β‐arrestin for 
several aGPCR (Figure 2, Table 2).

However, observations of Stachel‐independent signal-
ling45 require the consideration of different and more complex 

F I G U R E  1  Molecular architecture of adhesion GPCR. A, 
The general layout of aGPCR distinguishes between a tripartite or 
bipartite architecture of the receptors depending on whether the protein 
topology or proteolytic cleavage fragments are considered, respectively. 
B, Position of the tethered agonist (in magenta) with respect to 
GAIN domain, GPS and 7TM domain. C, GPS cleavage of aGPCR 
processes many but not all receptor homologues. Pie chart is based on 
experimental data, or inferred from the presence/absence of a canonical 
GPS cleavage tripeptide (H−2L−1T/S/C+1) of respective receptor 
homologues.9,23,24 Asterisk indicates ADGRE4P as a pseudogene in 
humans.26 Receptor numbering corresponds to the abbreviated revised 
nomenclature issued by the Adhesion GPCR Consortium (www.
adhesiongpcr.org) and IUPHAR.28 7TM, heptahelical transmembrane 
domain; CTF, C‐terminal fragment; ECR, extracellular region; GAIN, 
GPCR autoproteolysis–inducing domain; GPS, GPCR proteolysis site; 
ICR, intracellular region; NTF, N‐terminal fragment; TA, tethered 
agonist

GAIN
domain

ECR

ICR

7TM Stachel/
Stalk/TA

GPS

A B

E1

V1L4
L3

L2
L1

G7

G4
G3

G6
G5

G2
G1

F5
F4 F3 F2 E5F1

E4*
E3

E2

Not cleaved
Cleaved

D2

D1
C3
C2

C1
B3

B2
B1

A3A2A1C

GPS

NTF

CTF

http://www.adhesiongpcr.org
http://www.adhesiongpcr.org


4 |   LANGENHAN

activation scenarios for aGPCR.76 This is supported by the 
discovery of non‐canonical signal conduits directly engaging 
with individual aGPCR homologues.

Of note, it is intriguing that individual aGPCR seem to 
serve multiple downstream signalling pathways, a phenom-
enon referred to as biased signalling (Figure 2, Table 2). It 
will be both interesting and challenging to deduce whether 
the different signalling channels utilized by the same recep-
tor correlate with discrete ligand and stimulus requirements 
(Table 3, see also next paragraph), an effort that will require 
close collaboration between pharmacologists and researchers 
that investigate the physiological context of each signalling 
pathway.

4 |  MECHANOSENSING 
THROUGH ADHESION GPCR

The steps leading to tethered agonist exposure in a Stachel‐
dependent signalling model remain controversial. One obvi-
ous setting that may account for the liberation of the Stachel 
is the physical removal of the NTF through mechanical force 
since the lack of known covalent bonds between NTF and 
CTF. Interactions between the eponymous adhesion domains 
contained within the NTF of most aGPCR and matricellular 
or other membrane‐exposed proteins are well documented 
and mark yet another exception of aGPCR from the rule 
(Table 3), as GPCR usually engage soluble ligands such as 
biogenic amines, peptides or hormones, to name a few ligand 
classes.28,76,116 Forces transmitted through the interaction of 
aGPCR ECR and fixed ligand partners (Table 3) may prove 
strong enough to dislodge the Stachel from its GAIN domain 
encasing, although such forces have not been experimentally 
determined yet.

Indeed, several reports indicate that aGPCR homologues 
are involved in the perception of mechanical stimuli.117 The 
intracellular anchoring of many aGPCR to cytoskeletal or 
scaffold proteins (Table 3) supports the mechanosensor 
model, which requires a punctum fixum (e.g. the intracellu-
lar fixation of the receptor to the cytoskeleton via its ICR) 
by which an aGPCR is stabilized against the motion of a 
punctum mobile within the same aGPCR molecule (e.g. the 
movement of the ECR or 7TM domain elicited by mechanical 
force).

For example, ADGRL/latrophilin/CIRL (calcium‐inde-
pendent receptor of α‐latrotoxin), an aGPCR in Drosophila, 
accounts for a sizable fraction of the sensitivity of larval 
mechanosensory neurons towards proprioceptive, acoustic 
and tactile stimuli.29 CIRL activation is Stachel‐dependent 
and suppresses intraneuronal cAMP levels118 (Figure 2). 
ADGRG6/GPR126, another aGPCR found highly expressed 
in the peripheral nervous system in Schwann cells, appears 
to register the stiffening of the basal lamina upon poly‐
merization of its ligand laminin‐211.69 During Schwann 
cell development, this event marks the start signal for a 
myelination programme, which electrically insulates pe-
ripheral axons by spiralling of the Schwann cell membrane 
around them. This step depends on ADGRG6 in zebrafish 
and mouse models for myelination, involves Gαs‐coupling 
and thus initiates a rise in cAMP within the Schwann cell 
(Figure 2, Table 3).70,119

Also outside the nervous system, aGPCR partake in force‐
dependent biological functions. ADGRG1/GPR56, a receptor 
expressed in skeletal muscle, appears to regulate mechanical 
overload–induced muscle hypertrophy in mice and genetic 
removal of ADGRG1 abrogates this pivotal growth pro-
gramme.120 ADGRF5/GPR116 is expressed in lung tissue, 
in particular in alveolar type II epithelial cells that secrete 
surfactant. The receptor acts as a chief regulator of the sur-
factant pool homeostat by suppressing surfactant uptake and/
or secretion,98,121,122 conceivably adapting lung compliance 
to mechanical stress inflicted by the respiratory inhalation/
exhalation cycle. Genetic deletion of ADGRF5 causes ex-
uberant accumulation of surfactant in the lung of newborn 
mice, while treatment with StachelADGRF5‐derived peptides 
suppresses surfactant production in vivo in a Gαq/11‐depen-
dent manner123 (Figure 2).

ADGRG2/GPR64 is an aGPCR expressed in efferent duct-
ules of the testis and is required for male fertility.124 Recent 
research exposed its course of action in this context by show-
ing that ADGRG2 regulates fluid reabsorption and pH homeo-
stasis Gαq/11‐ and β‐arrestin‐1‐dependently (Figure 2) through 
modulation of the cystic fibrosis transmembrane conductance 
regulator (CFTR), a chloride‐selective ion channel.65 As fluid 
balance determines the transmural pressure in efferent ductules, 
it is conceivable that also in this instance the aGPCR converts 
information about the mechanical environment of its expression 

F I G U R E  2  Adhesion GPCR signalling pathways. Receptor 
numbering corresponds to the abbreviated revised nomenclature issued 
by the Adhesion GPCR Consortium (www.adhesiongpcr.org) and 
IUPHAR.28 ? indicates indirect evidence for coupling in this pathway. 
Asterisk indicates ADGRE4P as a pseudogene in humans26
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domain into a metabotropic response to equilibrate the tension 
by adjusting ion currents that drive fluid fluxes.

Finally, placed on the mast cell membrane ADGRE2/
EMR2 tunes the release of histamine, a main actuator of the 
local inflammatory response. Patients suffering from a hered-
itary form of vibratory urticaria, a disorder characterized by 
dermal hives inflicted through mechanical stress to the skin, 
possess a point mutation in the ADGRE2 GAIN domain that 
was suggested to reduce the affinity between the receptor's 
NTF and CTF and consequently alleviates tethered agonist 
exposure.125

After all and even if Stachel dependence could be shown 
in some of the noted cases, it is unknown whether mecha-
nostimulation actually removes the NTF from its CTF‐base, 
thereby exposing the tethered agonist, or whether different 
conformational changes may allow for its interaction with 
the aGPCR transmembrane signal transduction unit. For 
example, ADGRL/CIRL‐dependent mechanosensation 
in Drosophila sensory neurons remained unaffected even 
after receptor autoproteolysis was genetically abrogated. 
Unsettlingly, even though this situation precludes NTF‐CTF 
dissociation mechanosensitivity continued to be Stachel‐de-
pendent.118 Similar findings were obtained with engineered 
cleavage‐defective aGPCR homologues in C. elegans de-
velopment.37 Not least, the existence of aGPCR that natu-
rally lack the ability to self‐cleave28 yet likely also employ 
tethered agonism for signalling,21 begs for a unifying model 
of Stachel‐mediated receptor activation that accounts for its 
agonistic potential as convincingly as for its structural en-
vironment. This model may entail physiologically relevant 
stimulus modalities other than mechanical force that are 
registered by aGPCR, although no other has been brought 
forward yet.

5 |  ADHESION GPCR ARE 
DEVELOPMENTAL REGULATORS

The physiological settings in which aGPCR operate are di-
verse, which is not surprising given the wide expression 

T A B L E  2  Evidence for coupling partners of adhesion GPCR

Receptor Coupling Reference

ADGRA2 Dishevelled 39

β‐catenin 40

Cdc42 41

ADGRA3 Dishevelled 42

ADGRB1 ELMO/Dock/Rac 43,44

Gα12/13 By NFAT reporter assay45

β‐arrestin 45

RhoA 46

ADGRB2 Gα12/13 by NFAT reporter assay4

Gα15/16
4

ADGRB3 ELMO/Dock/Rac 47

β‐arrestin 48

ADGRC1 Rho kinase 49

ADGRC2 Gαq/11 By calcium imaging50

ADGRC3 Gαq/11 ba calcium imaging50

ADGRD1 Gαs
51,52

ADGRE2 Gα15/16
51,53

ADGRE5 Gα12/13
54

RhoA 54

β‐catenin 55

ADGRF1 Gαs
56,57

Gαq
14

ADGRF4 Gαq
57

Gα15
51

ADGRF5 Gαq/11
57,58

RhoA 58

ADGRG1 Gαq/11
59

Gα12/13
14,36,45,60,61

β‐arrestin 45

β‐catenin 63

RhoA 60

ADGRG2 Gαs
57,64

Gαq
65,66

Gα12/13
66

β‐arrestin 65

RhoA 66

ADGRG3 Gαs
67

Gαi/o
51,67

RhoA 19

Cdc42 19

β‐arrestin 68

ADGRG4 Gα12
20

ADGRG5 Gαs
51

ADGRG6 Gαs
8,69,70

(Continues)

Receptor Coupling Reference

Gαi/o
69

Gαq/11
69

ADGRL1 Gαs
72

Gαo
73,74

Gαq
74

ADGRV1 Gαs
75

Gαi
25

Gαq
75

T A B L E  2  (Continued)
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T A B L E  3  Evidence for extra‐ and intracellular binding partners of adhesion GPCR

Receptor Extracellular interactors References Intracellular interactors References

ADGRA2 Reck 77,78 DLG1 79

Syndecan‐1, ‐2 80

Integrin‐αvβ3
2

Heparin 2

ADGRB1 Phosphatidylserine 43 BAIAP1 81

Lipopolysaccharide 82 BAIAP2 83

Nogo receptor‐like‐2, ‐3 80 BAIAP3 84

PAHX‐AP1 85

ADGRB2 GIP3 86

ADGRB3 C1qL1‐4 87

Stabilin‐2 48

ADGRC1 Vangl‐2 88,89 LRRK2 90

Frizzled‐6 88

ADGRC2 ADGRC2 50

ADGRC3 ADGRC3 50 Frizzled‐3 91

Frizzled‐3 91 SV2 91

Dystroglycan 92 PSD‐95 91

ADGRE2 Dermatane sulfate 93

ADGRE5 CD55 94 DLG1 95

CD90 96

Dermatane sulfate 93

Integrin‐α5β1, ‐αvβ3
97

ADGRF1 Synaptamide 56

ADGRF5 Surfactant protein D 98

ADGRG1 Collagen‐III 99,100

Tissue transglutaminase 2 101 Plectin 102

Progastrin 103

ADGRG6 Collagen‐IV 71

Laminin‐211 69

Prion protein PrPC 104

ADGRL1 Teneurin‐2 105 Shank 106

FLRT‐1, ‐3 107 TRIP8b 108,109

Neurexin‐1α, ‐1β, ‐2β, ‐3β 110

Contactin‐6 111

ADGRL2 FLRT‐3 107

Teneurin‐2 112

ADGRL3 Teneurin‐3 107

FLRT‐1, ‐3 107

UNC5A 113

ADGRV1 Harmonin 114

Whirlin 115

Intracellular signalling components listed in Table 2 are not included again.
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landscape of receptor genes and gene products.28 A com-
mon theme that is served by aGPCR functions though is 
the involvement in developmental phenomena. This is best 
documented for several aGPCR homologues, which func-
tion in the nervous system. Apart from their impact on 
sensory neurons and myelination through peripheral glia 
as discussed above, aGPCR homologues are involved in 
several aspects of the makeup of neural tissue,126 where 
they control developmental aspects of the neuronal and the 
glial cell domain.

For example, neural tube development involves planar cell 
polarity mechanisms, which are controlled through receptors 
of the ADGRC/CELSR (cadherin EGF LAG seven‐pass G‐
type receptor) subfamily of aGPCR (reviewed in detail in 
Ref.126). Invertebrate CELSR homologues such as Flamingo/
Starry night in Drosophila control the set‐up of photorecep-
tor polarity in the eye and dendritic fields in the brain. In 
mammals, ADGRC1/CELSR1 is implicated in neural tube 
formation, while neuronal migration depends on ADGRC2/
CELSR2 and ADGRC3/CELSR3 in mice, and the ADGRC 
homologue FMI‐1 in C. elegans. Neuronally expressed 
ADGRG1 offers another compelling example of neurode-
velopmental roles of aGPCR as missense or nonsense mu-
tations of ADGRG1 in humans cause severe defects in the 
set‐up of the six‐layered neocortex, a syndrome termed bilat-
eral frontoparietal polymicrogyria (BFPP). Intriguingly, the 
importance of ADGRG1 signalling for brain development 
is underscored by the discovery that emergence of neocor-
tical complexity through cortex gyration during evolution 
is at least accompanied if not driven by the expression of 
ADGRG1 in distinct brain areas.127 Several reports implicate 
aGPCR also in the architectural set‐up of synapses, the com-
munication interfaces between neurons and their target cells 
(reviewed in detail in Ref.126). For example, ADGRB3/BAI3 
controls the formation of synapses in the cerebellum, while 
ADGRL2/latrophilin‐2 participates in synapse assembly in 
the hippocampus, a brain region involved in the storage of 
episodic memories.128

Other organs that underlie developmental and functional 
control through aGPCR are the cardiovascular system, where 
ADGRG6 is necessary for heart formation,129,130 and the 
haematopoietic system, which receives multiple differentia-
tion and actuator signals, for example through the aGPCR 
ADGRG1,131 ADGRG3/GPR97,67 ADGRB1/BAI143 and 
ADGRE1/EMR1.132

6 |  ADHESION GPCR AS DRUG 
TARGETS

Given the participation of aGPCR in developmental deci-
sions, it is no surprise that the receptors have been found in 
association with numerous cancer types. This suspicion was 

nourished by the heavy load of aGPCR genes with somatic 
mutations in several metastatic cancers.133,134 In some cases, 
this association was further investigated.

ADGRD1/GPR133 is a receptor, which is normally ab-
sent from brain tissue. However, under hypoxic conditions 
that occur in glioblastoma lesions the receptor becomes 
expressed and appears to support tumour growth explain-
ing why ADGRD1 expression levels inversely correlate 
with patient survival. Reassuringly, genetic knockdown of 
ADGRD1 mRNA in vitro and in a mouse xenograft model 
reduced the number of cancerous glioblastoma stem cells, 
curtailed tumour formation and benefitted survival of the 
xenograft host.136 While ADGRD1 thus qualifies as a pro-
tumorigenic factor, ADGRB1 is an aGPCR that suppresses 
formation of another brain malignancy, medulloblas-
toma. Epigenetic silencing or experimental knockdown 
of ADGRB1 leads to enhanced granule neuron precursors 
proliferation by reduction of p53 tumour suppressor lev-
els in these cells.137 ADGRG1 appears to serve a similar 
antitumorigenic function in several cancer types includ-
ing glioblastomas, explaining why reduced ADGRG1 
expression is associated with poor prognosis.138 Also on 
haematologic malignancies, aGPCR have documented im-
pact. Acute myeloid leukaemia (AML), a common blood 
cancer type with poor clinical outcome, is thought to arise 
from leukaemia stem cells. ADGRG1 is highly expressed 
in these cells and associated with high‐risk genetic AML 
subgroups bearing a poor outcome. Therefore, ADGRG1 
contributes to the molecular signature of leukaemia stem 
cells.139

aGPCR also seem heavily involved in the control of dis-
tinct immune cell functions as briefly suggested above and 
reviewed in detail in Refs.140,141 For example, ADGRE1 is 
required for the mediation of peripheral immune tolerance, 
and at the same time mediates communication between nat-
ural killer (NK) cells and macrophages to orchestrate a po-
tent immune response against certain bacterial invaders.132 
ADGRG3 serves in macrophages to mount their antimicro-
bial effector response.67 In contrast, ADGRG1 suppresses 
human NK cell functions by preventing target cell killing 
through cytolytic proteins and inflammatory cytokines.142

Strategies to interfere with aGPCR signals in the con-
text of neoplasias or immune functions are still scarce, also 
partly since the exact mechanisms of how receptor signal-
ling, for example the involvement of metabotropic cascades 
as opposed to non‐metabotropic effects, contributes to the re-
spective immune or cancer biologies are unknown. However, 
recent efforts have yielded first compounds that interfere 
with aGPCR signals.

Based on the assumption that the events terminating in 
aGPCR activation can be mimicked or suppressed, small‐
molecule screens have discovered a few aGPCR modulators. 
Beclomethasone dipropionate was the first small molecule 
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identified in a high‐throughput screen promoting [35S]GTPγS 
binding by ADGRG3.51 In an independent screen, three sur-
rogate ligands, ezetimibe (an inhibitor of cholesterol absorp-
tion), flunarizine (a nonselective calcium channel blocker 
and histamine H1 receptor blocker) and the non‐steroidal 
oestrogen zeranol, were found to activate β‐arrestin recruit-
ment through ADGRG3.68 Later on, dihydromunduletone 
was shown to antagonize the tethered agonist activity of 
ADGRG1 and ADGRG5/GPR114,143 while 3‐α‐acetoxy-
dihydrodeoxygedunin and structurally related gedunin and 
khivorin derivatives were singled out as partial agonists for 
the same aGPCR.144 Synaptamide, a docosahexaenoic acid 
metabolite, was reported to bind ADGRF1/GPR110 and ac-
tivate a Stachel‐independent cAMP response.56 More screens 
are currently underway to add additional compounds to this 
list of pharmacological modulators of aGPCR function.

A different strategy to intersect with aGPCR signals uses 
antibodies or equivalent reagents that can allosterically mod-
ify aGPCR activity upon binding. The wide collection of 
interacting ligands and intracellular binding modules, which 
have been identified for about half of the aGPCR family 
(Table 3), offers a range of molecular targets for these ap-
proaches. For example, antibodies directed against the ECR 
of ADGRE2,145 ADGRE5/CD97,146,147 ADGRG160 and 
ADGRG367 impinge on their signalling behaviour. Lately, 
the screening of monobody libraries as a source for small, 
genetically encoded allosteric aGPCR modulators was suc-
cessfully pioneered using the ECR of ADGRG1 as a target. 
Interestingly, both agonistic and inverse agonistic monobod-
ies could be identified in the same screen.148

Taken together, although the research on artificial modulators 
of aGPCR signals is still in its infancy, several strategies tailored 
to the peculiarities of this large and important GPCR family—
tethered agonists, large ECR, and matricellular or cell surface–
resident binding partners—have started to emerge. Every new 
actuator on aGPCR signalling identified through these efforts 
will yield important tools to mechanistically dissect aGPCR ac-
tivation, and curtail or replace their function in disease.

7 |  CONCLUSION

Research on aGPCR remains highly topical, exciting and 
constitutes a dynamically expanding field that draws large 
interest from academic and industrial researchers. Their pu-
tative sensory function in mechanobiological feedback loops 
makes them attractive molecular actuators for physiological 
phenomena that require information about the force environ-
ment of a cell or tissue. This includes processes that unfold 
on short timescale (such as upon acute mechanical stimula-
tion during neuronal mechanosensation) or in a longer time 
frame (as occurring during organ development) alike. Based 
on their suspected pharmacological tractability, aGPCR also 

begin to emerge as drug targets rendering them highly rele-
vant molecular agents for future pharmaceutical endeavours.
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