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Adhesion G protein-coupled receptors (aGPCRs) are a class of structurally

and functionally highly intriguing cell surface receptors with essential func-

tions in health and disease. Thus, they display a vastly unexploited phar-

macological potential. Our current understanding of the physiological

functions and signaling mechanisms of aGPCRs form the basis for eluci-

dating further molecular aspects. Combining these with novel tools and

methodologies from different fields tailored for studying these unusual

receptors yields a powerful potential for pushing aGPCR research from

singular approaches toward building up an in-depth knowledge that will

facilitate its translation to applied science. In this review, we summarize

the state-of-the-art knowledge on aGPCRs in respect to structure–function
relations, physiology, and clinical aspects, as well as the latest advances in

the field. We highlight the upcoming most pressing topics in aGPCR

research and identify strategies to tackle them. Furthermore, we discuss

approaches how to promote, stimulate, and translate research on aGPCRs

‘from bench to bedside’ in the future.

Abbreviations

7TM, seven transmembrane; ADHD, attention deficit hyperactivity disorder; Adher´n Rise, adhesion GPCR Network: Research and

Implementation Set the path for future Exploration; AGC, Adhesion GPCR Consortium; aGPCR, Adhesion G protein-coupled receptor; BAI,

Brain-specific angiogenesis inhibitor; CIRL, Calcium-independent receptor for α-latrotoxin; COST, European Cooperation in Science and

Technology; CTF, C-terminal fragment; ECM, extracellular matrix; EMR, EGF-like module-containing mucin-like hormone receptor-like; GAIN,

GPCR autoproteolysis-inducing; GPCR, G protein-coupled receptor; GPS, GPCR proteolysis site; HSC, hematopoietic stem cell; LPHN,

Latrophilin; MoU, Memorandum of Understanding; NK, natural killer; NTF, N-terminal fragment; VLGR, Very large G protein-coupled receptor.

7610 The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0003-4480-8987
https://orcid.org/0000-0003-4480-8987
https://orcid.org/0000-0003-4480-8987
https://orcid.org/0000-0002-1889-1636
https://orcid.org/0000-0002-1889-1636
https://orcid.org/0000-0002-1889-1636
https://orcid.org/0000-0002-9199-1772
https://orcid.org/0000-0002-9199-1772
https://orcid.org/0000-0002-9199-1772
https://orcid.org/0000-0003-1807-4000
https://orcid.org/0000-0003-1807-4000
https://orcid.org/0000-0003-1807-4000
https://orcid.org/0000-0001-7800-7323
https://orcid.org/0000-0001-7800-7323
https://orcid.org/0000-0001-7800-7323
mailto:
mailto:
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.16258&domain=pdf&date_stamp=2021-11-17


Introduction

G protein-coupled receptors (GPCRs) represent the lar-

gest family of membrane-bound receptors, mediating

cellular responses to an immense number of diverse sig-

nals such as neurotransmitters, photons, and hormones.

GPCRs are involved in nearly all biological processes

and represent the number one therapeutic target for

many pathologies, including cardiovascular diseases,

hypertension, diabetes, and substance abuse [1]. Indeed,

close to 40% of all prescribed drugs target GPCRs [2],

positioning these receptors in the focus of academic sci-

entists, clinicians, and pharmaceutical companies.

Adhesion GPCRs (aGPCRs) are the second largest

GPCR class (although comprising much fewer mem-

bers than the largest class, the Rhodopsin-like

GPCRs), with unique structural as well as intriguing

functional features. aGPCRs are highly conserved and

evolutionarily ancient receptors, present in most ani-

mals and even in some unicellular eukaryotes [3]. In

humans, 33 representative aGPCRs have been identi-

fied [4], with numerous splice variants contributing to

an even larger structural variety with potential implica-

tions for signal transduction in most human tissues [5].

Yet, surprisingly little is known about the characteris-

tics and functionality of aGPCRs in human physiology

and disease, making them one of the least understood

GPCR class.

To date, three of 33 aGPCRs have been shown to

cause human diseases. Mutants of the Very Large G

protein-coupled Receptor VLGR1/ADGRV1 were iden-

tified in patients suffering from Usher syndrome type II

[6]. Several mutations in GPR56/ADGRG1 were found

in patients with a severe brain malformation called bilat-

eral frontoparietal polymicrogyria [7]. Recently, a vari-

ant of the EGF-like module-containing mucin-like

hormone receptor-like 2, EMR2/ADGRE2 was identi-

fied in patients with autosomal dominant vibratory urti-

caria [8]. Even though only these three aGPCRs have

been causatively linked to monogenic human diseases so

far, it is assumed that this receptor class contributes to

polygenic diseases and to undiagnosed causes of embry-

onic lethality. This assumption is supported by multiple

genome-wide association studies, linking various

aGPCRs to metabolic or psychiatric diseases, and by

knock-out of selected aGPCRs in animal models that

cause embryonic death [9,10] or perinatal lethality

[11,12]. Some aGPCR knock-out animals that manage

to survive to adulthood present with severe organ

impairment such as accumulation of alveolar surfactant

phospholipids [13], or myocardial hypertrophy [14].

Neuronal cells were shown to require aGPCR function

to migrate and assume correct orientation [15,16], to

recognize mechanosensory stimuli [17,18], control spatial

learning and memory [19], as well as maintain myelina-

tion and axon repair [20,21]. Reduction in male fertility

has also been observed due to aGPCR downregulation

[22,23], while several studies have implicated these recep-

tors in immune defense, metabolism and cancer [24].

In contrast to the obvious essential functions and

the untapped pharmacological potential of aGPCRs,

our understanding of their various physiological and

patho-physiological roles contains huge gaps. These

gaps are underscored by the complex architecture of

these receptors – most of them extremely large pro-

teins, which can reach up to 6500 amino acids. Their

structural features suggest novel modes of signaling

and there are indications that in addition to classic G

protein-coupled signaling, they also engage actively in

cellular adhesion and can be activated by mechanical

stimuli [17,18].

Thus, research of the past two decades has revealed

that aGPCRs are a class of GPCRs with a diverse spec-

trum of physiological functions in health and disease,

presenting not only tremendous pharmacological poten-

tial but also complex modes of action [25]. This com-

plexity extends on many levels – from numerous

isoforms per receptor, which can have various functions,

to multiple signaling pathways mediated through the

modular architecture of aGPCRs – marking them not

only a highly interesting class of GPCRs but also a very

challenging one to study. Research on many aspects of

these receptors, such as elucidating the details of their

molecular functions, their network of interactions, or a

structural basis for their pharmacological manipulation

is still lagging far behind other GPCR classes.

This review provides an overview on the current

knowledge on aGPCR structure–function relations,

physiological roles, and clinical implications, thereby

identifying knowledge gaps and the most pressing chal-

lenges in the field. We contemplate how these gaps can

most efficiently be filled and the challenges tackled –
through connecting academia, industry partners, and

other stakeholders on an international level to success-

fully promote and foster future research on aGPCRs.

One approach to achieve this is the currently running

COST Action CA18240 Adher’nRise (Adhesion GPCR

Network: Research and Implementation Set the path

for future Exploration).

Sequence and structure–function
relations across the aGPCR class

Adhesion GPCRs are characterized by a strikingly

complex architecture coupled with an extremely large

size, which is mainly attributed to the N terminus.
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They display the classic hallmarks of GPCRs, includ-

ing an extracellular N terminus, seven transmembrane

helices, and an intracellular C terminus. However, the

N-terminal ectodomain of aGPCRs differs from the

rest of the superfamily. All aGPCRs, except GPR123/

ADGRA1, contain a conserved membrane-proximal

GPCR autoproteolysis-inducing (GAIN) domain [26]

(Fig. 1). Upstream of the GAIN domain, most

aGPCRs contain additional domains that are typically

involved in cell–cell and cell–matrix interactions, lead-

ing to a dual role in cell adhesion and cellular signal

transduction [27]. Structural data for these extracellu-

lar domains, which also show how they arrange onto

the seven transmembrane domain (7TM), are now

beginning to emerge.

Almost all aGPCRs are alternatively spliced into

several different gene products [5,25,28], an uncommon

feature among other GPCR classes. Splice variants of

EMR2/ADGRE2 were found to be differentially

expressed in colorectal tumor cell lines [29], while

CD97/ADGRE5 displays an altered subset of splice

variants in rheumatoid synovial tissue [30]. While it is

not known whether all of these variants lead to func-

tional proteins, splice variants were shown to affect

ligand binding in the latrophilin LPHN1/ADGRL1

[31,32] and in GPR56/ADGRG1 [33]. In fact, one of

the best characterized aGPCRs with respect to splice

variants is CD97/ADGRE5, where alternative splicing

leads to diverging N termini and thereby to varying

interactions with ligands [34-36]. Further, splicing was

demonstrated to affect signaling in LPHN3/ADGRL3

Fig. 1. Structural features of representative

aGPCRs from each human group (I–IX).
Extracellular regions are shown according to

the identified domains, detailed in the

caption below the figure. The 33 aGPCRs

comprise the following representatives:

ADGRL1-3 (LPHN1-3), ADGRL4 (ELTD1);

ADGRE1-5 (EMR1-4, CD97); ADGRD1-2

(GPR133, GPR144); ADGRF1 (GPR110),

ADGRF2-4 (GPR111, GPR113, GPR114),

ADGRF5 (GPR116); ADGRC1-3 (CELSR1-3);

ADGRA1 (GPR123), ADGRA2-3 (GPR124,

GPR125); ADGRG1 (GPR56), ADGRG2-3-5-7

(GPR64, GPR97, GPR114, GPR128), ADGR4

(GPR112), ADGRG6 (GPR126); ADGRB1-3

(BAI1-3); and ADGRV1 (VLGR1). The image

was created with biorender.com.
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[37], and to change basal activity in GPR114/

ADGRG5 [38]. These findings suggest that alterna-

tive splicing increases the functional complexity of

aGPCRs, which raises potential implications for acti-

vation and signal transduction.

A characteristic feature of aGPCRs is a highly con-

served extracellular GAIN domain. Crystal structures

of LPHN3/ADGRL3 and the brain-specific angiogene-

sis inhibitor 3, BAI3/ADGRB3 GAIN domains

showed subdomains A and B, which are composed of

six α-helices and a twisted β-sandwich, respectively

[26]. The previously described GPCR proteolysis site

(GPS) is an integral part of subdomain B of the GAIN

domain. Autoproteolytic cleavage at this site yields

two fragments: the extracellular N-terminal fragment

(NTF) and the C-terminal fragment (CTF) [39], which

includes the integral tethered agonist sequence (coined

Stachel), the 7TM domain, and intracellular regions

(Fig. 1) [18,40,41,42,43]. Mutations introduced to sup-

press proteolysis were shown in some aGPCRs to

affect receptor trafficking or function [44-46], while

others were not impaired by similar mutations

[17,47,48]. Recent evidence in several aGPCRs points

to a receptor activation mechanism, in which rear-

rangement within the GAIN domain or release of the

NTF lead to the Stachel substructure acting as an

internal agonist for the 7TM domain, resulting in turn

in G protein-dependent signaling [17,18,40,41,42,49].

Stachel-mediated activation has been detected in vitro

in nine aGPCRs [37,38,40,41,42,49,50,51,52,53,54,55,

56,57,58], as well as in two in vivo [40,49]. Release of

the NTF is a model favored by many researchers to

explain mechano-sensing of aGPCRs. Hints to this

connection include the mechano-sensing of cleavable

GPR126/ADGRG6 conveyed through Laminin-211

[18], shear stress downregulation of the cleavable

CD97/ADGRE5 [59] or observations of a potentially

GPS-destabilizing missense mutation in EMR2/

ADGRE2 in patients with vibratory urticaria [8].

However, none of these studies reported actual NTF

shedding upon mechano-activation. Furthermore, Dro-

sophila melanogaster models showed that sensing of

vibration through the latrophilin homolog CIRL/

ADGRL (Calcium-independent receptor for α-
latrotoxin) was independent of cleavage [17,60,61], and

it was found in cell-based studies that the mechano-

sensitive aGPCR GPR114/ADGRG5 was uncleavable

[38]. These observations argue against a general mech-

anism for mechano-sensing mediated by NTF shed-

ding, while supporting a possible prebound Stachel

substructure, which, similar to retinal in Rhodopsin,

isomerizes upon external stimuli [38]. Further, there is

some indication that the Stachel is accessible also in

an uncleaved state through GAIN domain flexibility

[62]. A third activation scenario describes a Stachel-

independent or extracellular region-mediated receptor

activation. In this model, the extracellular region of

aGPCRs contributes to receptor activation via interac-

tions with the 7TM domain in a ligand-dependent and

Stachel-independent manner [43,63,64].

There is a handful of ligands known to interact with

aGPCRs. Among them are proteins of the extracellu-

lar matrix (such as glycosaminoglycans [65-67], colla-

gens [68,69] or laminin [18]), other membrane proteins

(such as FLRT [31,70], neurexins [71]), phosphatidly-

serine [72], ethanolamine derivatives such as synap-

tamide [73], glucocorticoids [74,75], surface cluster of

differentiation antigens [76,77] or integrins [34], and

soluble proteins (like Wnt [78] or surfactant protein D

[79]). Several aGPCRs are also substrates of enzymes

(such as furin [80] or matrix metalloproteinase 14 [81]),

which catalyze the cleavage of N-terminal receptor

portions of different sizes.

Besides the role of the N terminus for the activation

level of the CTF, this extracellular part of the receptor

has additional aspects in mediating adhesion to the

extracellular matrix or neighboring cells [27]. Interest-

ingly, besides this adhesion, the N terminus can also

induce a function on its own, a process highly unusual

for GPCRs, which is known as the trans function

[47,82,83,84]. This function, for which 7TM domain

and C terminus are not required, evokes a response in

neighboring cells. This has, for instance, been shown

for BAI1/ADGRB1, which mediates a trans function

across synapses [84], for the latrophilin homolog LAT-

1, which evokes a trans function on germ cells [47], or

for CD97/ADGRE5 that acts from tumor cells onto

platelets [82]. Whether this mode of receptor function is

mediated by classical signals, in which the N terminus

acts as a ligand for receptors on the opposing cell or

whether other mechanisms are involved, remains elu-

sive for most of the described cases of trans function.

New and exciting insights into aGPCR structure

and function were revealed in several very recent struc-

tural studies. These include the structure of the GAIN

domains of LPHN1/ADGRL1 and BAI3/ADGRB3

along with the HormR domains [26], the structure of

the GAIN domain with a new functional domain of

GPR56/ADGRG1 [33], the structure of five domains

of the zebrafish GPR126/ADGRG6 extracellular

region [85], and the structure of the active conforma-

tion of GPR97/ADGRG3 that includes the 7TM

domain [75]. As most structures so far only contain

the extracellular regions, it will be exciting to retrieve

full-length structures in the future. Large latrophilin

‘super-complexes’ were found that include both FLRT
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and the interaction partner uncoordinated-5 [86,87].

This complex opened new questions such as what

causes the tetramerization of the latrophilin NTF, and

why adhesive (FLRT-latrophilin) complexes are inter-

mixed with repulsive ones (FLRT-uncoordinated-5).

Another identified complex contains FLRT-

latrophilin-teneurin [88] that functions in synapse

development, presumably with an adhesive role, and at

earlier developmental stages, where it mediates cell–cell
interactions during cell migration [88] and axonal path

finding [89]. This work on latrophilins suggests that

aGPCR function extends beyond simple 1 : 1 interac-

tions between proteins and a simple on/off internal

activation mechanism. Instead, aGPCRs often engage

in large signaling hubs that use the large extracellular

domains as interaction scaffolds.

Overall, progress in recent years highlighted some

complex structural mechanisms that characterize

aGPCRs. However, many aGPCRs are still orphan

receptors and activation mechanisms and domain-

specific function are still mostly unknown. The details

and functional importance of alternatively spliced iso-

forms also remains mostly unresolved. Therefore, teas-

ing out the conserved or idiosyncratic mechanisms of

how individual aGPCRs function on the molecular

level and understanding how this translates to domain-

specific functions in vivo remain a major challenge for

the future.

The biology of Adhesion GPCRs

In mammals, aGPCRs can be found in virtually every

organ system [3,24] where they mediate a myriad of bio-

logical processes [24,90,91,92] (Table 1). For instance,

GPR126/ADGRG6 and the LPHN/ADGRL group

govern cardiac development [10,83,93,94,95,96,97], while

GPR124/ADGRA2 and GPR126/ADGRG6 regulate

angiogenesis and brain vascularization, the former sup-

posedly upon proteolytic NTF-CTF cleavage [67,85,98,

99,100,101,102,103,104]. Similarly, GPR126/ADGRG6-

and GPR116/ADGRF5-mediated mechanosensing may

provide the mechanistic basis for their importance in

lung physiology [58,105,106,107,108,109], even though

mechano-activation has yet to be shown for GPR116/

ADGRF5. In the endocrine system, GPR116/ADGRF5

modulates sensitivity to insulin [110,111], while GPR56/

ADGRG1 [112,113] and BAI3/ADGRB3 exert opposing

effects on insulin secretion [114], and LPHN3/ADGRL3

and LPHN1/ADGRL1 modulate insulin release [37].

Furthermore, aGPCRs such as BAI3/ADGRB3 and

GPR64/ADGRG2 control steroidogenesis in Leydig

cells and hormone release from parathyroid glands,

respectively [53,115].

Adhesion GPCR function further impinges on key

aspects of development, architecture, and function of

the nervous system. Among the best studied aGPCRs

in the nervous system are the members of the

ADGRC, ADGRG, ADGRB, and ADGRL subfami-

lies, all of which shape several neurobiological pro-

cesses [116-119]. For example, ADGRC proteins are

involved in neuronal migration, and axon guidance, as

well as dendritogenesis and synaptogenesis [11,12,120,

121,122]. GPR56/ADGRG1 regulates migration of

cortex neurons and development of oligodendrocytes

[7,123,124]. ADGRL proteins regulate synapse forma-

tion and function [31,70,71,86,125,126,127] as well as

their invertebrate homolog CIRL modulates the physi-

ology of mechanosensory neurons [17,61]. More

recently, the function of GPR110/ADGRF1 was

linked to neurodevelopmental benefits of omega-3 fatty

acids and was suggested to positively affect cognitive

function postnatally, for example, spatial orientation

and memory formation [73,128]. Moreover, aGPCRs,

such as GPR126/ADGRG6 or GPR56/ADGRG1, are

involved in the development of myelinating glial cells

and are, therefore, relevant for proper neuronal signal

propagation [18,116,117,124]. Thus, aGPCRs are key

players in a plethora of neurobiological contexts in the

developing and adult nervous system.

The hematopoietic system expresses three aGPCR

gene clusters, belonging to the ADGRE and ADGRG

subfamilies [129,130]. While the ADGRE group mem-

bers EMR1-4/ADGRE1-4 are well-established as

markers of myeloid cell subsets [131-134], CD97/

ADGRE5 has a much wider cellular distribution, also

outside the immune system [135]. EMR2/ADGRE2

induces inflammatory responses in human neutrophils

[136], monocytes [137,138], and macrophages [139]. A

role for EMR2/ADGRE2 in mechanosensing by mast

cells was revealed in a study describing a missense sub-

stitution associated with vibratory urticaria [8]. The

ADGRG group comprises three members expressed by

hematopoietic cells. GPR56/ADGRG1 contributes to

the generation and maintenance of the hematopoietic

stem cell (HSC) pool [140], while the balance of

GPR56/ADGRG1 and GPR97/ADGRG3 in HSCs is

important for their development and differentiation

[141]. In acute myeloid leukemia, GPR56/ADGRG1

identifies cells with high repopulating potential [142],

while CD97/ADGRE5 regulates leukemic stem cell

function [143]. Moreover, GPR56/ADGRG1 is a sur-

rogate marker and regulator of the cytotoxic capacity

of human lymphocytes [144], and negatively regulates

natural killer (NK)-cell effector functions [145]. Tissue-

resident memory T cells, which are controlled by a

multitude of inhibitory receptors, express GPR56/
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ADGRG1 [146,147]. In the brain, GPR56/ADGRG1 is

also expressed by healthy, but downregulated by

disease-associated microglia [148], and a splice variant

of it has been demonstrated to mediate microglia-

mediated synaptic pruning [72]. Furthermore, this

receptor has been reported as a platelet collagen recep-

tor that senses shear force during hemostasis [149], while

GPR97/ADGRG3 is expressed on granulocytes and

triggers their antimicrobial functions [150].

These examples illustrate the broad spectrum of

aGPCR involvement in diverse tissues and essential

physiological functions. Nevertheless, our knowledge is

still incomplete with respect to the functional involve-

ment of so far uncharacterized aGPCRs such as

GPR123/ADGRA1 or GPR144/ADGRD2 as well as

with regard to the functional mechanisms underlying

these processes.

Clinical aspects of aGPCR function
and potential therapeutics

Overall, GPCRs have well-established pharmacological

tractability, but currently no approved therapies target

any of the 33 members of the human aGPCR class.

However, human genetics and preclinical research have

established strong links between aGPCRs and diseases.

This, together with a greater understanding of their

functional complexity, has led to growing interest in

aGPCRs as drug targets. A few of the receptors have

been shown to monogenically cause pathologies, such

as VLGR1/ADGRV1 (Usher syndrome type II) [6],

GPR56/ADGRG1 (bilateral frontoparietal polymicro-

gyria) [151], and EMR2/ADGRE2 (vibratory urticaria)

[8].

Besides this direct involvement of monogenic vari-

ants in human pathologies, numerous aGPCRs have

been associated with human conditions or disorders.

Given their high expression and roles in the develop-

ment of the nervous system [9,152], it is not surprising

that several neurodevelopmental disorders have been

associated with aGPCR dysfunction and variants

[118]. Many of these result in severe phenotypes,

including neural tube defects [11], spina bifida [153],

and brain malformation [7]. When fully expressed,

these phenotypes are often embryonically lethal and,

therefore, difficult to target therapeutically. However,

there are aGPCR variants that lead to milder symp-

toms that present only after birth, offering the poten-

tial for pharmacological treatment. For example, a

loss-of-function variant of LHPN3/ADRGL3 confers

susceptibility to attention deficit hyperactivity disorder

(ADHD) [154-157]. Genetic knock-down of LHPN3/

ADRGL3 in Drosophila and zebrafish models showed

a rearrangement of dopaminergic neurons in the brain

[158,159], and an increased expression of the dopa-

mine and serotonin transporter genes in mice [160].

These changes resulted in ADHD-like behavior, which

could be rescued through pharmacological interven-

tion with ADHD drugs [158,159]. These studies sug-

gest that targeting LHPN3/ADRGL3 with specific

agonists may provide an avenue to treat an ADHD

phenotype.

Cellular functions of aGPCRs such as cell adhesion,

migration, cell polarity, and guidance are highly rele-

vant for tumor cell biology. Consistently, members

from all aGPCR groups are associated with cancer, for

example, GPR56/ADGRG1, CD97/ADGRE5, GPR133/

ADGRD1, ELTD1/ADGRL4, GPR110/ADGRF1,

GPR116/ADGRF5, BAI1/ADGRB1, GPR124/ADGRA2,

and GPR125/ADGRA3 [161-167]. For some of these

aGPCRs, there is evidence for incorrect expression or

changes in receptor activity (e.g., VLGR1/ADGRV

[168], GPR133/ADGRD1 [169], and LPHN/ADGRL

[170]), whereas for others, detailed knowledge exists

about the molecular role they play in tumorigenesis

(e.g., CD97/ADGRE5 [34,171,172], ADGRF5/

GPR116 [173,174], GPR56/ADGRG1 [51,175,176,

177], BAI1/ADRGB1 [178-180], GPR124/ADGRA2

[181], and GPR125/ADGRA3 [182]). Therefore, the

receptors are potential therapeutic targets for the treat-

ment of cancer. For instance, BAI1/ADRGB1 is epige-

netically silenced in malignant glioma, suggesting that

tumorigenesis may select for BAI1/ADRGB1 silencing

or inactivation [183]. Exogenous restoration of BAI1/

ADRGB1 expression reduces growth and vasculariza-

tion of tumors derived from gliomas suggesting that

BAI1/ADRGB1 is a tumor suppressor. Treatment with

5-aza-2´-deoxicytidine (5-Aza-dC) resulted in re-

expression of the receptor along with restoration of its

functional activity in vitro and in vivo [183], suggesting

BAI1/ADRGB1 as a potential new drug target for the

treatment of gliomas.

Given the complex structure of aGPCRs, it would

be theoretically possible to pharmacologically target

several topographically distinct regions of the receptors

(Fig. 2). The integral agonist mechanism of aGPCRs

naturally lends itself to the use of peptide-based

ligands for pharmacological modulation. Indeed, syn-

thetic peptides that mimic the Stachel sequence of a

given aGPCR have been shown to activate their cog-

nate receptor [40,41,52]. Furthermore, the therapeutic

potential of Stachel-derived peptides was demonstrated

in zebrafish using loss-of-function mutations in

GPR126/ADGRG6 [40]. Here, a synthetic GPR126/

ADGRG6 Stachel peptide partially rescued the Sch-

wann cell hypomyelination phenotype [40]. Similarly,
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Stachel-derived peptides of GPR116/ADGRF5 could

suppress surfactant phospholipid secretion in mice

[58]. However, as several Stachel-derived peptides dis-

play agonist promiscuity and are able to activate

aGPCRs from different groups [52], peptides with high

cross-reactivity would likely be unsuitable as therapeu-

tic agents due to off-target effects and would require

further modification for enhanced specificity.

Receptor-specific small molecule (partial) agonists

have been characterized for GPR97/ADGRG3 [74],

GPR126/ADGRG6 [184], GPR56/ADGRG1, and

GPR114/ADGRG5 [185]. Only one small molecule

antagonist has been described so far – the rotenone

derivative dihydromunduletone, which can bind both,

GPR56/ADGRG1 and GPR114/ADGRG5 [186].

These small molecules target the 7TM domain and

were thought to modulate aGPCR function by binding

to the orthosteric binding site of the tethered peptide.

Nevertheless, future studies will need to identify the

exact location and mechanism of these molecules.

Another exciting avenue for targeting aGPCRs is

suggested by recent advances in engineering antibodies

as GPCR therapeutic agents [187]. Similarly, mono- or

nanobodies might be conceivable. The large NTFs and

GAIN domains of aGPCRs present a variety of poten-

tial epitopes against which extracellular-modulating

anti-, mono-, or nanobodies could be generated.

Indeed, antibodies have already been characterized for

GPR56/ADGRG1 [188], EMR2/ADGRE2 [136], and

CD97/ADGRE5 [189]. These antibodies were shown

to inhibit their respective receptor function in vitro,

affecting the adhesion and migration of neutrophils

[136], granulocyte migration [189], as well as the

migration of neural progenitor cells [188], but their

efficacy in disease-relevant in vivo models still needs to

be elucidated. An anti-EMR1/ADGRE1 antibody,

however, induced natural NK cell-mediated removal

of eosinophils in vivo in monkeys [190], while in a clin-

ical phase-I study recombinant antibodies against

LPHN3/ADGRL3 [191] resulted in beneficial effects

on the secretion of inflammatory mediators through

downregulating of NFkB signaling pathways [191].

Thus, aGPCR-targeted antibodies also offer an excit-

ing approach to therapeutically target aGPCRs.

Besides targeting the cis function of aGPCRs, trans

signaling can also be therapeutically exploited. As has

Fig. 2. Potential therapeutics to target

aGPCRs. The NTF (N-terminal fragment) and

CTF (C-terminal fragment) of Adhesion

GPCRs are targeted by different novel

therapeutic approaches, including

antibodies, monobodies/nanobodies, Stachel

sequence-derived peptides, extracellular

matrix (ECM) molecules, and small

molecule modulators. Further, the soluble

NTF can act as therapeutic itself. The image

was created with biorender.com.
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been shown experimentally, the soluble NTF of CD97/

ADGRE5 can stimulate tumor angiogenesis through

the binding of integrins and chondroitin sulfate

[34,46,171]. Also, the NTF of BAI1/ADGRB1 has

been discovered to have anti-tumorigenic activity, as

this 120 kDa fragment inhibited angiogenesis in vitro

and also suppressed subcutaneous tumor growth [179].

Thus, recombinant expression of truncated receptor

segments can be used in therapeutic approaches.

How to advance future research on
Adhesion GPCRs

Despite the essential functions and pharmacological

potential of aGPCRs, there are still vast gaps in the

understanding of their exact roles and, thus, their

impact on human conditions. To overcome these limi-

tations, the current knowledge on aGPCRs needs to

be structured, and better tools to specifically study

aGPCRs need to be developed. Thus, it is vital to

direct intense basic and applied research toward the

most pressing questions as outlined below and shown

in Box 1.

What is the cause and consequence of the huge

sequence repertoire and resulting variants of

aGPCRs?

Publicly available genome databases and genome-wide

association studies in humans offer the unparalleled

opportunity to generate an information map on how

many different variants of each aGPCR exist in

specific physiological contexts and which variants are

associated with diseases.

For instance, RNA sequencing data sets show that

aGPCRs have many splice variants, which exhibit dis-

tinct expression patterns [5,37]. Yet, little is known

about the function of these naturally occurring vari-

ants and how they differ in biochemical processes.

Mapping them across species and profiling their intra-

cellular signaling repertoire are crucial to understand

their emergence, roles, and preservation across evolution.

How is the complex structure of aGPCRs related

to their function in vitro and in vivo?

Understanding the complex structures of aGPCRs pre-

sents a significant but intriguing challenge toward a

more comprehensive knowledge of their function.

Studying engineered aGPCR versions using the tool-

box of GPCR-tailored technologies, for instance, in

immortalized cell lines, will provide insights into the

role of the numerous diverse aGPCR domains.

CRISPR/Cas9-mediated genome-editing then enables

the expression of these synthetic versions in model

organisms to translate the findings into in vivo systems.

While invertebrate animal models such as Drosophila

melanogaster and Caenorhabditis elegans can be partic-

ularly useful to discover key receptor concepts in

embryonic development, for many aGPCRs not pre-

sent in invertebrates, murine and zebrafish models

have been shown to be promising systems for struc-

ture–function relationship studies. Advances in pro-

teomic techniques further offer the ability to map the

interactome of aGPCRs in vivo and test the physiologi-

cal relevance of ligands.

How do aGPCRs contribute to physiology in

health and disease, and how can they be

exploited to design therapeutic strategies?

Adhesion GPCRs have a large impact on the mainte-

nance of health and disease progression. Yet, exploring

the significance of individual aGPCRs in (patho-)

physiological processes remains an advancing field

of investigation. Using the approaches discussed

above combined with siRNA/shRNA reagents and

receptor-specific anti-/nanobodies represent an estab-

lished approach to dissect their contribution to physio-

logical processes and to identify disease state-specific

diagnostic markers and targets for drug development.

One example for this approach is GPR123/

ADGRA1. Very limited information is currently avail-

able on its physiological roles, partially owing to its

short extracellular N terminus, hampering the development

Box 1. Future directions to develop aGPCR

research

• Systematically map available data on aGPCRs

across species and profile their intracellular sig-

naling repertoire.

• Acquire informative structures on aGPCRs.

• Make use of engineered aGPCR versions employ-

ing the toolbox of GPCR-tailored technologies to

study receptor trafficking, compartmentalization,

and signaling.

• Study the impact of aGPCRs on human condi-

tions.

• Translate fundamental research into clinical

application (collect clinical study data, combine

this information with basic research towards a

more clinically relevant approach).
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of receptor-specific antibodies to map its expression. While

RNA-based approaches detected wide-spread distribution

of GPR123/ADGRA1 in the central nervous system

[192,193], immunohistochemical staining with a C-

terminally binding antibody recently demonstrated that it

is an independent biomarker of bladder cancer [194]. Pro-

teomics analyses of patient samples or disease animal mod-

els can speed up the detection of GPR123/ADGRA1

functions in other processes and boost the quest for

receptor-selective drugs through high-throughput screen-

ings or in silico techniques.

Establishing the approaches mentioned above can

only be accelerated through joint efforts of interna-

tional and interdisciplinary scientists and research cen-

ters. Collaborations between technology platforms

focused on CRISPR/Cas9-mediated gene knock-out or

high-throughput screening can speed up the discovery

of aGPCR ligands. Likewise, open-access collection of

the functional impacts of disease-related aGPCR

mutations will foster further investigations by basic

scientists, industrial researchers, and clinicians.

Expanding and advancing the aGPCR
field through networking

The aGPCR field is relatively young and our under-

standing of these enigmatic receptors has only begun to

take shape. A key to addressing the most pressing ques-

tions in the field, to filling the gaps and to moving

research ‘from bench to bedside’, is to form a critical

mass regarding expertise, access to technologies, tools,

and specimens, as well as know-how. This can only be

achieved by engaging and bringing together a network

of appropriate groups of professionals from different

fields of expertise, as well as other stakeholders (Fig. 3).

Obviously, basic researchers from an academic envi-

ronment are the key players in generating new knowl-

edge on aGPCRs. Increasing interdisciplinary

approaches in the aGPCR field will be achieved by

bringing together researchers from various back-

grounds such as biological sciences (biochemistry, sig-

nal transduction, structural biology, and biophysics),

bioinformatics (databases, data mining, data curation,

and computational modeling), and basic medicine

(pharmacology, pharmacogenomics, drug discovery

and design, and drug therapy). The field would partic-

ularly benefit from inclusion of scientists experienced

with GPCRs and non-GPCR adhesion receptors.

Moreover, the presence of highly specialized research-

ers from unrelated fields could enrich the aGPCR

research with new sophisticated technologies.

Within this group of scientists, non-tenured princi-

pal investigators (PIs), early career investigators, and

students are of particular importance as they represent

a large proportion of the current scientific community

and its future. Training of early career investigators to

become the next generation of leaders in the aGPCR

field can lead to its expansion and to the development

of novel ideas along with securing long-term progress

of this research area. Therefore, experienced PIs are

essential to provide professional and scientific advice

as mentors for these junior colleagues.

Given the relevance of aGPCRs for human health,

clinicians play a crucial role in translating research

‘from bench to bedside’ and introducing aGPCR

research into a clinical setting. Furthermore, aGPCR

researchers particularly benefit from medical institu-

tions with access to human tissues and patient data.

Another important group of stakeholders in aGPCR

research are employees of the pharmaceutical industry

and biotechnology companies. Their interest in the

field stems from the untapped pharmacological poten-

tial and druggability of aGPCRs. Networking between

pharma representatives and basic researchers helps

bridging the gap between fundamental research and

therapeutic innovation. For instance, while basic

researchers can provide assays for drug screens, com-

panies would perform such screenings on a large scale.

These interactions are currently being established, but

are still in their infancy.

Finally, the main beneficiaries of aGPCR research

include pharmaceutical/biotechnology companies,

patients, educators, and the general public. While com-

panies could utilize the research data to develop new

treatments and create revenue that would help their

sustenance, patients would benefit from these thera-

peutics. Educators could use the research results to

advance their knowledge and transmit it to students as

well as to other interested individuals from the general

public that represent the key components in populariz-

ing and increasing recognition of the field.

Strategies to promote and fuel
successful aGPCR research

Bringing together a network of diverse scientists and

stakeholders to tackle the scientific challenges of

aGPCR research and to orchestrate efforts to fill the

existing knowledge gaps is one of the major challenges

to date. Especially the proposed vision for the future

development on basic and translational research on

aGPCRs is not attainable without combined efforts.

Huge progress has already been achieved through

financing of single projects by national funding bodies

in many countries and interactions within the frame-

work of the Adhesion GPCR Consortium (AGC,
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https://www.adhesiongpcr.org/). Both have supported

individual research projects and helped foster first ties

between researchers. While the Adhesion GPCR Con-

sortium (AGC) offers a conceptual framework for sci-

entists to gather and exchange information, it does not

provide any economic support, while national grants

are usually limited to a certain country and are often

hard to obtain, especially for early career investigators.

A bottom-up network to fill these gaps has recently

been established. This network is funded by the Euro-

pean Cooperation in Science and Technology (COST),

which is a funding organization for research and inno-

vation networks. The COST Action CA18240 Adher´
nRise is a multi-national and multi-stakeholders inter-

disciplinary research network guided by a MoU

(Memorandum of Understanding) aiming to promote,

stimulate, and translate research on aGPCRs ‘from

bench to bedside’ in Europe. With more than 112

members from 27 countries it has started to shape the

aGPCR landscape. Committed participants create a

shared understanding and make relevant, transparent,

and effective decisions. Engagement of fellow scientists

and stakeholders in general is pivotal for the success

of the Action, especially as it aims to build a struc-

tured and cohesive community of researchers working

on aGPCRs. Committed participants will create a

shared understanding and make relevant, transparent,

and effective decisions.

The flagship cooperation tool of Adher´nRise is an

Action webpage (https://www.adhernrise.eu) providing

a hub for all stakeholders to join or interrogate the

action and exchange information about the members,

Fig. 3. Network of stakeholders in the aGPCR field. Many groups are interliaising to promote and progress aGPCR research. Major

contributors include various basic researchers and clinicians, whereas beneficiaries are patients, educators, and the general public.

Pharmaceutical/biotechnology companies act as both, contributors and benefactors, of aGPCR research.
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meetings and workshops, job offers, and links to other

webpages containing useful information on aGPCR

research. Moreover, it will soon host a comprehensive

technology database featuring a collection of technolo-

gies and expertise, including access to protocols, ani-

mal models, cell lines, reagents/tools, technology

platforms, and mutation data collections.

In order to promote and broaden acquaintance and

interactions among the multiple partners, strengthen-

ing the ties for an environment of continuous collabo-

ration is essential. Further, frequent exchange of

scientific knowledge, joint symposia, and collaborative

meetings are often held by the network and exchange

between laboratories is encouraged and funded. Espe-

cially young scientists are in the focus of these network

efforts.

Furthermore, given the vast pharmacological poten-

tial of aGPCRs, this Action is committed to bridge the

gap between fundamental research and therapeutic

innovation. Therefore, attracting more representatives

from the pharmaceutical industry, biotechnology com-

panies, and clinicians is paramount. The action already

includes collaborators from large international indus-

trial partners and continues to seek additional prospec-

tive partners to better promote technology transfer.

Finally, to increase the visibility of aGPCRs and to

raise awareness of their importance for health and dis-

ease, the general public is frequently addressed by the

Action´s efforts.
Overall, research on aGPCRs has been steadily

increasing as these enigmatic receptors have become

the focus of several different scientific areas. To sup-

port these advances, a network of stakeholders has

emerged that is supported and structured within the

framework of the COST network CA18240 Adher’n-

Rise guided by the ambitious aim to widely establish

aGPCRs as disease-relevant molecules and accepted

therapeutic targets.
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Schnabel R, Russ AP et al. (2012) The GPS motif is a

molecular switch for bimodal activities of adhesion

class G protein-coupled receptors. Cell Rep 2, 321–331.
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Hennig C, Schöneberg T et al. (2015) Oriented cell

division in the C. elegans embryo is coordinated by G-

protein signaling dependent on the adhesion GPCR

LAT-1. PLoS Genet 11, e1005624.

50 Frenster JD, Stephan G, Ravn-Boess N, Bready D,

Wilcox J, Kieslich B, Wilde C, Strater N, Wiggin GR,

Liebscher I et al. (2021) Functional impact of

intramolecular cleavage and dissociation of adhesion G

protein-coupled receptor GPR133 (ADGRD1) on

canonical signaling. J Biol Chem 296, 100798.

51 Chiang NY, Peng YM, Juang HH, Chen TC, Pan HL,

Chang GW & Lin HH (2017) GPR56/ADGRG1

activation promotes melanoma cell migration via NTF

dissociation and CTF-mediated Galpha12/13/RhoA

signaling. J Invest Dermatol 137, 727–736.
52 Demberg LM, Winkler J, Wilde C, Simon KU, Schon

J, Rothemund S, Schoneberg T, Promel S & Liebscher

I (2017) Activation of adhesion G protein-coupled

receptors: agonist specificity of Stachel sequence-

derived peptides. J Biol Chem 292, 4383–4394.
53 Balenga N, Azimzadeh P, Hogue JA, Staats PN, Shi

Y, Koh J, Dressman H & Olson JA Jr (2017) Orphan

adhesion GPCR GPR64/ADGRG2 is overexpressed in

parathyroid tumors and attenuates calcium-sensing

receptor-mediated signaling. J Bone Miner Res 32,

654–666.
54 Zhang DL, Sun YJ, Ma ML, Wang YJ, Lin H, Li

RR, Liang ZL, Gao Y, Yang Z, He DF et al. (2018)

Gq activity- and beta-arrestin-1 scaffolding-mediated

ADGRG2/CFTR coupling are required for male

fertility. eLife 7, e33432.

55 Suchy T, Zieschang C, Popkova Y, Kaczmarek I,

Weiner J, Liebing AD, Cakir MV, Landgraf K,

Gericke M, Pospisilik JA et al. (2020) The repertoire

of adhesion G protein-coupled receptors in adipocytes

and their functional relevance. Int J Obes (Lond) 44,

2124–2136.
56 Sun Y, Zhang D, Ma ML, Lin H, Song Y, Wang J,

Ma C, Yu K, An W, Guo S et al. (2021) Optimization

of a peptide ligand for the adhesion GPCR ADGRG2

provides a potent tool to explore receptor biology. J

Biol Chem 296, 100174.

57 Nazarko O, Kibrom A, Winkler J, Leon K, Stoveken

H, Salzman G, Merdas K, Lu Y, Narkhede P, Tall G

et al. (2018) A comprehensive mutagenesis screen of

7623The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

I. Liebscher et al. Adhesion GPCR research

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the Adhesion GPCR Latrophilin-1/ADGRL1. iScience

3, 264–278.
58 Brown K, Filuta A, Ludwig MG, Seuwen K, Jaros J,

Vidal S, Arora K, Naren AP, Kandasamy K,

Parthasarathi K et al. (2017) Epithelial Gpr116

regulates pulmonary alveolar homeostasis via Gq/11

signaling. JCI Insight 2: e93700.

59 Karpus ON, Veninga H, Hoek RM, Flierman D, van

Buul JD, Vandenakker CC, vanBavel E, Medof ME,

van Lier RA, Reedquist KA et al. (2013) Shear stress-

dependent downregulation of the adhesion-G protein-

coupled receptor CD97 on circulating leukocytes upon

contact with its ligand CD55. J Immunol 190, 3740–
3748.

60 Dannhauser S, Lux TJ, Hu C, Selcho M, Chen JT,

Ehmann N, Sachidanandan D, Stopp S, Pauls D,

Pawlak M et al. (2020) Antinociceptive modulation by

the adhesion GPCR CIRL promotes mechanosensory

signal discrimination. eLife 9, e56738.

61 Scholz N, Guan C, Nieberler M, Grotemeyer A,

Maiellaro I, Gao S, Beck S, Pawlak M, Sauer M,

Asan E et al. (2017) Mechano-dependent signaling by

Latrophilin/CIRL quenches cAMP in proprioceptive

neurons. eLife 6, e28360.

62 Beliu G, Altrichter S, Guixa-Gonzalez R, Hemberger

M, Brauer I, Dahse AK, Scholz N, Wieduwild R,

Kuhlemann A, Batebi H et al. (2021) Tethered agonist

exposure in intact adhesion/class B2 GPCRs through

intrinsic structural flexibility of the GAIN domain.

Mol Cell 81, 905–921.e5.
63 Langenhan T, Aust G & Hamann J (2013) Sticky

signaling–adhesion class G protein-coupled receptors

take the stage. Sci Signal 6, re3.

64 Paavola KJ, Stephenson JR, Ritter SL, Alter SP &

Hall RA (2011) The N terminus of the adhesion G

protein-coupled receptor GPR56 controls receptor

signaling activity. J Biol Chem 286, 28914–28921.
65 Chiang NY, Chang GW, Huang YS, Peng YM, Hsiao

CC, Kuo ML & Lin HH (2016) Heparin interacts with

the adhesion GPCR GPR56, reduces receptor

shedding, and promotes cell adhesion and motility. J

Cell Sci 129, 2156–2169.
66 Stacey M, Chang GW, Davies JQ, Kwakkenbos MJ,

Sanderson RD, Hamann J, Gordon S & Lin HH

(2003) The epidermal growth factor-like domains of

the human EMR2 receptor mediate cell attachment

through chondroitin sulfate glycosaminoglycans. Blood

102, 2916–2924.
67 Vallon M & Essler M (2006) Proteolytically processed

soluble tumor endothelial marker (TEM) 5 mediates

endothelial cell survival during angiogenesis by linking

integrin alpha(v)beta3 to glycosaminoglycans. J Biol

Chem 281, 34179–34188.
68 Luo R, Jeong SJ, Jin Z, Strokes N, Li S & Piao X

(2011) G protein-coupled receptor 56 and collagen III,

a receptor-ligand pair, regulates cortical development

and lamination. Proc Natl Acad Sci USA 108, 12925–
12930.

69 Paavola KJ, Sidik H, Zuchero JB, Eckart M & Talbot

WS (2014) Type IV collagen is an activating ligand for

the adhesion G protein-coupled receptor GPR126. Sci

Signal 7, ra76.

70 O’Sullivan ML, de Wit J, Savas JN, Comoletti D, Otto-

Hitt S, Yates JR 3rd & Ghosh A (2012) FLRT proteins

are endogenous latrophilin ligands and regulate

excitatory synapse development. Neuron 73, 903–910.
71 Boucard AA, Ko J & Sudhof TC (2012) High-affinity

neurexin binding to the cell-adhesion G-protein

coupled receptor CIRL1/Latrophilin-1 produces an

intercellular adhesion complex. J Biol Chem 287, 9399–
9413.

72 Li T, Chiou B, Gilman CK, Luo R, Koshi T, Yu D,

Oak HC, Giera S, Johnson-Venkatesh E, Muthukumar

AK et al. (2020) A splicing isoform of GPR56

mediates microglial synaptic refinement via

phosphatidylserine binding. EMBO J 39, e104136.

73 Huang BX, Hu X, Kwon HS, Fu C, Lee JW, Southall

N, Marugan J & Kim HY (2020) Synaptamide

activates the adhesion GPCR GPR110 (ADGRF1)

through GAIN domain binding. Commun Biol 3, 109.

74 Gupte J, Swaminath G, Danao J, Tian H, Li Y & Wu

X (2012) Signaling property study of adhesion G-

protein-coupled receptors. FEBS Lett 586, 1214–
1219.

75 Ping YQ, Mao C, Xiao P, Zhao RJ, Jiang Y, Yang Z,

An WT, Shen DD, Yang F, Zhang H et al. (2021)

Structures of the glucocorticoid-bound adhesion

receptor GPR97-Go complex. Nature 589, 620–626.
76 Hamann J, Vogel B, van Schijndel GM & van Lier

RA (1996) The seven-span transmembrane receptor

CD97 has a cellular ligand (CD55, DAF). J Exp Med

184, 1185–1189.
77 Wandel E, Saalbach A, Sittig D, Gebhardt C & Aust

G (2012) Thy-1 (CD90) is an interacting partner for

CD97 on activated endothelial cells. J Immunol 188,

1442–1450.
78 Posokhova E, Shukla A, Seaman S, Volate S, Hilton

MB, Wu B, Morris H, Swing DA, Zhou M, Zudaire E

et al. (2015) GPR124 functions as a WNT7-specific

coactivator of canonical beta-catenin signaling. Cell

Rep 10, 123–130.
79 Fukuzawa T, Ishida J, Kato A, Ichinose T, Ariestanti

DM, Takahashi T, Ito K, Abe J, Suzuki T, Wakana S

et al. (2013) Lung surfactant levels are regulated by Ig-

Hepta/GPR116 by monitoring surfactant protein D.

PLoS One 8, e69451.

80 Okajima D, Kudo G & Yokota H (2010) Brain-

specific angiogenesis inhibitor 2 (BAI2) may be

activated by proteolytic processing. J Recept Signal

Transduct Res 30, 143–153.

7624 The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Adhesion GPCR research I. Liebscher et al.

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



81 Cork SM, Kaur B, Devi NS, Cooper L, Saltz JH,

Sandberg EM, Kaluz S & Van Meir EG (2012) A

proprotein convertase/MMP-14 proteolytic cascade

releases a novel 40 kDa vasculostatin from tumor

suppressor BAI1. Oncogene 31, 5144–5152.
82 Ward Y, Lake R, Faraji F, Sperger J, Martin P, Gilliard

C, Ku KP, Rodems T, Niles D, Tillman H et al. (2018)

Platelets promote metastasis via binding tumor CD97

leading to bidirectional signaling that coordinates

transendothelial migration. Cell Rep 23, 808–822.
83 Patra C, van Amerongen MJ, Ghosh S, Ricciardi F,

Sajjad A, Novoyatleva T, Mogha A, Monk KR,

Muhlfeld C & Engel FB (2013) Organ-specific function

of adhesion G protein-coupled receptor GPR126 is

domain-dependent. Proc Natl Acad Sci USA 110,

16898–16903.
84 Tu YK, Duman JG & Tolias KF (2018) The adhesion-

GPCR BAI1 promotes excitatory synaptogenesis by

coordinating bidirectional trans-synaptic signaling. J

Neurosci 38, 8388–8406.
85 Leon K, Cunningham RL, Riback JA, Feldman E, Li

J, Sosnick TR, Zhao M, Monk KR & Arac D (2020)

Structural basis for adhesion G protein-coupled

receptor Gpr126 function. Nat Commun 11, 194.

86 Jackson VA, del Toro D, Carrasquero M, Roversi P,

Harlos K, Klein R & Seiradake E (2015) Structural

basis of latrophilin-FLRT interaction. Structure 23,

774–781.
87 Jackson VA, Mehmood S, Chavent M, Roversi P,

Carrasquero M, Del Toro D, Seyit-Bremer G,

Ranaivoson FM, Comoletti D, Sansom MS et al.

(2016) Super-complexes of adhesion GPCRs and

neural guidance receptors. Nat Commun 7, 11184.

88 Del Toro D, Carrasquero-Ordaz MA, Chu A, Ruff T,

Shahin M, Jackson VA, Chavent M, Berbeira-Santana

M, Seyit-Bremer G, Brignani S et al. (2020) Structural

basis of teneurin-latrophilin interaction in repulsive

guidance of migrating neurons. Cell 180, 323–339 e19.

89 Pederick DT, Lui JH, Gingrich EC, Xu C, Wagner MJ,

Liu Y, He Z, Quake SR & Luo L (2021) Reciprocal

repulsions instruct the precise assembly of parallel

hippocampal networks. Science 372, 1068–1073.
90 Luo J, Sun P, Siwko S, Liu M & Xiao J (2019) The

role of GPCRs in bone diseases and dysfunctions.

Bone Res 7, 19.

91 Cazorla-Vazquez S & Engel FB (2018) Adhesion

GPCRs in kidney development and disease. Front Cell

Dev Biol 6, 9.

92 White JP (2016) Control of skeletal muscle cell growth

and size through adhesion GPCRs. Handb Exp

Pharmacol 234, 299–308.
93 Musa G, Srivastava S, Petzold J, Cazorla-Vazquez S &

Engel FB (2019) miR-27a/b is a posttranscriptional

regulator of Gpr126 (Adgrg6). Ann N Y Acad Sci

1456, 109–121.

94 Musa G, Engel FB & Niaudet C (2016) Heart

development, angiogenesis, and blood-brain barrier

function is modulated by adhesion GPCRs. Handb

Exp Pharmacol 234, 351–368.
95 Patra C, Monk KR & Engel FB (2014) The multiple

signaling modalities of adhesion G protein-coupled

receptor GPR126 in development. Receptors Clin

Investig 1, 79.

96 Doyle SE, Scholz MJ, Greer KA, Hubbard AD,

Darnell DK, Antin PB, Klewer SE & Runyan RB

(2006) Latrophilin-2 is a novel component of the

epithelial-mesenchymal transition within the

atrioventricular canal of the embryonic chicken heart.

Dev Dyn 235, 3213–3221.
97 Lee CS, Cho HJ, Lee JW, Son H, Chai J & Kim HS

(2021) Adhesion GPCR latrophilin-2 specifies cardiac

lineage commitment through CDK5, Src, and

P38MAPK. Stem Cell Re 16, 868–882.
98 Wang Y, Cho SG, Wu X, Siwko S & Liu M (2014) G-

protein coupled receptor 124 (GPR124) in endothelial

cells regulates vascular endothelial growth factor

(VEGF)-induced tumor angiogenesis. Curr Mol Med

14, 543–554.
99 Vallon M, Aubele P, Janssen KP & Essler M (2012)

Thrombin-induced shedding of tumour endothelial

marker 5 and exposure of its RGD motif are regulated

by cell-surface protein disulfide-isomerase. Biochem J

441, 937–944.
100 Xiao Y, Shen H, Li R, Zhou X, Xiao H & Yan J

(2019) A novel octapeptide derived from G protein-

coupled receptor 124 improves cognitive function via

pro-angiogenesis in a rat model of chronic cerebral

hypoperfusion-induced vascular dementia. Drug Des

Devel Ther 13, 3669–3682.
101 Vanhollebeke B, Stone OA, Bostaille N, Cho C, Zhou

Y, Maquet E, Gauquier A, Cabochette P, Fukuhara S,

Mochizuki N et al. (2015) Tip cell-specific requirement

for an atypical Gpr124- and Reck-dependent

Wnt/beta-catenin pathway during brain angiogenesis.

eLife 4, e06489.

102 Dejana E & Nyqvist D (2010) News from the brain:

the GPR124 orphan receptor directs brain-specific

angiogenesis. Sci Transl Med 2, 58ps53.

103 Wu S, Ou T, Xing N, Lu J, Wan S, Wang C, Zhang

X, Yang F, Huang Y & Cai Z (2019) Whole-genome

sequencing identifies ADGRG6 enhancer mutations

and FRS2 duplications as angiogenesis-related drivers

in bladder cancer. Nat Commun 10, 720.

104 Cui H, Wang Y, Huang H, Yu W, Bai M, Zhang L,

Bryan BA, Wang Y, Luo J, Li D et al. (2014) GPR126

protein regulates developmental and pathological

angiogenesis through modulation of VEGFR2 receptor

signaling. J Biol Chem 289, 34871–34885.
105 Hall RJ, O’Loughlin J, Billington CK, Thakker D,

Hall IP & Sayers I (2021) Functional genomics of

7625The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

I. Liebscher et al. Adhesion GPCR research

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



GPR126 in airway smooth muscle and bronchial

epithelial cells. FASEB J 35, e21300.

106 Terzikhan N, Sun F, Verhamme FM, Adams HHH,

Loth D, Bracke KR, Stricker BHC, Lahousse L,

Dupuis J, Brusselle GG et al. (2018) Heritability and

genome-wide association study of diffusing capacity of

the lung. Eur Respir J 52, 1800647.

107 Eichstaedt CA, Pagani L, Antao T, Inchley CE,

Cardona A, Morseburg A, Clemente FJ, Sluckin TJ,

Metspalu E, Mitt M et al. (2017) Evidence of early-

stage selection on EPAS1 and GPR126 genes in

andean high altitude populations. Sci Rep 7, 13042.

108 Musa G, Cazorla-Vazquez S, van Amerongen MJ,

Stemmler MP, Eckstein M, Hartmann A, Braun T,

Brabletz T & Engel FB (2019) Gpr126 (Adgrg6) is

expressed in cell types known to be exposed to

mechanical stimuli. Ann N Y Acad Sci 1456, 96–108.
109 Kubo F, Ariestanti DM, Oki S, Fukuzawa T, Demizu

R, Sato T, Sabirin RM, Hirose S & Nakamura N

(2019) Loss of the adhesion G-protein coupled

receptor ADGRF5 in mice induces airway

inflammation and the expression of CCL2 in lung

endothelial cells. Respir Res 20, 11.

110 Georgiadi A, Lopez-Salazar V, Merahbi RE, Karikari

RA, Ma X, Mourao A, Klepac K, Buhler L, Alfaro

AJ, Kaczmarek I et al. (2021) Orphan GPR116

mediates the insulin sensitizing effects of the

hepatokine FNDC4 in adipose tissue. Nat Commun

12, 2999.

111 Nie T, Hui X, Gao X, Li K, Lin W, Xiang X, Ding

M, Kuang Y, Xu A, Fei J et al. (2012) Adipose tissue

deletion of Gpr116 impairs insulin sensitivity through

modulation of adipose function. FEBS Lett 586, 3618–
3625.

112 Wang Q, Henry TAN, Pronin AN, Jang GF,

Lubaczeuski C, Crabb JW, Bernal-Mizrachi E &

Slepak VZ (2020) The regulatory G protein signaling

complex, Gbeta5-R7, promotes glucose- and

extracellular signal-stimulated insulin secretion. J Biol

Chem 295, 7213–7223.
113 Duner P, Al-Amily IM, Soni A, Asplund O, Safi F,

Storm P, Groop L, Amisten S & Salehi A (2016)

Adhesion G protein-coupled receptor G1 (ADGRG1/

GPR56) and pancreatic beta-cell function. J Clin

Endocrinol Metab 101, 4637–4645.
114 Gupta R, Nguyen DC, Schaid MD, Lei X,

Balamurugan AN, Wong GW, Kim JA, Koltes JE,

Kimple ME & Bhatnagar S (2018) Complement 1q-

like-3 protein inhibits insulin secretion from pancreatic

beta-cells via the cell adhesion G protein-coupled

receptor BAI3. J Biol Chem 293, 18086–18098.
115 Tan A, Ke S, Chen Y, Chen L, Lu X, Ding F, Yang

L, Tang Y & Yu Y (2019) Expression patterns of

C1ql4 and its cell-adhesion GPCR Bai3 in the murine

testis and functional roles in steroidogenesis. FASEB J

33, 4893–4906.
116 Langenhan T, Piao X & Monk KR (2016) Adhesion

G protein-coupled receptors in nervous system

development and disease. Nat Rev Neurosci 17, 550–
561.

117 Sigoillot SM, Monk KR, Piao X, Selimi F & Harty

BL (2016) Adhesion GPCRs as novel actors in neural

and glial cell functions: from synaptogenesis to

myelination. Handb Exp Pharmacol 234, 275–298.
118 Folts CJ, Giera S, Li T & Piao X (2019) Adhesion G

protein-coupled receptors as drug targets for

neurological diseases. Trends Pharmacol Sci 40, 278–293.
119 Moreno-Salinas AL, Avila-Zozaya M, Ugalde-Silva P,

Hernandez-Guzman DA, Missirlis F & Boucard AA

(2019) Latrophilins: a neuro-centric view of an

evolutionary conserved adhesion G protein-coupled

receptor subfamily. Front Neurosci 13, 700.

120 Nishimura T, Honda H & Takeichi M (2012) Planar

cell polarity links axes of spatial dynamics in neural-

tube closure. Cell 149, 1084–1097.
121 Allache R, De Marco P, Merello E, Capra V & Kibar

Z (2012) Role of the planar cell polarity gene CELSR1

in neural tube defects and caudal agenesis. Birth

Defects Res A Clin Mol Teratol 94, 176–181.
122 Bao H, Berlanga ML, Xue M, Hapip SM, Daniels

RW, Mendenhall JM, Alcantara AA & Zhang B

(2007) The atypical cadherin flamingo regulates

synaptogenesis and helps prevent axonal and synaptic

degeneration in Drosophila. Mol Cell Neurosci 34, 662–
678.

123 Giera S, Deng Y, Luo R, Ackerman SD, Mogha A,

Monk KR, Ying Y, Jeong SJ, Makinodan M, Bialas

AR et al. (2015) The adhesion G protein-coupled

receptor GPR56 is a cell-autonomous regulator of

oligodendrocyte development. Nat Commun 6, 6121.

124 Ackerman SD, Garcia C, Piao X, Gutmann DH &

Monk KR (2015) The adhesion GPCR Gpr56

regulates oligodendrocyte development via interactions

with Galpha12/13 and RhoA. Nat Commun 6, 6122.

125 Silva JP, Lelianova VG, Ermolyuk YS, Vysokov N,

Hitchen PG, Berninghausen O, Rahman MA,

Zangrandi A, Fidalgo S, Tonevitsky AG et al. (2011)

Latrophilin 1 and its endogenous ligand Lasso/

teneurin-2 form a high-affinity transsynaptic receptor

pair with signaling capabilities. Proc Natl Acad Sci

USA 108, 12113–12118.
126 Sando R, Jiang X & Sudhof TC (2019) Latrophilin

GPCRs direct synapse specificity by coincident binding

of FLRTs and teneurins. Science 363, eaav7969.

127 Lu YC, Nazarko OV, Sando R 3rd, Salzman GS, Li

NS, Sudhof TC & Arac D (2015) Structural basis of

latrophilin-FLRT-UNC5 interaction in cell adhesion.

Structure 23, 1678–1691.

7626 The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Adhesion GPCR research I. Liebscher et al.

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



128 Lee JW, Huang BX, Kwon H, Rashid MA,

Kharebava G, Desai A, Patnaik S, Marugan J & Kim

HY (2016) Orphan GPR110 (ADGRF1) targeted by

N-docosahexaenoylethanolamine in development of

neurons and cognitive function. Nat Commun 7,

13123.

129 Hamann J, Hsiao CC, Lee CS, Ravichandran KS & Lin

HH (2016) Adhesion GPCRs as modulators of immune

cell function. Handb Exp Pharmacol 234, 329–350.
130 Lin HH, Hsiao CC, Pabst C, Hebert J, Schoneberg T

& Hamann J (2017) Adhesion GPCRs in regulating

immune responses and inflammation. Adv Immunol

136, 163–201.
131 Hamann J, Koning N, Pouwels W, Ulfman LH, van

Eijk M, Stacey M, Lin HH, Gordon S & Kwakkenbos

MJ (2007) EMR1, the human homolog of F4/80, is an

eosinophil-specific receptor. Eur J Immunol 37, 2797–
2802.

132 Kwakkenbos MJ, Chang GW, Lin HH, Pouwels W,

de Jong EC, van Lier RA, Gordon S & Hamann J

(2002) The human EGF-TM7 family member EMR2

is a heterodimeric receptor expressed on myeloid cells.

J Leukoc Biol 71, 854–862.
133 Matmati M, Pouwels W, van Bruggen R, Jansen M,

Hoek RM, Verhoeven AJ & Hamann J (2007) The

human EGF-TM7 receptor EMR3 is a marker for

mature granulocytes. J Leukoc Biol 81, 440–448.
134 Gordon S, Hamann J, Lin HH & Stacey M (2011) F4/

80 and the related adhesion-GPCRs. Eur J Immunol

41, 2472–2476.
135 Jaspars LH, Vos W, Aust G, Van Lier RA & Hamann

J (2001) Tissue distribution of the human CD97 EGF-

TM7 receptor. Tissue Antigens 57, 325–331.
136 Yona S, Lin HH, Dri P, Davies JQ, Hayhoe RP,

Lewis SM, Heinsbroek SE, Brown KA, Perretti M,

Hamann J et al. (2008) Ligation of the adhesion-

GPCR EMR2 regulates human neutrophil function.

FASEB J 22, 741–751.
137 Irmscher S, Brix SR, Zipfel SLH, Halder LD,

Mutluturk S, Wulf S, Girdauskas E, Reichenspurner

H, Stahl RAK, Jungnickel B et al. (2019) Serum

FHR1 binding to necrotic-type cells activates

monocytic inflammasome and marks necrotic sites in

vasculopathies. Nat Commun 10, 2961.

138 I KY, Tseng WY, Wang WC, Gordon S, Ng KF &

Lin HH (2020) Stimulation of vibratory urticaria-

associated adhesion-GPCR, EMR2/ADGRE2, triggers

the NLRP3 inflammasome activation signal in human

monocytes. Front Immunol 11, 602016.

139 I KY, Huang YS, Hu CH, Tseng WY, Cheng CH,

Stacey M, Gordon S, Chang GW & Lin HH (2017)

Activation of adhesion GPCR EMR2/ADGRE2

induces macrophage differentiation and inflammatory

responses via Galpha16/Akt/MAPK/NF-kappaB

signaling pathways. Front Immunol 8, 373.

140 Solaimani Kartalaei P, Yamada-Inagawa T, Vink CS,

de Pater E, van der Linden R, Marks-Bluth J, van der

Sloot A, van den Hout M, Yokomizo T, van Schaick-

Solerno ML et al. (2015) Whole-transcriptome analysis

of endothelial to hematopoietic stem cell transition

reveals a requirement for Gpr56 in HSC generation. J

Exp Med 212, 93–106.
141 Maglitto A, Mariani SA, de Pater E, Rodriguez-

Seoane C, Vink CS, Piao X, Lukke ML & Dzierzak E

(2021) Unexpected redundancy of Gpr56 and Gpr97

during hematopoietic cell development and

differentiation. Blood Adv 5, 829–842.
142 Pabst C, Bergeron A, Lavallee VP, Yeh J, Gendron P,

Norddahl GL, Krosl J, Boivin I, Deneault E, Simard J

et al. (2016) GPR56 identifies primary human acute

myeloid leukemia cells with high repopulating

potential in vivo. Blood 127, 2018–2027.
143 Martin GH, Roy N, Chakraborty S, Desrichard A,

Chung SS, Woolthuis CM, Hu W, Berezniuk I,

Garrett-Bakelman FE, Hamann J et al. (2019) CD97

is a critical regulator of acute myeloid leukemia stem

cell function. J Exp Med 216, 2362–2377.
144 Peng YM, van de Garde MD, Cheng KF, Baars PA,

Remmerswaal EB, van Lier RA, Mackay CR, Lin HH

& Hamann J (2011) Specific expression of GPR56 by

human cytotoxic lymphocytes. J Leukoc Biol 90, 735–
740.

145 Chang GW, Hsiao CC, Peng YM, Vieira Braga FA,

Kragten NA, Remmerswaal EB, van de Garde MD,

Straussberg R, Konig GM, Kostenis E et al. (2016)

The adhesion G protein-coupled receptor GPR56/

ADGRG1 is an inhibitory receptor on human NK

cells. Cell Rep 15, 1757–1770.
146 Fransen NL, Hsiao CC, van der Poel M, Engelenburg

HJ, Verdaasdonk K, Vincenten MCJ, Remmerswaal

EBM, Kuhlmann T, Mason MRJ, Hamann J et al.

(2020) Tissue-resident memory T cells invade the brain

parenchyma in multiple sclerosis white matter lesions.

Brain 143, 1714–1730.
147 Hsiao CC, Kragten NAM, Piao X, Hamann J & van

Gisbergen KPJM (2021) The inhibitory receptor

GPR56 (Adgrg1) is specifically expressed by tissue-

resident memory T cells in mice but dispensable for

their differentiation and function in vivo. Cells

10:2675.

148 van der Poel M, Ulas T, Mizee MR, Hsiao CC,

Miedema SSM, Adelia, Schuurman KG, Helder B,

Tas SW, Schultze JL et al. (2019) Transcriptional

profiling of human microglia reveals grey-white matter

heterogeneity and multiple sclerosis-associated

changes. Nat Commun 10, 1139.

149 Yeung J, Adili R, Stringham EN, Luo R, Vizurraga

A, Rosselli-Murai LK, Stoveken HM, Yu M, Piao X,

Holinstat M et al. (2020) GPR56/ADGRG1 is a

platelet collagen-responsive GPCR and hemostatic

7627The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

I. Liebscher et al. Adhesion GPCR research

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



sensor of shear force. Proc Natl Acad Sci USA 117,

28275–28286.
150 Hsiao CC, Chu TY, Wu CJ, van den Biggelaar M,

Pabst C, Hebert J, Kuijpers TW, Scicluna BP, Ikyyy

KY, Chen TC et al. (2018) The adhesion G protein-

coupled receptor GPR97/ADGRG3 is expressed in

human granulocytes and triggers antimicrobial effector

functions. Front Immunol 9, 2830.

151 Luo R, Yang HM, Jin Z, Halley DJ, Chang BS,

MacPherson L, Brueton L & Piao X (2011) A novel

GPR56 mutation causes bilateral frontoparietal

polymicrogyria. Pediatr Neurol 45, 49–53.
152 Haitina T, Olsson F, Stephansson O, Alsio J, Roman

E, Ebendal T, Schioth HB & Fredriksson R (2008)

Expression profile of the entire family of Adhesion G

protein-coupled receptors in mouse and rat. BMC

Neurosci 9, 43.

153 Lei Y, Zhu H, Yang W, Ross ME, Shaw GM &

Finnell RH (2014) Identification of novel CELSR1

mutations in spina bifida. PLoS One 9, e92207.

154 Arcos-Burgos M, Jain M, Acosta MT, Shively S,

Stanescu H, Wallis D, Domene S, Velez JI, Karkera

JD, Balog J et al. (2010) A common variant of the

latrophilin 3 gene, LPHN3, confers susceptibility to

ADHD and predicts effectiveness of stimulant

medication. Mol Psychiatry 15, 1053–1066.
155 Jain M, Velez JI, Acosta MT, Palacio LG, Balog J,

Roessler E, Pineda D, Londono AC, Palacio JD,

Arbelaez A et al. (2012) A cooperative interaction

between LPHN3 and 11q doubles the risk for ADHD.

Mol Psychiatry 17, 741–747.
156 Fallgatter AJ, Ehlis AC, Dresler T, Reif A, Jacob CP,

Arcos-Burgos M, Muenke M & Lesch KP (2013)

Influence of a latrophilin 3 (LPHN3) risk haplotype

on event-related potential measures of cognitive

response control in attention-deficit hyperactivity

disorder (ADHD). Eur Neuropsychopharmacol 23,

458–468.
157 Bruxel EM, Salatino-Oliveira A, Akutagava-Martins

GC, Tovo-Rodrigues L, Genro JP, Zeni CP,

Polanczyk GV, Chazan R, Schmitz M, Arcos-Burgos

M et al. (2015) LPHN3 and attention-deficit/

hyperactivity disorder: a susceptibility and

pharmacogenetic study. Genes Brain Behav 14, 419–
427.

158 Lange M, Norton W, Coolen M, Chaminade M,

Merker S, Proft F, Schmitt A, Vernier P, Lesch KP &

Bally-Cuif L (2012) The ADHD-susceptibility gene

lphn3.1 modulates dopaminergic neuron formation

and locomotor activity during zebrafish development.

Mol Psychiatry 17, 946–954.
159 van der Voet M, Harich B, Franke B & Schenck A

(2016) ADHD-associated dopamine transporter,

latrophilin and neurofibromin share a dopamine-

related locomotor signature in Drosophila. Mol

Psychiatry 21, 565–573.
160 Wallis D, Hill DS, Mendez IA, Abbott LC, Finnell

RH, Wellman PJ & Setlow B (2012) Initial

characterization of mice null for Lphn3, a gene

implicated in ADHD and addiction. Brain Res 1463,

85–92.
161 Aust G, Zhu D, Van Meir EG & Xu L (2016)

Adhesion GPCRs in tumorigenesis. Handb Exp

Pharmacol 234, 369–396.
162 Shashidhar S, Lorente G, Nagavarapu U, Nelson A,

Kuo J, Cummins J, Nikolich K, Urfer R & Foehr ED

(2005) GPR56 is a GPCR that is overexpressed in

gliomas and functions in tumor cell adhesion.

Oncogene 24, 1673–1682.
163 Scholz N (2018) Cancer cell mechanics: adhesion G

protein-coupled receptors in action? Front Oncol 8, 59.

164 Stephan G, Ravn-Boess N & Placantonakis DG (2021)

Adhesion G protein-coupled receptors in glioblastoma.

Neurooncol Adv 3, vdab046.

165 Abdulkareem NM, Bhat R, Qin L, Vasaikar S,

Gopinathan A, Mitchell T, Shea MJ, Nanda S,

Thangavel H, Zhang B et al. (2021) A novel role of

ADGRF1 (GPR110) in promoting cellular quiescence

and chemoresistance in human epidermal growth

factor receptor 2-positive breast cancer. FASEB J 35,

e21719.

166 Ma B, Zhu J, Su J, Pan F, Ji Y, Luan L, Huang J &

Hou Y (2020) The role of GPR110 in lung cancer

progression. Ann Transl Med 8, 745.

167 Lum AM, Wang BB, Beck-Engeser GB, Li L, Channa

N & Wabl M (2010) Orphan receptor GPR110, an

oncogene overexpressed in lung and prostate cancer.

BMC Cancer 10, 40.

168 Wang Y, Fan X, Zhang W, Zhang C, Wang J, Jiang

T & Wang L (2015) Deficiency of very large G-

protein-coupled receptor-1 is a risk factor of tumor-

related epilepsy: a whole transcriptome sequencing

analysis. J Neurooncol 121, 609–616.
169 Bayin NS, Frenster JD, Kane JR, Rubenstein J,

Modrek AS, Baitalmal R, Dolgalev I, Rudzenski K,

Scarabottolo L, Crespi D et al. (2016) GPR133

(ADGRD1), an adhesion G-protein-coupled receptor,

is necessary for glioblastoma growth. Oncogenesis 5,

e263.

170 Meza-Aguilar DG & Boucard AA (2014) Latrophilins

updated. Biomol Concepts 5, 457–478.
171 Hsiao CC, Wang WC, Kuo WL, Chen HY, Chen TC,

Hamann J & Lin HH (2014) CD97 inhibits cell

migration in human fibrosarcoma cells by modulating

TIMP-2/MT1- MMP/MMP-2 activity–role of GPS

autoproteolysis and functional cooperation between

the N- and C-terminal fragments. FEBS J 281, 4878–
4891.

7628 The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Adhesion GPCR research I. Liebscher et al.

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



172 Li C, Liu DR, Li GG, Wang HH, Li XW, Zhang W,

Wu YL & Chen L (2015) CD97 promotes gastric

cancer cell proliferation and invasion through

exosome-mediated MAPK signaling pathway. World J

Gastroenterol 21, 6215–6228.
173 Tang X, Jin R, Qu G, Wang X, Li Z, Yuan Z, Zhao

C, Siwko S, Shi T, Wang P et al. (2013) GPR116, an

adhesion G-protein-coupled receptor, promotes breast

cancer metastasis via the Galphaq-p63RhoGEF-Rho

GTPase pathway. Cancer Res 73, 6206–6218.
174 Yang L, Lin XL, Liang W, Fu SW, Lin WF, Tian

XQ, Gao YJ, Chen HY, Dai J & Ge ZZ (2017) High

expression of GPR116 indicates poor survival outcome

and promotes tumor progression in colorectal

carcinoma. Oncotarget 8, 47943–47956.
175 Xu L, Begum S, Hearn JD & Hynes RO (2006)

GPR56, an atypical G protein-coupled receptor, binds

tissue transglutaminase, TG2, and inhibits melanoma

tumor growth and metastasis. Proc Natl Acad Sci

USA 103, 9023–9028.
176 Yang L, Chen G, Mohanty S, Scott G, Fazal F,

Rahman A, Begum S, Hynes RO & Xu L (2011)

GPR56 regulates VEGF production and angiogenesis

during melanoma progression. Cancer Res 71, 5558–
5568.

177 Moreno M, Pedrosa L, Pare L, Pineda E, Bejarano L,

Martinez J, Balasubramaniyan V, Ezhilarasan R,

Kallarackal N, Kim SH et al. (2017) GPR56/

ADGRG1 inhibits mesenchymal differentiation and

radioresistance in glioblastoma. Cell Rep 21, 2183–
2197.

178 Kaur B, Brat DJ, Devi NS & Van Meir EG (2005)

Vasculostatin, a proteolytic fragment of brain

angiogenesis inhibitor 1, is an antiangiogenic and

antitumorigenic factor. Oncogene 24, 3632–3642.
179 Kaur B, Cork SM, Sandberg EM, Devi NS, Zhang Z,

Klenotic PA, Febbraio M, Shim H, Mao H, Tucker-

Burden C et al. (2009) Vasculostatin inhibits

intracranial glioma growth and negatively regulates

in vivo angiogenesis through a CD36-dependent

mechanism. Cancer Res 69, 1212–1220.
180 Zhu D & Van Meir EG (2016) BAI1: from cancer to

neurological disease. Oncotarget 7, 17288–17289.
181 Cherry AE, Vicente JJ, Xu C, Morrison RS, Ong SE,

Wordeman L & Stella N (2019) GPR124 regulates

microtubule assembly, mitotic progression, and

glioblastoma cell proliferation. Glia 67, 1558–1570.
182 Wu Y, Chen W, Gong L, Ke C, Wang H & Cai Y

(2018) Elevated G-protein receptor 125 (GPR125)

expression predicts good outcomes in colorectal cancer

and inhibits Wnt/beta-catenin signaling pathway. Med

Sci Monit 24, 6608–6616.
183 Zhu D, Hunter SB, Vertino PM & Van Meir EG

(2011) Overexpression of MBD2 in glioblastoma

maintains epigenetic silencing and inhibits the

antiangiogenic function of the tumor suppressor gene

BAI1. Cancer Res 71, 5859–5870.
184 Bradley EC, Cunningham RL, Wilde C, Morgan RK,

Klug EA, Letcher SM, Schoneberg T, Monk KR,

Liebscher I & Petersen SC (2019) In vivo identification

of small molecules mediating Gpr126/Adgrg6 signaling

during Schwann cell development. Ann N Y Acad Sci

1456, 44–63.
185 Stoveken HM, Larsen SD, Smrcka AV & Tall GG

(2018) Gedunin- and Khivorin-derivatives are small-

molecule partial agonists for adhesion G Protein-

coupled receptors GPR56/ADGRG1 and GPR114/

ADGRG5. Mol Pharmacol 93, 477–488.
186 Stoveken HM, Bahr LL, Anders MW, Wojtovich AP,

Smrcka AV & Tall GG (2016) Dihydromunduletone is

a small-molecule selective adhesion G protein-coupled

receptor antagonist. Mol Pharmacol 90, 214–224.
187 Hutchings CJ (2020) A review of antibody-based

therapeutics targeting G protein-coupled receptors: an

update. Expert Opin Biol Ther 20, 925–935.
188 Iguchi T, Sakata K, Yoshizaki K, Tago K, Mizuno N

& Itoh H (2008) Orphan G protein-coupled receptor

GPR56 regulates neural progenitor cell migration via a

G alpha 12/13 and Rho pathway. J Biol Chem 283,

14469–14478.
189 de Groot DM, Vogel G, Dulos J, Teeuwen L,

Stebbins K, Hamann J, Owens BM, van Eenennaam

H, Bos E & Boots AM (2009) Therapeutic antibody

targeting of CD97 in experimental arthritis: the role of

antigen expression, shedding, and internalization on

the pharmacokinetics of anti-CD97 monoclonal

antibody 1B2. J Immunol 183, 4127–4134.
190 From the American Association of Neurological

Surgeons (AANS), American Society of

Neuroradiology (ASNR), Cardiovascular and

Interventional Radiology Society of Europe (CIRSE),

Canadian Interventional Radiology Association

(CIRA), Congress of Neurological Surgeons (CNS),

European Society of Minimally Invasive Neurological

Therapy (ESMINT), European Society of

Neuroradiology (ESNR), European Stroke

Organization (ESO), Society for Cardiovascular

Angiography and Interventions (SCAI), Society of

Interventional Radiology (SIR) et al. (2018)

Multisociety consensus quality improvement revised

consensus statement for endovascular therapy of acute

ischemic stroke. Int J Stroke 13, 612–632.
191 Liu M, Zhang J & Liu C (2018) Clinical efficacy of

recombinant human latrophilin 3 antibody in the

treatment of pediatric asthma. Exp Ther Med 15, 539–
547.

192 Lagerstrom MC, Rabe N, Haitina T, Kalnina I,

Hellstrom AR, Klovins J, Kullander K & Schioth HB

(2007) The evolutionary history and tissue mapping of

GPR123: specific CNS expression pattern

7629The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

I. Liebscher et al. Adhesion GPCR research

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



predominantly in thalamic nuclei and regions containing

large pyramidal cells. J Neurochem 100, 1129–1142.
193 Mills JD, Kavanagh T, Kim WS, Chen BJ, Kawahara

Y, Halliday GM & Janitz M (2013) Unique

transcriptome patterns of the white and grey matter

corroborate structural and functional heterogeneity in

the human frontal lobe. PLoS One 8, e78480.

194 Liu Y, Wang G, Cui T & Lv L (2021) Adhesion

GPR123 is an indicator for recurrence and prognosis

in bladder cancer, Genes. Genomics 43, 1317–1325.
195 Hamann J, Kwakkenbos MJ, de Jong EC, Heus H,

Olsen AS & van Lier RA (2003) Inactivation of the

EGF-TM7 receptor EMR4 after the Pan-Homo

divergence. Eur J Immunol 33, 1365–1371.
196 Caminschi I, Vandenabeele S, Sofi M, McKnight AJ,

Ward N, Brodnicki TC, Toy T, Lahoud M,

Maraskovsky E, Shortman K et al. (2006) Gene

structure and transcript analysis of the human and

mouse EGF-TM7 molecule, FIRE. DNA Seq 17, 8–14.
197 Kwakkenbos MJ, Matmati M, Madsen O, Pouwels W,

Wang Y, Bontrop RE, Heidt PJ, Hoek RM &

Hamann J (2006) An unusual mode of concerted

evolution of the EGF-TM7 receptor chimera EMR2.

FASEB J 20, 2582–2584.

7630 The FEBS Journal 289 (2022) 7610–7630 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Adhesion GPCR research I. Liebscher et al.

 17424658, 2022, 24, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16258 by C

ochrane Israel, W
iley O

nline L
ibrary on [26/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Outline placeholder
	febs16258-aff-0001
	febs16258-aff-0002
	febs16258-aff-0003
	febs16258-aff-0004
	febs16258-aff-0005
	febs16258-aff-0006
	febs16258-aff-0007
	febs16258-aff-0008
	febs16258-aff-0009
	febs16258-aff-0010
	febs16258-aff-0011
	febs16258-aff-0012
	febs16258-aff-0013

	 Intro�duc�tion
	 Sequence and struc�ture-func�tion rela�tions across the aGPCR class
	febs16258-fig-0001

	 The biol�ogy of Adhe�sion GPCRs
	febs16258-tbl-0001

	 Clin�i�cal aspects of aGPCR func�tion and poten�tial ther�a�peu�tics
	febs16258-fig-0002

	 How to advance future research on Adhe�sion GPCRs
	 What is the cause and con�se�quence of the huge sequence reper�toire and result�ing vari�ants of aGPCRs?
	 How is the com�plex struc�ture of aGPCRs related to their func�tion in&thinsp;vitro and in&thinsp;vivo?
	 How do aGPCRs con�tribute to phys�i�ol�ogy in health and dis�ease, and how can they be exploited to design ther�a�peu�tic strate�gies?
	febs16258-fea-0001

	 Expand�ing and advanc�ing the aGPCR field through net�work�ing
	 Strate�gies to pro�mote and fuel suc�cess�ful aGPCR research
	febs16258-fig-0003

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	febs16258-bib-0001
	febs16258-bib-0002
	febs16258-bib-0003
	febs16258-bib-0004
	febs16258-bib-0005
	febs16258-bib-0006
	febs16258-bib-0007
	febs16258-bib-0008
	febs16258-bib-0009
	febs16258-bib-0010
	febs16258-bib-0011
	febs16258-bib-0012
	febs16258-bib-0013
	febs16258-bib-0014
	febs16258-bib-0015
	febs16258-bib-0016
	febs16258-bib-0017
	febs16258-bib-0018
	febs16258-bib-0019
	febs16258-bib-0020
	febs16258-bib-0021
	febs16258-bib-0022
	febs16258-bib-0023
	febs16258-bib-0024
	febs16258-bib-0025
	febs16258-bib-0026
	febs16258-bib-0027
	febs16258-bib-0028
	febs16258-bib-0029
	febs16258-bib-0030
	febs16258-bib-0031
	febs16258-bib-0032
	febs16258-bib-0033
	febs16258-bib-0034
	febs16258-bib-0035
	febs16258-bib-0036
	febs16258-bib-0037
	febs16258-bib-0038
	febs16258-bib-0039
	febs16258-bib-0040
	febs16258-bib-0041
	febs16258-bib-0042
	febs16258-bib-0043
	febs16258-bib-0044
	febs16258-bib-0045
	febs16258-bib-0046
	febs16258-bib-0047
	febs16258-bib-0048
	febs16258-bib-0049
	febs16258-bib-0050
	febs16258-bib-0051
	febs16258-bib-0052
	febs16258-bib-0053
	febs16258-bib-0054
	febs16258-bib-0055
	febs16258-bib-0056
	febs16258-bib-0057
	febs16258-bib-0058
	febs16258-bib-0059
	febs16258-bib-0060
	febs16258-bib-0061
	febs16258-bib-0062
	febs16258-bib-0063
	febs16258-bib-0064
	febs16258-bib-0065
	febs16258-bib-0066
	febs16258-bib-0067
	febs16258-bib-0068
	febs16258-bib-0069
	febs16258-bib-0070
	febs16258-bib-0071
	febs16258-bib-0072
	febs16258-bib-0073
	febs16258-bib-0074
	febs16258-bib-0075
	febs16258-bib-0076
	febs16258-bib-0077
	febs16258-bib-0078
	febs16258-bib-0079
	febs16258-bib-0080
	febs16258-bib-0081
	febs16258-bib-0082
	febs16258-bib-0083
	febs16258-bib-0084
	febs16258-bib-0085
	febs16258-bib-0086
	febs16258-bib-0087
	febs16258-bib-0088
	febs16258-bib-0089
	febs16258-bib-0090
	febs16258-bib-0091
	febs16258-bib-0092
	febs16258-bib-0093
	febs16258-bib-0094
	febs16258-bib-0095
	febs16258-bib-0096
	febs16258-bib-0097
	febs16258-bib-0098
	febs16258-bib-0099
	febs16258-bib-0100
	febs16258-bib-0101
	febs16258-bib-0102
	febs16258-bib-0103
	febs16258-bib-0104
	febs16258-bib-0105
	febs16258-bib-0106
	febs16258-bib-0107
	febs16258-bib-0108
	febs16258-bib-0109
	febs16258-bib-0110
	febs16258-bib-0111
	febs16258-bib-0112
	febs16258-bib-0113
	febs16258-bib-0114
	febs16258-bib-0115
	febs16258-bib-0116
	febs16258-bib-0117
	febs16258-bib-0118
	febs16258-bib-0119
	febs16258-bib-0120
	febs16258-bib-0121
	febs16258-bib-0122
	febs16258-bib-0123
	febs16258-bib-0124
	febs16258-bib-0125
	febs16258-bib-0126
	febs16258-bib-0127
	febs16258-bib-0128
	febs16258-bib-0129
	febs16258-bib-0130
	febs16258-bib-0131
	febs16258-bib-0132
	febs16258-bib-0133
	febs16258-bib-0134
	febs16258-bib-0135
	febs16258-bib-0136
	febs16258-bib-0137
	febs16258-bib-0138
	febs16258-bib-0139
	febs16258-bib-0140
	febs16258-bib-0141
	febs16258-bib-0142
	febs16258-bib-0143
	febs16258-bib-0144
	febs16258-bib-0145
	febs16258-bib-0146
	febs16258-bib-0147
	febs16258-bib-0148
	febs16258-bib-0149
	febs16258-bib-0150
	febs16258-bib-0151
	febs16258-bib-0152
	febs16258-bib-0153
	febs16258-bib-0154
	febs16258-bib-0155
	febs16258-bib-0156
	febs16258-bib-0157
	febs16258-bib-0158
	febs16258-bib-0159
	febs16258-bib-0160
	febs16258-bib-0161
	febs16258-bib-0162
	febs16258-bib-0163
	febs16258-bib-0164
	febs16258-bib-0165
	febs16258-bib-0166
	febs16258-bib-0167
	febs16258-bib-0168
	febs16258-bib-0169
	febs16258-bib-0170
	febs16258-bib-0171
	febs16258-bib-0172
	febs16258-bib-0173
	febs16258-bib-0174
	febs16258-bib-0175
	febs16258-bib-0176
	febs16258-bib-0177
	febs16258-bib-0178
	febs16258-bib-0179
	febs16258-bib-0180
	febs16258-bib-0181
	febs16258-bib-0182
	febs16258-bib-0183
	febs16258-bib-0184
	febs16258-bib-0185
	febs16258-bib-0186
	febs16258-bib-0187
	febs16258-bib-0188
	febs16258-bib-0189
	febs16258-bib-0190
	febs16258-bib-0191
	febs16258-bib-0192
	febs16258-bib-0193
	febs16258-bib-0194
	febs16258-bib-0195
	febs16258-bib-0196
	febs16258-bib-0197


