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Abstract Adhesion G protein-coupled receptors (aGPCRs) are the second largest diverse
group within the GPCR superfamily, which play critical roles in many physiological and patho-
logical processes through cellecell and celleextracellular matrix interactions. The adhesion
GPCR Adgrg6, also known as GPR126, is one of the better-characterized aGPCRs. GPR126
was previously found to have critical developmental roles in Schwann cell maturation and
its mediated myelination in the peripheral nervous system in both zebrafish and mammals.
Current studies have extended our understanding of GPR126-mediated roles during develop-
ment and in human diseases. In this review, we highlighted these recent advances in
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GPR126 in expression profile, molecular structure, ligandereceptor interactions, and associ-
ated physiological and pathological functions in development and diseases.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

G protein-coupled receptors (GPCRs) are the most studied
and largest families of transmembrane proteins, which
contain seven a-helical transmembrane regions. The vali-
dated GPCRs have been classified into five subfamilies:
Rhodopsin, Adhesion, Glutamate, Frizzled/Taste2, and
Secretin. Currently, there are at least 33 members of
adhesion G protein-coupled receptors (aGPCRs) in the
human genome.1 As the second largest subfamily, aGPCRs
are mostly recognized as orphan proteins, and a few have
recently been identified as critical modulators during
development.2,3 aGPCRs have gained increasing interest by
virtue of their complex structures. The N-terminal frag-
ment (NTF) of aGPCRs contains multiple domains which
have been found in other proteins, including lectin, lami-
nin, cadherin, olfactomedin, immunoglobulin, or thrombo-
spondin domain. The diverse structural domains contribute
to the diverse proteineprotein interactions to promote the
communication between cell and cell or extracellular ma-
trix (ECM). Meanwhile, a large number of exons and various
alternatively splicing ways make it complicated to investi-
gate the biological functions of the aGPCRs.4 Most aGPCRs
undergo an autoproteolytic process mediated by the GPCR
auto-proteolysis-inducing (GAIN) structural domain, result-
ing in an N-terminal (NTF) and a C-terminal fragment (CTF),
respectively. NTF and CTF can attach non-covalently on the
cell membrane.5 These aGPCRs have been found to interact
with a variety of ligands, ranging from ECM components to
membrane-bound proteins and lipids.6 Over the last several
decades, numerous studies have focused on the studies of
ligands to aGPCRs, in an attempt to uncover the structures
and functions of these orphan receptors. A few reviews
have highlighted the emerging role of these aGPCRs in cell
adhesion, cell migration, and numerous disease
implications.7,8 GPR126, known as ADGRG6, is an orphan
member of the adhesion GPCR subfamilies. It has been
demonstrated with important roles in the Schwann cell
myelination in the peripheral nervous system (PNS), and
tissue/organ development and diseases. Here, we aim to
discuss the current knowledge in GPR126/Adgrg6 structure,
ligands, and physiological as well as pathological functions.
Discovery and expression profiles of GPR126

GPR126 is an aGPCR that was first discovered by Fredriksson
and co-workers and clustered into VIII aGPCRs by phyloge-
netic analysis.8,9 The full length of the human GPR126 gene
is about 6.8 kb at chromosome 6, including 26 exons and
alternative splicing of exon 6 and exon 25, generating 4
protein-coding transcripts. Moriguchi et al first cloned the
full-length mouse and human GPR126 cDNAs (known as
DREG). They validated the gene expression patterns in mice
and identified two cleavage sites in the extracellular region
(ECR).10 Meanwhile, Stehlik et al found a highly glycosy-
lated form of GPR126 (VIGR, vascular inducible GPCR)
expressed on the endothelial cell surface. They demon-
strated its potential roles in the innate immune response
and activation of the coagulation system.11

Recent evidence has illustrated that GPR126 is evident in
the bone, ceratobranchial, ear, heart, macula, nose, neural
crest, pericardium, tail, and nervous system during zebra-
fish development.12 Meanwhile, GPR126 is found widely
distributed in the adult mouse lung, heart, kidney, spleen,
skin, bladder, placenta, and brain,13 and high levels of
transcripts in the human liver, lung, placenta, kidney, uri-
nary bladder, skin, bone, and brain. The expression of
GPR126 in the brain is involved in the cerebral cortex, hip-
pocampus, amygdala, thalamus, hypothalamus, midbrain,
cerebellum, pons, and spinal cord. GPR126 is mostly clus-
tered in the excitatory and inhibitory neurons, and microglia
based on the human protein atlas database (https://www.
proteinatlas.org). The broad distribution and spatio-tem-
poral expression pattern indicate that GPR126 may have a
variety of functions in the development and diseases.

Structural characterization of GPR126

Like most aGPCRs, GPR126 comprises two major compo-
nents, NTF and CTF. The NTF encompasses most of the
protein’s ECRs, including five domains: a CUB (complement
C1r/C1s, Uegf, Bmp1) domain, a PTX (Pentraxin) domain, a
SEA (Sperm protein, Enterokinase, and Agrin) domain, a
hormone binding (HormR) domain, and a conserved GAIN
domain.14 The CTF is the C-terminal to the GAIN domain’s
GPCR proteolysis site (GPS), composed of the 7TM domain
and an intracellular C-terminal tail. Zebrafish and human
GPR126 have experienced high N- and O-linked glycosyla-
tion11 (Fig. 1). The structural study of the zebrafish GPR126
indicates glycosylation is found throughout all except the
PTX domains of the ECR.14 Human GPR126 contains 26 pre-
dicted N-linked glycosylation sites and is reported to un-
dergo N-linked glycosylation in the PTX domain.15 GPR126 is
alternatively spliced in exon 6 and exon 25 to produce
several isoforms. It has recently been demonstrated that
splicing of exon 6 results in a closed conformation of GPR126
ECR compared to an open conformation including the splice
site. Meanwhile, the alternative splicing modulates its bio-
logical activity in a cAMP signaling pathway.14

The CUB domain is most conserved in the ECR of GPR126,
especially the calcium-coordinating site. Importantly, the
calcium coordination aligns the CUB domain neighboring to
the HormR domain, thus making a closed conformation of
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Figure 1 A schematic diagram of GPR126 protein structure consisting of an N-terminal fragment (NTF) and a C-terminal fragment
(CTF). The NTF encompasses most of the protein’s large extracellular regions (ECRs) and is composed of newly identified five
domains: a CUB (complement C1r/C1s, Uegf, Bmp1) domain, a PTX (Pentraxin) domain, a SEA (Sperm protein, Enterokinase, and
Agrin) domain, a hormone binding (HormR) domain, and a conserved GPCR autoproteolysis-inducing (GAIN) domain. The CTF is C-
terminal to the GAIN domain’s GPCR proteolysis site (GPS), and composed of the 7TM domain and an intracellular C-terminal tail. N-
and O-linked glycosylation are indicated as blue hexagons.
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GPR126 ECR. The calcium-binding pocket is critical for
GPR126 function in both PNS myelination and ear develop-
ment in zebrafish.14 The CUB and PTX domains have a crit-
ical role in the interaction with type IV collagen, facilitating
the understanding of its mechanism of GPR126 activation.16

A previous study indicated that GPR126 contains a furin-
mediated cleavage site between PTX and HormR
domain.10 This furin-cleavage site in the GPR126 ECR has
been newly identified as the SEA domain.14 Similar to GAIN
domain autoproteolysis, the cleaved SEA domain remains
intact by noncovalent interdomain contact. The GPS within
the GAIN domain cleaves GPR126 into an NTF and a CTF.
Moreover, a short Stachel sequence within the GPS motif
functions as a tethered agonist to trigger GPR126
activation.5 This leading mode of adhesion GPCR activation
is recognized as orthosteric agonism (tethered-peptide ago-
nism) (Fig. 2). Upon NTF cleavage and dissociation, the hy-
drophobic tethered-peptide agonist residues are exposed to
the aqueous extracellular environment. The hydrophobic
properties drive the tethered-peptide agonist to rapidly bind
intramolecularly to its orthosteric pocket within the
7TM.7 Although the tethered agonist activation mode does
not account for all GPR126 modulations, it facilitates a
better understanding of endogenous Stachel sequence-
induced GPR126 activation. Overall, the structural studies of
GPR126 strongly demonstrate that GPR126 could be a
promising drug target when mechanistic details on the
regulation have been uncovered.

Ligandereceptor interaction of GPR126

Except for the aforementioned tethered peptide-mediated
orthosteric agonism model of GPR126 activation, GPR126
modulation has been demonstrated in another allosteric
regulation mode (Fig. 2), which has been known as a
tunable model. In the allosteric model, ligands interact
with the N-terminal domains of GPR126 to maintain the
receptor conformation, thus triggering the downstream
signaling. It has been known that aGPCRs interact with
various ligands including hormones, pheromones, lipids,
photons, and free proteins in the physiological process. The
main components of the ECM are proteoglycans and fibrous
proteins, such as collagens, fibronectins, and laminins. The
long ECR in the NTF of GPR126 has been demonstrated to
interact with various ligands, including the ECM compo-
nents collagen IV and laminin-211, and the prion protein. In
addition, two steroid hormones, progesterone, and 17-
hydroxyprogesterone are reported to bind to the CTF of
GPR126 and initiate the downstream Gi coupling.17 We
mainly summarized those identified ligands interacting with
the NTF and CTF of GPR126, respectively.
Ligand type IV collagen binds to the NTF of GPR126

Type IV collagen is composed of an N-terminal 7S domain, a
triple helix forming collagen domain, and a C-terminal non-
collagenous NC1 domain.18 It is an important component of
the basement membranes surrounding Schwann cells
(SC).19,20 Type IV collagen mediates the cell interaction
between Schwann cells and the basement membrane to
initiate Schwann cell differentiation and peripheral axonal
growth. Schwann cells secrete type IV collagen, laminin,
and other components to form a continuous basal
lamina.21,22 A recent study reveals that type IV collagen
acts as an endogenous ligand for GPR126 to regulate



Figure 2 Models of GPR126 activation. (A) GPR126 functions via a variety of G protein signaling. The N-terminal subdomains are
indicated in multiple colored modules to reflect the potential activities. (B) In the orthosteric agonism model of activation, the
ligandereceptor interactions trigger the dissociation of NTF and CTF, resulting in the exposure of the tethered peptide to facilitate
its binding to an orthosteric site within the 7TM. (C) In the allosteric activation model, various ligands bind to diverse domains of
the receptor to activate or inhibit the GPR126-mediated signaling.
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myelination.16 Unlike GPR56 binding to type III collagen,
the CUB and PTX domains in the NTF of GPR126 have a high
affinity and specificity binding to type IV collagen (Fig. 3).
Type IV collagen binds to the N-terminal region, thus
antagonizing the N-terminal repression of the receptor
signaling activity, mediating the activation of GPR126
signaling. In a proposed action model, the binding initially
activates only Gs, accompanied by a transient rise of cAMP,
and followed by PKA phosphorylation of the receptor
forming a feedback loop. The continuously increased Gs-
coupled signaling may associate with the attenuation of Gi-
mediated signaling. It would explain the observation of a
transient increase and a reduction to the constant level of
Figure 3 Ligands in the extracellular matrix interact with the N-
enhances Gs-mediated signaling via the accumulation of cAMP to d
cAMP at the immediate and late stage of type IV collagen
supplementation.16 It has been demonstrated that type IV
collagen acts as an autocrine signal mediating GPR126 to
promote Schwann cell myelination, confirming that the
proper formation of the basal lamina is essential for
Schwann cell myelination. In addition, the binding of type
IV collagen to the NTF of GPR126 illustrates the function of
GPR126 independent of the 7TM domain and essential for
heart development.23

As the major component in the basement membrane,
type IV collagen is known to associate with laminin via
nidogen/entactin to form supramolecular sheet-like struc-
tures. The cell-surface proteins including b1-integrins and
terminal fragment to activate GPR126 signaling. The activation
rive SC terminal differentiation and myelination.
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dystroglycans facilitate the deposition of laminin polymer
via site-specific interactions.24 The integrins a1b1, a2b1,
a10b1, and a11b1 are classified into the b1 containing
collagen receptors. Whereas, integrins a3b1, a6b1, a7b1,
and a6b4 belong to laminin receptors mediating cell
adhesion and migration to the basement membranes.25 It is
reported that folded type IV collagen can bind a1b1-
integrin and a2b1-integrin, whereas denatured type IV
collagen can bind avb3-integrin.26 Whether the integrins
bridge the interaction between GPR126 and type IV
collagen remains unknown. In a recent preprinted manu-
script, GPR126 was found to co-immunoprecipitate with
a3b1-integrin, but not with the a1b1-integrin.27 Meanwhile,
GPR126 was demonstrated to interact with Lrp1 and a3b1-
integrin, facilitating the GPR126-mediated functions in cell
migration.27 In future studies, the question of whether
GPR126 interaction with Lrp1 and a3b1-integrin has an
important role in Schwann cell myelination needs to be
further explored.

Ligand laminin-211 interacts with the NTF of
GPR126

Similar to type IV collagen, laminin is a major component of
the basal lamina, consisting of one a-, one b-, and one g-
chain.28 It plays an essential role in the process of Schwann
cell proliferation and migration, which are essential for
Schwann cell-mediated radial sorting and myelination of
peripheral axons. Laminin-211 is one of the heterotrimeric
proteins, composed of the a2, b1, and g1 chains.29 Laminin-
211 is required for Schwann cell myelination. Via binding to
integrin, laminin-211 can effectively assemble basement
membranes and mediate cell adhesion for efficient
myelination.30 Laminin-211 regulates the neuregulin
signaling to inhibit the protein kinase A activation in the
myelination.31 In the PNS, Schwann cells radially sort axons
wrapping an axonal segment to form myelin sheaths, a
process that requires the involvement of GPR126. In addi-
tion to type IV collagen, GPR126 also physically interacts
with the SC-released ligand laminins. It is reported that
laminin-211 binds to a special domain in the NTF region of
GPR126 (Fig. 3)32,33. Both laminin-211 and the NTF region of
GPR126 are essential for axon sorting in SC development.
The specific binding does not behave as an agonist in the
classical manner of ligandereceptor interactions. Given the
Stachel-mediated activation mode for GPR126, laminin-211
acts in a way of stabilizing the noncovalent association
between the NTF and CTF, preventing CTF-coupled Gs

signaling and cAMP accumulation. Therefore, the interac-
tion of GPR126 with laminin-211 is involved in Schwann cell
differentiation and myelination, mediated by ensuring
appropriate levels of cAMP to regulate the early and late
stages of Schwann cell development.

Prion protein is an agonistic ligand of GPR126

Prion protein, a cell-surface glycoprotein, is expressed at
relatively high levels in the peripheral and central nervous
systems. Within the central nervous system, the prion pro-
tein is highly expressed in neurons and astrocytes.34 Prion
proteins mainly exist in two distinct isoforms: PrPC, a normal
cellular isoform, and PrPSc, a misfolding disease-associated
isoform. Prion diseases are known for the conversion of
benign PrPC isoform into an abnormally aggregated PrPSc

isoform. The accelerated aggregation and deposition of the
PrPSc isoform drive severe neuropathological changes,
including neuronal loss and gliosis.34,35 Previous studies
suggest that the PrPC isoform is a critical axonal modulator in
myelin maintenance in the PNS.36 The deficiency of PrPC in
mouse sciatic nerve can result in decreased cAMP levels,
suggesting that PrPC may modulate the downstream signaling
through a G protein-coupled receptor. A recent study
revealed that PrPC maintains myelin homeostasis via the
interaction of its terminal flexible tail with GPR126.37 The
flexible tail of PrPC comprises a cAMP-inducing domain
appearing in type IV collagen, an identified agonist of
Gpr126, and induces the GPR126-mediated cAMP activation
(Fig. 3). Meanwhile, the deletion of GPR126 in mice causes
prominent hypomyelination, and the phenotype of defi-
ciency in Prnp is contrarily moderate and late-onset, which
may be compensated by the interaction with type IV
collagen and/or laminin-211. Given the conserved homology
region between type IV collagen and PrPC, they might share
a similar activation mode in GPR126 activation, whereas the
interaction between laminin-211 and GPR126 might exhibit a
specific activation mode. PrPC is highly expressed in neuron
and non-neuronal cells and its misfolding form causes
neurodegenerative prion disease in the central nervous sys-
tem. Although the expression of GPR126 in the central ner-
vous system has not been identified, this interaction of
GPR126 and PrPC raises the question of whether GPR126 has
a critical role in prion diseases within the CNS.
Ligands progesterone and 17-hydroxyprogesterone
bind to the CTF of GPR126

Aside from the endogenous ligands binding to the NTF of
GPR126, a few studies revealed the direct interacting
partners with the CTF of GPR126. The C-terminal fragment
of GPR126 contains a 7TM bundle, which is fundamental for
GPCRs mediating signaling transduction. Most steroid hor-
mones, including estrogens, glucocorticoids, progestogens,
and androgens, function as signaling molecules via binding
to their intracellular nuclear receptors. Among them, pro-
gesterone and 17-hydroxyprogesterone are two critical
steroid hormones in the maintenance of the reproductive
system. In a recent study, progesterone and 17-hydrox-
yprogesterone are found to sufficiently bind to the CTF of
GPR12617 (Fig. 4). The steroid core of progesterone locates
in a flat surface, a perpendicular direction to the TM5, and
an angle of w60� orientation from the TM3. On the con-
trary, the modeled 17-hydroxyprogesterone assumed a
conformation perpendicular to that of progesterone. In the
simulated model, progesterone and 17-hydroxyprogester-
one share nine common contacting residues in the ligand
binding pocket of GPR126. With the two mutations located
in the 7TM domain of CTF, the R1057Q mutant, rather than
V769E, reduces the signaling potency and efficiency of
progesterone.17 Compared to the previously reported
ligand binding pocket of GPR97,38 GPR126 shares homolo-
gous residues in contact with steroid hormones. Given the
conserved residues among the adhesion GPCR subfamily, it



Figure 4 Ligands interact with the C-terminal fragment to activate GPR126 signaling. The binding activates GPR126 and triggers
the downstream Gi-mediated signaling pathway.
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is worth investigating whether other steroid hormones
function as ligands for aGPCRs. Meanwhile, the biological
function study reveals that progesterone-induced GPR126
activation selectively acts through Gi-mediated SRC
signaling pathways to enhance ripple-negative breast can-
cer cell growth and tumorigenesis.

Together, the ligandereceptor interaction studies of
GPR126 accelerate the functional analysis of GPR126 in the
physiological and pathological processes. A detailed un-
derstanding of GPR126 structure and function is valuable
for cell signaling and molecular recognition, as well as drug
discovery because of their fundamental roles in health and
disease.
The physiological role of GPR126: essential for
myelination and glial cell development

In the nervous system, myelination is a complicated process
that initiates from the postnatal period and maintains
adulthood. Myelin is the fatty membrane full of cholesterol
and phospholipid in glial cells, wrapping around the axons
of neurons to allow for rapid long-distance conduction of
nerve impulses.39 The major compositions of myelin vary
with proteolipid protein and myelin basic protein as the
primary proteins in the CNS and with myelin protein zero as
the dominant protein of PNS myelin.40 Moreover, the pro-
cess of myelination is mediated by oligodendrocytes in the
CNS or Schwann cells in the PNS. In the CNS, oligodendro-
cytes contact the axonal membrane and initiate myelina-
tion with the molecular changes to reorganize the
cytoskeletal elements.41 Mature oligodendrocytes regulate
myelination by wrapping the neuronal axons and furnishing
trophic support to axons.42,43 In the PNS, Schwann cells are
the main mediators for myelination. Immature SCs first
surround multiple axons and undergo a radial axonal sorting
process. Then, immature SCs extend the process into axon
bundles and envelop an axon segment. As SCs mature, the
pro-myelinating SCs wrap around the axon to set up the
myelin sheath. Contrarily, the non-myelinating SCs
ensheath the “Remak bundle” of nonmyelinated axons,
composed of multiple small-caliber axons.33,44 The G pro-
tein-coupled receptor GPR126 has been reported to drive
SCs-mediated myelination via elevating cAMP levels.45 With
the mutation of GPR126 in zebrafish, SCs fail to express the
transcription factor Oct6 and maintain myelination. The
addition of cAMP can further restore the deficits.45 In
another study, GPR126 is necessary for Schwann cells to
induce krox20 expression. The activity of krox20 at the
onset of myelination is dependent on GPR126 signaling.
After the myelination is initiated, the krox20 expression is
sustained. Myelination can be no longer dependent on
GPR126-mediated signaling by elevation of cAMP.46 Overall,
the role of GPR126 signaling is required for Schwann cells-
initiated myelination but is not essential in the maturation
of myelin. The deficiency of GPR126 results in delayed
axonal sorting by Schwann cells in mice.47,48 Schwann cells
are observed arrested at the promyelinating stage and non-
myelinating Schwann cells are scarce in the GPR126�/�

mice.47 The defects of myelination in GPR126 deficient
cultures can be revived by raising cAMP levels and activa-
tion of protein kinase A. The cAMP levels in GPR126
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conditional mutant sciatic nerves are significantly reduced
and regulated via both Gs- and Gi-, but not Gq-coupled
GPR126 signals.48 In addition, GPR126 undergoes autopro-
teolytic cleavage into an NTF and a transmembrane CTF.
The NTF is required for axon sorting, whereas the CTF is
necessary for wrapping the axonal segment to produce
myelin via cAMP elevation. The dual roles of two fragments
in GPR126 reflect domain-specific impacts on Schwann cell
development, which are regulated by the binding of
GPR126 to laminin-211.32 Aside from the role of the inter-
action between GPR126 and lamin-211 in the early and late
stages of Schwann cell development, it is reported that the
flexible tail of the prion protein PrPC triggered a dose-
dependent elevation of cAMP levels in primary Schwann
cells.37 The effect of the PrPC-mediated GPR126 activation
is essential for myelin homeostasis. Above all, the extra-
cellular endogenous ligands for GPR126, type IV collagen,
laminin-211, and the prion protein (PrPc) interact with
GPR126 to trigger cAMP signaling and mediate biological
function in Schwann cells through Gs coupling. With the
increasing understanding of the functions and mechanisms
of GPR126 in the Schwan cells, it can deepen our under-
standing of the pathological roles of GPR126 in nerve repair
and allow for novel therapeutic breakthroughs in human
disorders (Fig. 5).
Figure 5 Roles of GPR126 in physiology and pathophysiology. GPR
via multiple mechanisms.
The physiological role of GPR126: critical for
tissue/organ development

aGPCRs are crucial mediators of conserved developmental
processes.TheadhesionGPR126has beendemonstrateda key
role in Schwann cell maturation and inner ear morphogenesis
in the zebrafish.45 Aside from the role of Schwann cell devel-
opment, GPR126 plays a critical role in the development of
various tissues/organs, including the heart, sciatic nerve,
cartilage, and vascular. Loss of GPR126 impedes embryonic
development, resulting in organ malformation and severe
mid-gestation embryo lethality.13,49 Cardia development un-
dergoes several important steps including septation and the
formation of the outflow tract. A very low GPR126LacZ

expression and a pronounced thinning of the myocardial wall
in the myocardial tissue from homozygous mutants were
observed. In a current study, the endocardium-specific dele-
tion of GPR126 does not affect cardiac development, and the
lethality in GPR126-deficient mice is not recovered by the
expression ofGPR126 in the endocardium. The inactivation of
GPR126 in the placenta results in embryonic death.50 It is
presumed that the heart abnormalities in GPR126-deficient
mice are associated with placental effects. Meanwhile, the
analysis of LacZ expression in GPR126tm1a mice suggests the
expression pattern of GPR126 in the endothelium of vessels,
126 plays diverse roles in the development and human diseases
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including the endocardium. An increase of fluid shear stress or
intraluminal pressure in endocardial cells up-regulates the
GPR126 expression, which indicates the role of GPR126 in
mechano-dependent signaling.49,51,52 The GPR126-mediated
mechano-dependent signal transduction may be associated
with the homeostasis of papillary collecting ducts and uro-
thelium or ureter and bladder, where the expression of
GPR126 is confirmed.49 Moreover, GPR126 is observed with a
high expression in chondrocytes in multiple cartilage tissues
but decreased in the later stage of cartilage development.
The ossification of the spine is observed delayed in the
developmental process due to the deletion of GPR126 in
zebrafish.53 Meanwhile, mutations of the three single-nucle-
otidepolymorphisms including thealleleCof rs9403380,allele
G of rs6570507, and allele A of rs7774095 in the GPR126 locus
have been reported to be associated with AIS in
humans.53e55 In addition, a reduced inclusion of exon6 in
GPR126 caused by a genetic variant (rs41289839 G > A) is
involved in cartilage development in adolescent idiopathic
scoliosis (AIS) patients.56 This evidence indicates the impor-
tant role of exon6 inGPR126 for cartilage development.Given
the wide expression profile of GPR126 and its significant roles
in cell and organ development, it is undoubtedly that muta-
tions of GPR126 can cause severe deficits in cell biological
functions and be associated with various disease conditions.
The pathological role of GPR126: closely related to
degenerative joint disorders

Thematuration of a healthy and functional spine requires the
integration of musculoskeletal tissues, including bone, carti-
lage,muscle, and thePNS. The spine is composedofa series of
segmented bony vertebral bodies by fibrocartilaginous joints
namedthe intervertebral discs (IVDs),whichare important for
lateral and rotational flexibility as well as cushioning loading
of the spinal column.57 GPR126 is previously demonstrated to
be unnecessary for the overall morphology of IVDs. Specific
deletion of GPR126 in the adult IVDs shows an endplate-ori-
ented herniation.58 Alterations of ECM composition and in-
flammatory signaling have shown critical mechanical
properties in the progression of disc degeneration and
osteoarthritis.59Mechanical propertiesarealtered in thegene
and protein expression of typical extracellular matrix and
collagen.RNA-Seqanalysis reveals pro-inflammatory signaling
pathways, including suppressor of cytokine signaling (SOCS)
and STAT3 signaling, are involved in the IVDs of GPR126-spe-
cific mutant mice. In contrast, systemic inhibition of STAT3
activation is found to alleviate the pathogenesis of endplate-
oriented dis degeneration.58 On the other hand, the deletion
ofGPR126 in theosteoblast lineage leads toadecrease inbody
length and bone mass with delayed osteoblast cell differen-
tiation and mineralization. Osteoblast differentiation is
positively regulated by the interaction of GPR126with type IV
collagen, but not laminin-211. Although Wnt/b-catenin
signaling is an important signaling pathway to regulate oste-
oblast differentiation. The type IV-collagen triggered GPR126
activation in regulating osteoblast differentiation ismediated
by stimulating AMP signaling, rather than Wnt/b-catenin
signaling.60 Thus, GPR126 is a promising therapeutic target for
degenerative joint disorders.

The pathological role of GPR126: associated with
adolescent idiopathic scoliosis

Adolescent idiopathic scoliosis (AIS) is a serious structural
deformity of the pediatric spine and skeletal disease with a
prevalence of 2%e4%.57,61 AIS is considered a complicated
disease by virtue of genetic and environmental factors.
Genetic factors are accounted for a critical role in the
etiology of AIS. Recent evidence has revealed that a few
candidate genes have been suggested in correlation with
the etiopathogenesis of AIS, including matrilin 1
(MATN1),62 tryptophan hydroxylase 1 (TPH1),63 melatonin
receptor 1B (MTNR1B),64 estrogen receptor 1 (ESR1) and 2
(ESR2).65,66 The genome-wide association studies (GWAS)
have advanced the genetic research of AIS and extended
our understanding of the etiology. Based on GWAS data,
GPR126 is strongly correlated with the occurrence of
AIS.53,55,67 In addition, it is noteworthy that the genetic role
of GPR126 in the pathogenesis of AIS has been successfully
validated by other clinical studies, including the southern
and northern Chinese Han population as well as European
ancestry.53e55,68 It is known that GPR126 is highly expressed
in the cartilage of humans and chondrocytes of the em-
bryonic mouse.66 Abnormal limb posture and skeletal
growth are found in the Gpr126-null mice.13 Loss of GPR126
accelerates cell apoptosis of chondrocytes in the ribs and
vertebrae and increases the expression of Gal3st4, a gene
encoding Galactose-3-O-sulfotransferase 4.69 An SNP of
GPR126, rs6570507, is reported to be associated with the
height in European populations.70 Moreover, GPR126 is
known to be essential for mammalian myelination, a pro-
cess that can be restored by elevating cAMP levels with
forskolin.45 The ultrastructural changes in nerve fibers and
muscle spindles from AIS patients reveal the membranous
bodies in myelinated nerve fibers. Moreover, increases in
lipid droplets and glycogen particles are found in the
intrafusal muscle fiber, indicating the abnormal metabolism
of the muscle system in the AIS.71 Thus, whether the role of
GPR126 in myelination contributes to the etiology of AIS
warrants further investigation. The functions of both
chondrocytes and Schwann cells are known to be related to
mechanical signals. Yap and Taz are important mediators
for mechanical signals in peripheral myelination. Previous
studies suggested that laminin-211, a basal lamina compo-
nent, may activate Yap and Taz via GPR126-mediated me-
chanical stimulation in a positive feedback loop by virtue of
the ligandereceptor interaction between laminin-211 and
GPR126.32,72 Because of the dysfunction of Gi-dependent
signaling occurring in the AIS cells, the Gi-coupled me-
chano-dependent signaling induced by GPR126 may be
involved in the AIS.49 Moreover, GPR126 is found to regulate
the biomechanical effects of tendons and stimulate CREB
signaling-regulated genes in cartilaginous tissues to main-
tain spine alignment.57 A genetic variant in the alternative
splicing site results in a decreased inclusion of exon6 in
GPR126,14 correlated to cartilage development in the AIS
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population.56 Thus, with the advances in the etiology and
pathogenesis of AIS, the findings of GRP126 would open up
novel therapeutic strategies for human scoliosis.

The pathological role of GPR126: critical for
Schwann cell function during peripheral nerve
injury

Peripheral nerve injury is relatively common and unique in
its ability to regenerate after nerve injury. In the PNS,
Schwann cells are a major type of glial cells. Myelinated SCs
envelop axons with myelin sheaths to stimulate action po-
tential propagation. Terminal SCs (tSCs), a population of
non-myelinated SCs, can maintain and restore the neuro-
muscular junction (NMJ) in muscle. GPR126 is an aGPCR that
is essential for myelin formation in Schwann cells. Mean-
while, GPR126 is involved in the repair process following
nerve crush injury, particularly in the terminal Schwann cell
at the NMJ following peripheral nerve injury. The absence of
Gpr126 impairs the NMJ in the hind limbs of aged mice rather
than young adult mice. An inducible SC-specific knockout of
GPR126 results in delayed remyelination after nerve-crush
injury and delayed NMJ reinnervation followed by reduced
extension of tSC cytoplasmic processes.73,74 During the pe-
ripheral nerve repair following injury, the repaired SCs
secrete various chemokines and recruit infiltrating macro-
phages to the injury sites. The infiltrated blood-derived
macrophages play important roles in myelin debris clearance
in the Wallerian degeneration and axonal regeneration
process.75 Immune responses can be induced by the specific
knockout of GPR126 in SCs. The selective deficiency of
GPR126 results in reduced chemokines expression, including
CCL2, CCL3, CXCL10, and TNF, and a decreased macrophage
recruitment to the peripheral nerve injury sites. Superior
cervical ganglion 10 (SCG10) levels rapidly decrease in distal
axons following injury and are maintained during axon
regeneration.76 The length and number of SCG10þ axons are
reduced in the injured sciatic nerves of the GPR126 condi-
tional knockout mice.74 Together, these findings indicate
that GPR126 is essential for the expression of the chemo-
kines by repaired SCs to recruit peripheral macrophages for
proper axon regeneration following nerve injury.

The pathological role of GPR126: aberrant GPR126
signaling regulates tumorigenesis and angiogenesis

GPR126 is anewly-definedmemberofaGPCRs that is critical for
the normal development of various tissues and organs. It is not
surprising that GPR126 plays an important role in tumor pro-
gression, including breast cancer,17 bladder cancer,77e79 and
colorectal cancer.80 GPR126 mutation and copy number varia-
tion are associatedwith tumor aggressiveness and poor patient
survival.Theprotein-coding sequencesaccount for less than2%
of the total genomic regions. Some non-coding regions with
highmutation frequencies affect cancerdevelopment.GPR126
is identified with a high prevalence of a hotspot of noncoding
somatic mutations in intron 6 of GPR126 in breast
cancer.81 GPR126 is highly expressed in breast cancer tissues
and is associatedwith a shorter overall survival rate. In a triple-
negative breast cancer model, it is demonstrated that pro-
gesterone binds to GPR126 and triggers its activation via
Gi-coupled-SRC downstream pathway to promote cancer cell
growth.17 Moreover, a profound high expression of GPR126 is
found inmost colorectal cancer cell lines and colorectal tumor
tissues. GPR126 deficiency can suppress colorectal cancer cell
viability and colony formation by regulating the expression of
histone deacetylase 2 and GLI2.80 Currently, whole-genome
sequencing reveals that GPR126 enhancer mutations in the
noncoding genomic regions are associated with urothelial
bladder carcinomadevelopment. The somaticmutations in the
enhancer region are twohotspots of a single nucleotide, Chr. 6:
142,706,206 G > A transition and Chr. 6: 142,706,209 C > T
transition, in intron 6 of GPR126 gene.78,79 GPR126 enhancer
mutationsexhibit higherexpression levels ofGPR126compared
to no these mutations in UBC tumors78.79. Meanwhile, GPR126
enhancer mutations are significantly correlated with older
patients and have a much worse prognosis than those without
mutations.79

Angiogenesis, a process of new blood vessel formation, is
important for development, wound healing, and tumor pro-
gression. GPR126 is found an important role in angiogenesis by
theregulationofendothelial cell proliferation,migration,and
tube formation.Thedeletionof theGPR126gene in themouse
retina inhibits the hypoxia-induced retinal neovascularization
and results in defects in intersegmental vessel formation
during zebrafish embryogenesis.82 Given the pivotal role of
the VEGF pathway in themodulation of angiogenesis, GPR126
is found to regulate angiogenesis by modulating the expres-
sion of VEGFR2. The mechanistic study demonstrates that
GPR126 regulates VEGFR2 expression by targeting STAT5 and
GATA2 through the cAMP-activated PKA-CREB signaling
pathway.82Thephysiological andpathological rolesofGPR126
in angiogenesis further extend the knowledge of GPCRs in
vascular development and tumor biology.
Conclusions and perspectives

In this review, we mainly focused on the current studies of
GPR126 in the expression profile, ligandereceptor in-
teractions and associated signaling transduction, and its
physiological and pathological roles in the development and
human diseases. A thorough understanding of GPR126
would also pave the way to uncovering its new roles in the
pathogenesis of human disorders. Despite several remark-
able progress in recent years, the different variants and
verified ligands of GPR126 remain further illustrated in the
development and human disorders. Meanwhile, in virtue of
the diverse roles of aGPCRs on health and disease, aGPCRs
gain more interest in pharmacological intervention and
candidate drug targets. However, currently approved drugs
targeting aGPCRs are still very limited. The complex
domain structures and ligandereceptor interactions of
aGPCRs exhibit potentially diverse approaches, including
strategies of small molecule- and macromolecule-based
modulators to interrupt the interactions and modulate the
downstream signaling activities. For the chemical-synthe-
sized compounds, the small molecule antagonist of GPR56
and GPR114 have been investigated through a high-
throughput activity screening assay.83 In the future, with
the aid of aGPCR structural characterization, the most
effective small molecule candidates can be discovered with
preferentially and specifically binding to the CTF or NTF to
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regulate specific aGPCR functions. Meanwhile, the tethered
agonist activation mode has been identified for the GPR56,
GPR64, GPR126, GPR133, GPR110, GPR116, and
LPHN1.84 Based on the Stachel peptide-mediated signaling,
the possible utility of peptide-based modulators is worth-
while to investigate and develop the specific agonists or
antagonists docked into the binding pockets of aGPCRs.
Finally, other plausible approaches to developing recom-
binant monobodies targeting specific extracellular domains
provide a proof-of-concept framework for future thera-
peutic strategies. Thus, it is necessary to accelerate the
current research findings transforming into clinical studies
and to make breakthroughs of orphan aGPCRs into potential
drug targets in the future.
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