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Abstract

Background—Adhesion G protein-coupled receptors (aGPCRs) are a large family of 

transmembrane proteins that play important roles in many processes during development, 

primarily through cell-cell and cell-extracellular matrix (ECM) interactions. In the nervous system, 

they have been linked to the complex process of myelination, both in the central and peripheral 

nervous system.

Results—GPR126 is essential in Schwann cell-mediated myelination in the peripheral nervous 

system (PNS), while GPR56 is involved in oligodendrocyte development central nervous system 

(CNS) myelination. VLGR1 is another aGPCR that is associated with the expression of myelin-

associated glycoprotein (MAG) which has inhibitory effects on the process of nerve repair. The 

ECM is composed of a vast array of structural proteins, three of which interact specifically with 

aGPCRs: collagen III/GPR56, collagen IV/GPR126, and laminin-211/GPR126.

Conclusions—As druggable targets, aGPCRs are valuable in their ability to unlock treatment 

for a wide variety of currently debilitating myelin disorders.
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Introduction

Myelination is a complex process that begins in the postnatal period and lasts to adulthood, 

in both the peripheral and central nervous system, involving the interplay of several key 

characters. Myelin is the fatty membrane of glia cells, high in cholesterol and phospholipid 

content, that wraps around the axons of neurons in both the central nervous system (CNS) 

and peripheral nervous system (PNS), to allow for rapid salutatory conduction of nerve 

impulses and to contribute to axonal integrity and health (Domingues et al., 2016). While the 

function of myelin is similar within the two systems, the composition of myelin varies 

between the CNS and PNS, with proteolipid protein (PLP) as the dominant protein of CNS 

myelin and myelin protein zero (P0) as the major component in PNS myelin (Nave and 
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Werner, 2014). The process of myelination also differs between the CNS and PNS, mediated 

by either oligodendrocytes (OL) or Schwann cells (SC), respectively.

When these processes are disrupted, it leads to diseases of varying severity. These can 

include neuropathies, which can be congenital or acquired leukodystrophies resulting from 

mutations in any number of genes involved throughout the myelination process, and chronic 

demyelination diseases such as multiple sclerosis, in which ongoing neuroinflammation and 

myelin destruction coupled with inadequate repair process remain a significant aspect of the 

disease (Nave and Werner, 2014). Nerve injury leading to demyelination, whether 

mechanical or through disease, invokes a complicated process of axonal regeneration and 

remyelination. Just as with myelin formation, the repair processes are mediated by cells of 

the oligodendrocyte lineage in the CNS and Schwann cell lineage in the PNS.

Adhesion G-protein Coupled Receptors

Adhesion G-protein coupled receptors (aGPCRs) comprise the second largest class of 

GPCRs that play important roles in many developmental processes (Langenhan et al., 2013; 

Hamann et al., 2015; Langenhan et al., 2016). There are a total of 33 members of aGPCRs in 

the human genome. Structurally, aGPCRs are characterized by an extremely large 

extracellular N-terminal region and a 7-transmembrane domain that facilitates downstream 

signaling, both G-protein dependent and G-protein independent signaling. Most aGPCRs 

undergo GPCR Autoproteolysis INducing (GAIN) domain-mediated autoproteolytic process 

to generate an N- and a C-terminal fragment, NTF and CTF, respectively. The NTF and CTF 

remain non-covalently associated on the cell surface. By virtue of the large NTF, aGPCRs 

are often involved in cell-cell and cell-extracellular matrix interactions. Upon ligand 

binding, the NTF is removed from its CTF, revealing a tethered agonist that activates 

downstream G-protein signaling (Liebscher et al., 2014; Petersen et al., 2015; Stoveken et 

al., 2015) (Fig. 1). Because of their interactions with adjacent cells and the extracellular 

matrix and their ability to have numerous binding partners, aGPCRs often play important 

roles in complex signaling pathways, including those in development and repair. Most 

aGPCRs are “orphan receptors” with unknown ligands. Given that a large percentage of 

today’s pharmaceuticals target GPCRs, the importance of identifying ligands for these 

receptors cannot be overestimated.

In this review, we discuss the interplay between aGPCRs and the extracellular matrix of the 

central and peripheral nervous system throughout the processes of myelin formation and 

repair.

aGPCRs and Myelination in the CNS

In the CNS, oligodendrocyte precursor cells (OPCs) proliferate and terminally differentiate 

to generate mature oligodendrocytes (Emery, 2010). OLs initiate myelination by extending 

their processes until they make contact with an axonal membrane, which then induces a 

number of molecular and biochemical changes(Baer et al., 2009) and the reorganization of 

cytoskeletal elements (Nave and Werner, 2014). Mature OLs complete myelination by 

enwrapping neuronal axons and then provide trophic support to axons (Funfschilling et al., 
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2012). In the setting of nerve injury in the CNS, remyelination is regulated by the 

recruitment of OL precursor cells (OPCs) and subsequent differentiation into mature 

myelinating OLs, as well as the mobilization of adult neural stem cells through inhibition of 

Gli1, a transcriptional effector of the sonic hedgehog pathway (Ransohoff, 2012; Franklin 

and Gallo, 2014; Samanta et al., 2015; Domingues et al., 2016). Evidence shows that OPCs 

constantly proliferate in the CNS to maintain their cell density (Hughes et al., 2013), in 

order to continue producing and remodeling myelin throughout adulthood, an important 

mechanism for neuroplasticity (McKenzie et al., 2014; Yeung et al., 2014). In the setting of 

nerve injury in the CNS, mature OLs degenerate and die (active demyelination), and nearby 

OPCs need to be “activated” by the surrounding environment, allowing for proliferation and 

mobilization to the site of injury, accompanied by increased expression of genes associated 

with differentiation (Fancy et al., 2004; Domingues et al., 2016).

GPR56/ADGRG1

aGPCR GPR56 was first cloned by two independent groups, one searching for further 

members of the secretin family of GPCRs and the other screening for differentially 

expressed genes in a human melanoma metastasis model (Liu et al., 1999; Zendman et al., 

1999). However, the function of GPR56 was not known until 2004 when its mutations were 

linked to the development of bilateral frontoparietal polymicrogyria (BFPP) (Piao et al., 

2004). BFPP is an autosomal recessive disorder characterized by multiple small gyri and 

abnormal cortical lamination, primarily in the frontoparietal regions of the brain (Piao et al., 

2004; Piao et al., 2005). In Gpr56 knockout mice, there is disruption of normal neuronal 

migration, with a breach of the pial basement membranes by overmigrating neurons (Li et 

al., 2008). This finding was subsequently confirmed in post-mortem BFPP brains (Bahi-

Buisson et al., 2010).

In addition to the cortical defects, radiological features of BFPP patients also include 

thinned white matter with areas of T2 prolongation on MRI, suggesting that GPR56 may 

play a role not only in neuronal migration but also in the process of myelination (Chang et 

al., 2003; Piao et al., 2004; Piao et al., 2005). Deleting Gpr56 leads to CNS hypomyelination 

in both mice and zebrafish (decreased number of myelinated axons with preserved myelin 

thickness) and a decreased number of mature oligodendrocytes (Ackerman et al., 2015; 

Giera et al., 2015), suggesting an evolutionarily conserved function of GPR56 in OL 

development and CNS myelination. In mice, this disparity in myelination status was erased 

by 6 months post-natal age, suggesting correction by ongoing oligodendrocyte production. 

To determine whether the decreased number of mature OLs is secondary to decreased 

production versus impaired OL differentiation/maturation, Gpr56 expression was determined 

along the OL lineage. Expression of Gpr56 was found primarily in glial cell progenitors and 

most OPCs (~80%) and down-regulated in mature myelinating OLs (Fig. 2A). It is possible 

that the 20% GPR56 negative OPCs account for the eventual full myelination observed in 

Gpr56 knockout mice by 6 months of age (Giera et al., 2015). GPR56 regulates OPC 

proliferation through Gα12/13 and RhoA downstream signaling (Fig. 2B). In the absence of 

Gpr56, OPCs exit the cell cycle prematurely, resulting in a decreased progenitor pool and 

reduced number of mature OLs (Giera et al., 2015). Deletion of Gpr56 does not affect the 

terminal differentiation of OPCs (Giera et al., 2015).
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The ligand of OL GPR56 is unknown. To date, GPR56 has been shown to bind multiple 

partners. Collagen III is the ligand of GPR56 in the developing cerebral cortex (Luo et al., 

2011b). The binding of collagen III and GPR56 inhibits neural migration through coupling 

to Gα12/13 and activates RhoA pathway (Luo et al., 2011a). Besides meningeal fibroblasts, 

collagen III is also expressed in the endothelium of blood vessels in the developing brain. As 

OPCs use CNS vasculature to navigate their migration, it is pertinent to consider Col III as a 

GPR56 ligand during OL development. In a melanoma model, GPR56 binds 

transglumatinase (TG2), a major crosslinking enzyme in the ECM that regulates cell 

adhesion and leads to activation of protein kinase C (Xu et al., 2006). TG2 has been shown 

to play a prominent role in the remyelination of the CNS, (Van Strien et al., 2011). However, 

the interaction between GPR56 and TG2 in the CNS has not yet been fully defined. In an in 
vitro culture system, the NTF of GPR56 was found to bind heparin, where heparin binding 

reduces GPR56 receptor shedding without affecting membrane distribution of either the 

NTF or CTF (Chiang et al., 2016). Noting that both known ligands of GPR56, collagen III 

and TG2, are heparin-binding proteins, it is possible that heparin may influence how GPR56 

interacts with its other protein ligands.

Recently, the NTF of GPR56 was crystallized, the first full crystal structure of the NTF of 

any aGPCR (Salzman et al., 2016). This 3-D model allowed for discovery of a number of 

previously unknown aspects to the structure of GPR56. The NTF is made of two domains 

linked together using a disulfide bond. The first, known as the Pentraxin/Laminin/neurexin/

sex-hormone-binding-globulin-like (PLL) domain, is comprised of a 12-sheet β sandwich 

with weak homology to pentraxin and laminin/neurexin/sex hormone-binding globulin 

domain families. The second is the GAIN domain, which is smaller than other known GAIN 

domains in aGPCRS but retains autoproteolysis ability (Salzman et al., 2016). There are four 

different isoforms of GPR56, one of which, the splice variant 4 (S4), uses an alternative 

starting ATG for translation in exon 4 and creates a protein lacking the PLL domain, 

suggesting that the presence or absence of PLL may be a method in which to diversify 

functionality of GPR56 in vivo (Salzman et al., 2016). In fact, isoforms lacking the PLL 

have increased basal activity of GPR56 (measured through a SRE-luciferase assay). Point 

mutation analyses in zebrafish revealed a conserved patch within the PLL domain that 

appears to mediate OL development (some mutants found to have decreased mbp 
expression; others resulted in overexpression of mbp) (Salzman et al., 2016). This patch may 

directly engage GPR56 ligand binding since binding sites for TG2 and collagen III are both 

located within the PLL domain (Yang et al., 2011; Luo et al., 2012).

Besides exerting its function in OL lineage, GPR56 likely plays an indispensable role in 

other glial cell populations in the postnatal brain. A recent gene profiling from different cell 

types in mouse neonatal brains revealed a high Gpr56 transcript level in microglia (Zhang et 

al., 2014). Microglia are the innate immune cells of the nervous system and have been 

implicated throughout the processes of myelination and nerve repair. They act as sensors of 

pathologic events, and their activation has been extensively described in autoimmune disease 

models such as the mouse model of multiple sclerosis (Domingues et al., 2016; Ransohoff, 

2016). Through an increase of the PDGF-α receptor signaling pathway and regulation of 

NF-κB activation, non-activated microglia were able to enhance OPC survival and 

maturation (Nicholas et al., 2001). In rodent models, activated microglia were shown to 
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stimulate OL differentiation (Pasquini et al., 2011; Miron et al., 2013; Shigemoto-Mogami et 

al., 2014). While the exact role of GPR56 in microglia has not yet been fully explored, the 

high level of expression suggests that it may play an important role in overall microglial 

function.

VLGR1/ADGRV1

Another aGPCR, VLGR1 (also referred to by ADGRV1, GPR98, MASS1), was first linked 

to audiogenic seizures in a mouse model and has been found to be linked to Usher 

syndrome, an autosomal recessive disorder characterized by hearing loss, retinitis 

pigmentosa, and vestibular dysfunction (Weston et al., 2004; Hilgert, 2009; Moteki et al., 

2015; Yang et al., 2016). Expressed on mature OLs, VLGR1 is also associated with 

expression of myelin-associated glycoprotein (MAG) (Shin et al., 2013), a cell membrane 

glycoprotein identified as an inhibitor of axon growth in the CNS after injury (McKerracher 

et al., 1994; DeBellard et al., 1996; Li et al., 1996). MAG is found to be enriched at peri-

axonal regions of myelin sheaths in both the peripheral and central nervous system (Roda et 

al., 2016). Knockdown of Vlgr1 leads to reduced MAG expression, partly through absent 

posttranslational regulation as well as decreased slowing of proteasomal degradation (Shin et 

al., 2013). Signaling studies of VLGR1 reveals that downstream signaling occurs through 

Gαs/Gαq, activating PKA and protein kinase C (PKC) respectively. It is through this 

mechanism that post-translational regulation of MAG occurs. Work has shown that elevating 

cellular levels of cyclic AMP (which activates PKA) can block the inhibitory effects of 

MAG in the setting of nerve injury and perhaps lead to increased axonal regeneration (He et 

al., 2016).

aGPCRs and Myelination/Nerve Repair in the Peripheral Nervous System

In the PNS, Schwann cells (SC) are the primary cells responsible for myelination. Immature 

SCs initially associate with multiple axons, and then, through a process known as radial 

sorting, select individual axons for myelination. As SCs mature, those that perform radial 

sorting are pro-myelinating and generate the myelin sheath around the chosen axons. Other 

SCs mature into non-myelinating Remak SCs that ensheath the “Remak bundle” of non-

myelinated axons, composed of multiple small-caliber axons (Monk et al., 2015) (Fig. 3A). 

Nerve damage leads to degeneration of the distal axons and destruction of myelin sheaths 

within the SC cytoplasm, a process called Wallerian degeneration (Jang et al., 2016). Nerve 

regeneration depends on the presence of living SCs distal to the site of injury (Jessen et al., 

2015). The SCs rapidly go through a number of changes, the first of which involves de-

differentiation out of a myelin maintenance phase – myelin-associated genes are 

downregulated and markers that characterize immature SCs are upregulated. The SCs then 

transform into a “repair” state, distinct from immature SCs or those associated with normal 

myelinated nerves. These “Bungner” cells upregulate the expression of cytokines and 

activate an autophagy-mediated process for myelin degradation. These cytokines function to 

recruit macrophages to the area of injury, promote axonal regeneration by acting directly on 

neurons, and also promote vascularization of the distal nerve, allowing for a more robust 

repair. Bungner SCs also form Bungner bands, which are columns of cells that act as a 

regenerative “track” from the area of injury to nerve target areas, guiding regenerating axons 
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(Jessen et al., 2015). Activation of autophagolysosomes in the SC leads to “myelinophagy”, 

in which myelin debris is present in autophagosomes and inhibition of autophagy (either 

pharmacological or genetic) leads to impaired myelin clearance (Gomez-Sanchez et al., 

2015).

GPR126/ADGRG6

GPR126 is an aGPCR discovered in the early 2000s after a search through the human 

genome database (Fredriksson et al., 2003a; Fredriksson et al., 2003b; Bjarnadottir et al., 

2004). Its integral function in SC development and PNS myelination was discovered through 

a forward genetic screen in zebrafish (Monk et al., 2009). GPR126 triggers myelination by 

increasing cyclic AMP (cAMP)/activating protein kinase A (PKA) through Gαs protein 

signaling, initiating a transcription factor cascade including Oct6 and Krox20, factors 

essential for SC terminal differentiation and myelination (Monk et al., 2011; Glenn and 

Talbot, 2013; Mogha et al., 2013). In a knockout mouse model, complete absence of 

GPR126 led to radial sorting defects, PNS myelination impairment (CNS myelination, 

quality and amount, was unaffected), and limb contracture defects (Monk et al., 2011) (Fig. 

3A). The SCs were arrested at the promyelinating phase and did not express MBP or P0, and 

there were no signs of developing Remak bundles, despite the presence of small caliber C-

fiber axons (axons normally ensheathed by Remak SCs). In addition, overall axon number 

was markedly reduced in knockout mice, suggesting a role for GPR126 in axon 

maintenance/trophic support by SCs (Monk et al., 2011). Mutant zebrafish also displayed 

similar phenotypes, with arrest of SCs in the promyelinating phase and no discernible MBP 

expression in the PNS (Monk et al., 2009).

In humans, mutations in Gpr126 have been linked with arthrogryposis multiplex congenita 

(Ravenscroft et al., 2015) and genetic polymorphisms have been linked with adolescent 

idiopathic scoliosis (Kou et al., 2013; Karner et al., 2015; Xu et al., 2015). Patients with 

arthrogryposis multiplex congenital are noted to have hypomyelinated nerve fibers on 

biopsy, underscoring the evolutionarily conserved nature of GPR126 (Ravenscroft et al., 

2015).

As with majority of aGPCRs, GPR126 undergoes autoproteolytic cleavage into an NTF and 

a CTF that have been shown to have distinct functions in the development and function of 

Schwann cells. The NTF is independently sufficient and essential for radial sorting (Petersen 

et al., 2015). In a zebrafish model with an intact NTF and absent CTF, radial sorting is 

preserved while myelination is impaired (Monk et al., 2011), whereas a zebrafish mutant in 

which an early stop-codon leading to absence of both NTF and CTF demonstrates severe 

disturbances in radial sorting and a near complete-absence of myelination (Petersen et al., 

2015). This phenotype was not rescued by elevating levels of cAMP (which induces 

expression of MBP in CTF-intact Gpr126 mutants), further confirming that the NTF alone 

drives radial sorting. The exact mechanism through which the NTF drives radial sorting 

remains to be discovered.

Collagen IV, a component of the SC basal lamina, was first found as an endogenous ligand 

that induces cAMP signaling in GPR126-intact SCs. It binds to the region of the NTF 

containing the CUB/PTX domains, which are conserved domains that bind to other 
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collagen-like proteins in a variety of proteins (Paavola et al., 2014). The binding of collagen 

IV to GPR126 stimulates the production of cAMP, which combined with the observation 

that constructs containing the intact CTF alone are constitutively active, suggesting that the 

NTF antagonizes receptor signaling activity with ligand-binding relieving this repression 

(Paavola et al., 2014) (Fig. 3B).

Laminin-211, another essential component of the SC basal lamina, also has important 

interactions with GPR126. It binds the GAIN domain on the NTF, distinct from the domain 

that binds collagen IV. The binding of laminin-211 to GPR126 triggers a completely 

different downstream signaling response. Under static conditions, administration of 

laminin-211 results in a concentration-dependent decrease of cAMP accumulation, whereas 

applying vibration forces leads to elevated cAMP concentration (Petersen et al., 2015). It is 

possible that laminin-211 may facilitate physical removal of the NTF, under dynamic 

condition, to facilitate tethered-agonist mediated activation upon mechanical stimulation 

(such as stiffening of the extracellular matrix) and holds GPR126 in an inactive state under 

static conditions. Indeed, polymerization of laminin-α2 chain is required for GPR126-

mediated myelination, implying it may be the in vivo mechanical force involved in the 

removal of the NTF upon laminin-211 binding (Petersen et al., 2015) (Fig. 3C).

A third agonist has been recently discovered, while investigating a chronic demyelinating 

neuropathy model affecting SCs. Prion diseases occur when a normal cell-surface 

glycoprotein (PrPc) is conformationally altered into a pathogenic isoform (PrPSc), resulting 

in transmissible neurodegenerative diseases (Westergard et al., 2007). Prior studies have 

shown that ablation of PrPc triggers a late-onset chronic demyelinating polyneuropathy in 

mouse models, indicative of impaired axon-SC interactions. These studies also revealed that 

in this disease model, PrPc is of primarily neuronal origin (not SCs), implying that PrPc is a 

crucial neuronal mediator of peripheral myelin maintenance and that SCs bear a PrPc 

receptor (Bremer et al., 2010). Application of PrPc on SCs induces a concentration-

dependent increase in cAMP, which was not seen in cells in which GPR126 was ablated (or 

in cells expressing a number of other GPCRs) (Kuffer et al., 2016). Further investigation into 

the structure of PrPc reveals that its amino-terminal flexible tail shares a cAMP-inducing 

domain with collagen IV, a known agonist of GPR126. A peptide containing this motif alone 

was sufficient to induce a GPR126-dependent cAMP response (Kuffer et al., 2016) (Fig. 

3D). Given the late-onset of the PrPc phenotype, this suggests that the GPR126- PrPc 

interaction is important for myelin homeostasis.

Frequently, tissue repair recapitulates development. As GPR126 is essential for the 

development of Schwann cells, it likely also plays a significant role in the repair 

mechanisms found after PNS injury. Supporting this hypothesis is the recent discovery that 

the presence of laminin proteins in the basal lamina helps to increase production of 

neutrophic factors in the setting of nerve injury, suggesting that this relationship helps create 

the appropriate microenvironment for repair in degenerative disease states (Zarinfard et al., 

2016).
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Extracellular Matrix Proteins in Myelination and Nerve Repair

The extracellular matrix (ECM) is the non-cellular component throughout the body that 

provides not only physical scaffolding but also a variety of substrates needed for signaling, 

metabolism, and homeostasis (Frantz et al., 2010). Each organ system has an ECM with a 

unique composition, targeted towards the needs of those specific functions. The primary 

components of ECMs are proteoglycans and fibrous proteins, which include collagens, 

elastins, fibronectins, and laminins (Frantz et al., 2010). In the PNS, adult nerve fibers are 

protected by the endoneurium, a dense ECM which is collagen-rich and vascularized, that is 

linked to the basal lamina produced by and associated with Schwann cells (Jessen et al., 

2015). In the CNS, the traditional basal lamina is only found lining the endothelial cells and 

pial surfaces; the parenchymal ECM components are found in the form of dense networks 

(Rauch, 2007).

As noted previously, three known ECM proteins have significant relationships with aGPCRs 

in both CNS and PNS: collagen III/GPR56, laminin-211/GPR126, collagen IV/GPR126. 

Even aside from their interactions with aGPCRs, families of ECM proteins have aGPCR-

independent roles in myelination and nerve repair.

The collagen family makes up a major component of the ECM, especially in the PNS. 

Ascorbic acid, essential for post-transcriptional modification of collagen polymers, promotes 

the deposition of Schwann cell ECM in culture and is essential for in vitro myelination 

(Eldridge et al., 1987). Schwann cells also express several types of collagen molecules as 

well as their receptors (Chen et al., 2015a). Collagen IV not only functions as a binding 

partner for GPR126 and activates its downstream signaling, but also promotes the 

attachment/spreading of SCs and enhances their proliferation through interactions with 

integrin α1β1 and α2β1 (Lein et al., 1991; Detrait et al., 1999). p200, a novel isoform of 

collagen V, has been shown to promote SC adhesion, spreading, and migration (Chen et al., 

2015a). siRNA-mediated suppression of p200 also significantly inhibits SC myelination in 
vitro, indicating its likely important role in regulation of in vivo myelination (Chernousov et 

al., 2006).

Collagen VI is highly expressed by mature SCs but not immature SCs, and the activation of 

transcription of collagen VI genes is part of the differential program of SCs during 

maturation (Chen et al., 2015a). In collagen VI knockout mice, adult mice sciatic nerves 

display significant hypermyelination, suggesting that collagen VI plays an inhibitory role in 

the myelination process (Chen et al., 2014). These mice also display impaired nerve 

regeneration in the setting of injury, owing to a failure of recruiting macrophages to the site 

of injury (Chen et al., 2015b). Collagen XV is abundantly found in the endoneurium and 

perineurium of adult peripheral nerves, and knockout mice display polyaxonal myelination, 

suggesting impairment in peripheral nerve maturation. Deficiency of collagen XV also leads 

to decreased nerve conduction velocities, implying involvement with myelination (Rasi et 

al., 2010).

The family of laminins also plays important roles in myelination and nerve repair. 

Laminin-211 is the dominant laminin isoform, a heterotrimeric molecule composed of 
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laminin-α2, β1, and γ1 chains, and it is expressed in the basement membranes of both 

striated muscle and Schwann cells as well as forming the major constituent of the blood-

brain barrier (Menezes et al., 2014; Durbeej, 2015). This heterotrimer self-assembles into a 

highly cross-linked network at cell surfaces, anchored by interactions with cell-surface 

receptors (Durbeej, 2015). In the PNS, the developing basal lamina is discontinuous, with 

axonal signals and the deposition of laminin-211 triggering the secretion of laminin-411, 

collagen IV, and heparin sulfate proteoglycans (HSPGs) and leading to polymerization of 

additional laminin-211 to create a dense basal lamina for myelinating SCs (Petersen et al., 

2015). Mutations in the underlying gene, LAMA2, found on chromosome 6, are linked with 

a form of congenital muscular dystrophy, merosin-deficient CMD (MDC1A), which is 

characterized by alterations in peripheral nerves and skeletal muscle as well as white matter 

abnormalities and occasional mildly reduced peripheral nerve conduction velocities (Wewer 

and Engvall, 1996; Miyagoe-Suzuki et al., 2000; Durbeej, 2015). Gpr126 knockout models 

in mice result in radial sorting defects and impaired myelination, as do mutations in genes 

correlating with laminin-211 receptors (Petersen et al., 2015). Laminin-211 enhances the 

survival of newly formed OLs via interactions with integrin α6β1 (Colognato et al., 2002; 

Baron et al., 2005; Laursen et al., 2009) and regulates OPC proliferation through 

dystroglycan cleavage (Leiton et al., 2015).

Laminin-411 has been shown to be involved in axon segregation and myelination of 

peripheral nerves, with knockout mice displaying both motor and tactile sensory 

impairments (Wallquist et al., 2005; Rasi et al., 2010). Application of endogenous laminin 

has also been shown to induce regenerative changes in injury in both the peripheral and 

central nervous system (Politis, 1989).

Glycosaminoglycans (GAGs) are a family of linear polymers that make up a large 

component of the CNS ECM, with two members, hyaluronon and chondroitin sulfate 

proteoglycans, implicated in myelin regeneration (Wheeler and Fuss, 2016). Hyaluronon 

proteoglycans are known to accumulate in inflammatory lesions after spinal cord injury, 

with increased synthesis in demyelinated lesions of multiple sclerosis (MS) and the mouse 

model of MS (Back et al., 2005; Struve et al., 2005). This accumulation inhibits OPC 

differentiation and remyelination, as well as involvement in OPC maturation arrest in 

various white matter injury models (Buser et al., 2012; Bugiani et al., 2013). Degradation of 

hyaluronon by an OPC-specific hyaluoronidase named PH20 creates digestion products that 

cause inhibition of OPC maturation into myelinating mature OLs (Preston et al., 2013). 

These products likely interact with Toll-like receptor 2 (TLR2) found on OLs and 

upregulated in demyelinated lesions (Sloane et al., 2010), which leads to demyelination/

failure of remyelination. Chondroitin sulfate proteoglycans (CSPG) are a major component 

of the inhibitory scar in MS lesions that suppresses axon regeneration (Pendleton et al., 

2013). These lead to impaired OPC process outgrowth and remyelination through several 

methods, one of which is mechanical in nature – reduction of adhesion of OPCs and 

interference of the development of OPC processes (Lau et al., 2012). The use of a CSPG-

degrading enzyme was sufficient to overcome this inhibition and treatment to reduce 

synthesis of CSPGs also improved overall remyelination capability (Lau et al., 2012). 

Additionally, CSPGs also interact with the protein tyrosine phosphatase sigma (PTPσ) 
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receptor, whose downregulation reverses the inhibitory effects of CSPGs on remyelination 

(Pendleton et al., 2013).

Conclusions

aGPCRs are a dynamic group of signaling molecules that are responsible for a diverse set of 

developmental processes in the human body. They have an intimate relationship with the 

extracellular matrix, where many factors reside that not only work in combination with 

aGPCRs but also in complex with other signaling pathways. The process of myelination and 

nerve repair is multifactorial, and as new players emerge, their interplay becomes more 

intertwined. GPR126 is essential for the function of SCs in the PNS, and GPR56 is required 

for OPC proliferation in the CNS (Table 1). Each of these aGPCRs has multiple binding 

partners and likely has more that are yet to be discovered. Both SCs and OLs are regulated 

by a number of other factors, including ECM components such as collagens, laminins, and 

integrins, and oftentimes these molecules interact with each other. aGPCRs are attractive 

molecules to study, as they have significant potential as drug targets. At this time, the 

majority of aGPCRs are orphan receptors with undefined functions. As current knowledge 

about aGPCRs continues to increase, understanding of physiological functions associated 

with these receptors will also continue to deepen, allowing for therapeutic breakthroughs in 

the realm of human disease.
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Figure 1. 
Cartoon depicting the general structure and signaling mechanism for aGPCRs. A) General 

structure of aGPCRs. Adhesion GPCRs are characterized by their extremely long N-terminal 

fragment (NTF) that contains a GAIN domain, within which is the site of autoproteolysis 

(GPS). The C-terminal fragment (CTF) contains a 7-transmembrane domain (7-TM). After 

autoproteolysis, the NTF and the CTF remain covalently associated at the cell surface. B) 

Tethered agonist activation. Upon ligand binding, the NTF detaches from the CTF and 

uncovers the tethered agonist peptide signal, which interacts with the 7-TM and facilitates 

downstream G-protein signaling.
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Figure 2. 
GPR56 promotes OPC proliferation. A) As OPCs progress through differentiation, they 

begin to extend their processes and create complex branching structures, with the mature 

myelinating OLs wrapping their processes around axons to create a myelin sheath. GPR56 is 

highly expressed in glial progenitors and OPCs, but is downregulated in O4+ immature OLs, 

with little to no expression noted by mature OLs. B) GPR56 binds an unknown ligand that 

leads to downstream RhoA activation through coupling to Gα12/13. RhoA activation then 

Mehta and Piao Page 18

Dev Dyn. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



leads to OPC proliferation. PLL, Pentraxin/Laminin/neurexin/sex-hormone-binding-

globulin-like domain.
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Figure 3. 
GPR126 regulates both radial sorting and myelination. A) Immature SCs migrate through 

the PNS, enveloping several axons before undergoing radial sorting and then proceeding 

down one of two distinct pathways. The first pathway involves the SC selecting and 

ensheathing a single axon (as a promyelinating SC) and then continuing on to myelinate that 

specific axon. The second involves becoming a non-myelinating SC that creates “Remak 

bundles” of non-myelinated axons. These Remak cells also play important roles in repair of 

myelin damage. The developmental expression of GPR126 is not known. However, current 

literature suggests that GPR126 is expressed in both immature and mature SCs. Loss of 

GPR126 leads to a breakdown in both pathways, with SCs arrested in the promyelinating 

phase, as well as decreased numbers of non-myelinating SCs. B) Collagen IV binds to 

GPR126 in the region of the CUB-PTX domains which leads to elevation of cAMP. C) In 

the beginning stages of development, laminin-211 exists as monomers and does not have 

sufficient interaction with GPR126 to stimulate downstream cAMP signaling. As the basal 

lamina matures, laminin-211 self-polymerizes and generates adequate force to facilitate 

GPR126 tethered agonist mediated signaling, increasing downstream cAMP and initiating 

myelin formation. D) The most recently discovered ligand of GPR126 is PrPc, a prion 

protein, that has an amino-terminal flexible tail that contains a cAMP inducing domain 

similar to that found on collagen IV. Application of this moiety was enough to induce a 

GPR126-dependent cAMP response.

CUB, C1r/C1s domain; PTX, pentraxin domain.
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Table 1

Characteristics of GPR56 and GPR126

GPR56 GPR126

Primary System of Action CNS PNS

Responsible Glial Cell Oligodendrocytes Schwann cells

Area of Regulation Proliferation Radial sorting and myelination

Endogneous Ligands Collagen III
(Transglutaminase 2) (in cancer)

Laminin-211
Collagen IV
PrPc

Downstream Signaling RhoA cAMP

Associated Human Disease Bilateral Frontoparietal Polymicrogyria Arthrogryposis Multiplex Congenita
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