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Abstract
GPR56, a member of the adhesion G-protein coupled receptor (GPCR) family, is integral to the
development of the cortex, as mutations in GPR56 cause bilateral frontoparietal polymicrogyria
(BFPP). BFPP is a cobblestone-like cortical malformation, characterized by overmigrating
neurons and the formation of neuronal ectopias on the surface of the brain. Since its original
cloning a decade ago, GPR56 has emerged from an orphaned and uncharacterized protein to an
increasingly well-understood receptor, both in terms of its signaling and function. Collagen III is
the ligand of GPR56 in the developing brain. Upon binding to collagen III, GPR56 activates RhoA
via coupling to Gα12/13. This pathway appears to be particularly critical in the preplate neurons,
which are the earliest born neurons in the cortex, as the expression pattern of GPR56 in these
neurons mimics the anterior to posterior gradient of malformation associated with loss of GPR56
in both human and mice. Further characterizing the role of GPR56 in the preplate will shed light
on the mechanism of cortical development and patterning.
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Introduction
GPCRs are an extremely diverse group of proteins encoded by over 800 genes in the human
genome [1]. This receptor “superfamily” is united by commonalities in structure consisting
of a seven-transmembrane α-helix, an extracellular N-terminus, an intracellular C-terminus,
and three interhelical loops on each side of the plasma membrane [2]. Adhesion GPCRs are
one of the five subgroups of GPCRs that facilitate cell-cell and cell-matrix interaction.
Structurally, they are differentiated from other subgroups by the presence of an
exceptionally long extracellular N-terminal region and a GPCR proteolysis site (GPS),
which is an autocleavage site that cleaves the receptor into N- and C- terminal fragments
during the maturation process [3,4]. Although there are a total of 33 human adhesion
GPCRs, GPR56 is the first and only member to be linked thus far to a human developmental
disorder – bilateral frontoparietal polymicrogyria (BFPP) [5–7].

Much has been learned about GPR56 and its role in brain development and cancer
metastasis. In this review, we will mainly focus on GPR56’s biochemical properties and
signaling pathways as they relate to the development of the cerebral cortex. We will also
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specifically comment on how it interacts with its ligand, collagen III, to regulate cerebral
cortical development.

GPR56-related brain malformation
BFPP

The first clinical description of BFPP dates to 1990 when Harbord and colleagues reported
two sisters, ages seven and ten, who presented with developmental delays and
nonprogressive cerebellar ataxia [8]. The reported MRI was interpreted as a “neuronal
migration abnormality.” However, subsequent high-resolution MRIs revealed the
characteristics of BFPP, including (1) bilateral polymicrogyria with an anterior to posterior
gradient of severity; (2) bilateral patchy white matter signal changes without a specific
pattern; and (3) brainstem and cerebellar hypoplasia [9].

The first linkage study of BFPP was carried out in two unrelated consanguineous Palestinian
pedigrees [10]. Given the fact that 1) the cases arose from consanguineous healthy parents
and 2) individuals of both sexes were affected, the disorder is suggestive of an autosomal
recessive inheritance. Therefore linkage analysis and homozygosity mapping were carried
out. Statistical analysis provided a strong evidence linking BFPP to chromosome
16q12.2-21, with all five affected individuals from these two pedigrees sharing identical
marker alleles in a 17cM region bordered by microsatellite markers. This discovery
indicated that the two families share a founder mutation, even though there was no known
relationship between them. When this study was extended to 12 pedigrees, the region of
interest was narrowed down to an interval of 2.7cM with a total of 27 characterized genes,
of which 17 were identified as candidate genes and subjected to sequencing analysis in the
genomic DNA of BFPP patients [6]. Multiple independent mutations were identified in
GPR56, all of which were homozygous germline mutations. To date, a total of 22 mutations
have been reported in humans (Table 1) [5,7,11–13].

Since the initial report, a total of 48 molecularly confirmed BFPP cases have been reported
worldwide [5,7,11–13]. The prevalence of BFPP is suspected to be significantly higher than
the number of cases reported, however, due to the fact that it was frequently misdiagnosed
prior to the availability of high resolution MRI and genetic testing. Indeed, the confirmed
BFPP cases were previously reported under four additional different diagnoses: “autosomal
recessive syndrome of pachygyria,” “neuronal migration abnormality,” “cobblestone
lissencephaly with normal eyes and muscle”, and “lissencephaly with cerebellar
hypoplasia,” making it particularly difficult to discern the true prevalence of BFPP.

The expression of GPR56 in the developing cerebral cortex
GPR56 is a member of the adhesion G protein-coupled receptor family. It was originally
cloned in 1999 by two independent groups [14,15]. Its association with a severe human
brain malformation, BFPP, suggests an important role of GPR56 in brain development.
Therefore, significant efforts were undertaken to characterize the expression pattern of
GPR56 in the developing brain. In situ hybridization showed preferential expression of
Gpr56 mRNA in neuronal progenitor cells of the cerebral cortical ventricular and
subventricular zones during periods of neurogenesis [6]. Immunohistochemistry (IHC) with
a mouse monoclonal antibody against mouse GPR56 revealed a broad expression of the
protein in multiple cell types in the preplate, marginal zone, subventricular zone and
ventricular zone [16].
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The histopathology of BFPP
Polymicrogyria is a highly heterogeneous cortical malformation [17]. The normally
convoluted gyri are replaced by numerous (poly) and noticeably smaller (micro) gyri.
Histologically, the normal six-layered cerebral cortical structure is distorted into presenting
with either four layers, the absence of discernible layers altogether, or the presence of
leptomeningeal heterotopia [18,19]. The latter form is commonly known as cobblestone
lissencephaly, or type II lissencephaly, and results from aberrant neuronal migration through
breaches in the basal lamina [20].

BFPP is a radiological diagnosis. Some of the MRI findings, namely abnormal signal in the
cerebral white matter and hypoplasia of the pons and cerebellar vermis, have many
similarities to those seen in conditions with cobblestone lissencephaly, such as muscle-eye-
brain disease (MEB), Fukuyama congenital muscular dystrophy (FCMD), and Walker-
Warburg syndrome (WWS). Indeed, some of the molecularly confirmed BFPP cases were
originally diagnosed as cobblestone lissencephaly with normal eyes and muscle [9,21].
Therefore, it has been suggested that BFPP should be renamed as cobblestone-like cortical
malformation (Dobyns, personal communication).

Histological studies in a Gpr56 knockout mouse model and a human postmortum BFPP
brain further supported the connection of BFPP to cobblestone lissencephaly. Homozygous
deletion of mouse Gpr56 results in cortical lamination defects with neurons overmigrating
through a breached pial basement membrane (BM). The cortical malformation strongly
resembles human cobblestone lissencephaly, thereby suggesting that the histopathology of
BFPP is a cobblestone-like cortical malformation [22]. One reported foetopathological
BFPP case confirmed the presence of ectopic neuronal overmigration, a key feature of
cobblestone-like cerebral dysgenesis, further supporting this suggested pathology [11].

The MRIs of BFPP brains also shows rostral cerebellar cortical hypoplasia as well as mild
hypoplasia of the cerebellar vermis. Histological analysis of adult Gpr56 knockout mice
showed a malformed rostral part of the cerebellum, encompassing lobules I-V in the form of
a fragmented pial BM and disruptions in folding of the cerebellar lobes [23].

Cobblestone lissencephaly
Cobblestone lissencephaly is typically seen in three distinct human disorders: MEB, FCMD,
and WWS [20]. These three disorders are autosomal recessive diseases that encompass
congenital muscular dystrophy, ocular malformations, and cobblestone lissencephaly. MEB,
FCMD, and some WWS cases are caused by aberrant glycosylation of α-dystroglycan,
another matrix receptor [24–27]. The leading pathology of cobblestone lissencephaly is the
presence of neuronal ectopias on the brain surface [20]. Mutant mice with deletions in some
members of the integrin pathway and constituents of the ECM also exhibit cortical migration
defects with deficiencies in basal lamina integrity as well as cortical ectopias, which are
features of the human cobblestone malformation [28–33]. Traditionally, the suggested
pathology leading to cobblestone lissencephaly has been a defective pial BM [20]. However,
recent literature demonstrates that abnormal neuronal migration may partially account for
the improper formation of the cobblestone-like cortex [34–37].

The biochemical properties of GPR56
As a member of the adhesion GPCRs, GPR56 has an exceptionally long extracellular N-
terminus, which can be subdivided into several regions, including the serine threonine
proline (STP) segment (aa 108–177) and ligand binding domain (aa 27–160) [38,39] (Fig.
1). GPR56 also contains a GPS motif, responsible for cleaving the protein into N- and C-
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terminal fragments [40–42]. Finally, GPR56 is significantly glycosylated, with seven
different sites along its N-terminal fragment [42]. The details of these various biochemical
properties are described in this section.

GPS-mediated autocatalytic process
The GPS motif was first demonstrated to be an internal cleavage site in latrophilin and was
later found to be present in all 33 members of the adhesion GPCRs, as well as in several
other proteins outside the adhesion GPCR family, including all five human polycystic
kidney disease proteins [43–48]. The GPS-motif is comprised of four cysteine and two
tryptophan residues in the conserved sequence, C-x2-Wx6-16-W-x4-C-x11-C-x-C, which is
essential for its catalytic properties. It has recently been showed that the GPS motif is a part
of a much larger evolutionarily conserved domain referred to as the GPCR-Autoproteolysis
Inducing (GAIN) domain [49].

Post-transcriptionally, GPR56 is autocatalytically cleaved via the GAIN domain between
amino acids Histidine-381 and Leucine-382 into N- and C- terminal fragments, GPR56N and
GPR56C, respectively [40–42]. GPR56N can either remain associated with GPR56C to form
non-covalent heterodimers or be secreted into the conditioned media [42]. Although the
biological significance of its secretion is not clear, the fact that disease-associated mutations
in GPR56N were not detected in the conditioned media suggest that this is a key step for the
receptor function [42].

Two BFPP-associated mutations, C346S and W349S, are found within the GPS motif and
have been found to abolish proteolytic cleavage of GPR56 [42,50]. Consequently, C346S
and W349S mutant proteins become trapped in the endoplasmic reticulum (ER), thereby
preventing GPR56 expression on the cell surface. Interestingly, mutations in GPR56 found
in other regions of the protein do not meet the same fate, although there is still a decrease in
their expression on the cell membrane [42]. A significant amount of C346S and W349S
mutant proteins can be rescued by providing a pharmacological chaperone to force the ER to
release its retained proteins, resulting in a cell surface expression in these mutants. The
results of these experiments also differentiate the C346S from W349S mutations, as W349S
is much more receptive to treatment with pharmacological chaperones, perhaps indicating
that the C346S mutation results in a significantly larger distortion of the protein [42].
Moreover, individuals harboring the C346S mutation present with both BFPP and
microcephaly, a more severe phenotype than individuals carrying other GPR56 mutations,
including deletion mutations [6,7].

N-glycosylation
Glycosylation occurs when sugars are added to a protein at either the amide nitrogen in
asparagines (N-linked) or the oxygen in serine and threonine side chains (O-linked) [51]. In
addition to the presence of multiple potential glycosylation sites, GPR56N was found to be
much larger than its predicted molecular weight, further indicating the presence of protein
modification. To analyze the extent and nature of the potential glycosylation of GPR56, the
protein was treated with Peptide: N-Glycosidase F and neurominidase to remove N-linked
and O-linked oligosaccharides respectively. Only Peptide: N-Glycosidase F treatment, not
neurominidase, resulted in a substantial shift of the protein band from 60–80 kDa to 40 kDa,
which correlates to the size of unmodified GPR56N [42]. These results suggest that GPR56
is modified by N-glycosylation alone. This observation was further confirmed by site-
directed mutagenesis analysis, which demonstrated that when all seven potential N-
glycosylation sites (Asn-39, -148, -171, -234, -303, -324, and -341) were altered, only a
single 40kDa protein band was detected [42].
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Interestingly, disease-associated mutations, including the two mutations in the GPS motif,
C346S and W349S, did not affect the glycosylation of GPR56. However, glycosylation
proved to be essential for GPR56 protein trafficking to the cell surface and its secretion;
when all of the seven N-glycosylation sites were removed by site-directed mutagenesis, the
mutant protein failed to express on the cell surface and secret into the conditioned media
[42].

STP segment
A seventy amino acid-long STP segment is found between aa 108–177 in GPR56N. As
indicated by its name, the STP domain consists mainly of serine, threonine, and proline
amino acids. Functionally, this region is best known for the potential role of GPR56 in
cancer metastasis. The STP segment is the binding site of the tissue transglutaminase, TG2,
which is a crosslinking enzyme that is mainly present in the extracellular matrix (ECM)
[38]. In addition to crosslinking, TG2 can modify proteins by amine incorporation,
deamidation, and by acting as an isopeptidase in a Ca2+-dependent manner [52].
Furthermore, TG2 mediates the interaction of integrins with fibronectin and crosslinks
proteins of the ECM in order to strengthen its integrity [53,54]. Therefore, it is not
surprising that down-regulation of TG2 has been associated with aggressive tumors and
metastasis.

More specifically, the binding of TG2 to GPR56 likely prevents metastasis through
suppressing angiogenesis and tumor progression. This claim is further supported through
data indicating that when the STP segment is deleted in GPR56, thereby preventing TG2
binding, vascular endothelial growth factor (VEGF) production is increased and
angiogenesis is upregulated [38]. However, the mechanism by which TG2 inhibits VEGF
production remains unknown. Although deleting the STP segment is associated with an
increase in angiogenesis, knocking down TG2 mRNA fails to show an increase in VEGF
production [38].

Ligand binding domain
There is a separate ligand binding domain specific to collagen III, which is the ligand of
GPR56 in the developing brain (further discussion in the upcoming section). In our quest to
discover the location of the putative ligand binding region, we found that deleting aa 93–143
completely abolished the putative ligand binding ability of GPR56. This discovery suggests
that the ligand binding domain lies in the most N-terminal region of GPR56 [22]. Indeed,
using truncated GPR56N fragments of various lengths, we confirmed that the ligand binding
domain of GPR56 lies within aa 27–160. Within this domain, there are seven reported
disease-associated missense mutations, of which four were tested and shown to abolish the
ability of GPR56 to bind to its ligand, collagen III [39]. Although two of the seven
glycosylation sites are found in this ligand binding domain, glycosylation appears to be
unnecessary for the receptor-ligand interaction [39].

GPR56C

Unlike the GPR56N, which has several defined domains and motifs, the 7TM region of
GPR56 remains uncharacterized. Interestingly, mutations in GPR56C do not affect the non-
covalent interaction between GPR56N and GPR56C [42]. In fact, the only abnormality in
these mutations was either a lack of cell surface expression of GPR56C (R565W mutant) or
a higher level of surface GPR56C in comparison to surface expression of GPR56N (L640R
mutant). These findings suggest that GPR56N and GPR56C are independently trafficked and
that disease-associated mutations affect the protein trafficking of GPR56C.
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The signaling of GPR56
TG2, an endogenous binding partner of GPR56

Two different research groups ventured to identify the ligand of GPR56, both of which took
a receptor affinity probe in situ approach to first determine the putative ligand expression
pattern in a variety of tissues. The Hynes’ group found that the putative ligand of GPR56 is
expressed in the ECM of a diverse set of tissues. Through using overlay assays and mass
spectrometry analyses, TG2 was identified as an endogenous binding partner of GPR56
[41].

Although TG2 binds to GPR56 at the STP segment, it remains unclear whether TG2
functions as a ligand in a traditional fashion, i.e. activating a downstream signaling pathway
upon binding to its receptor. The downstream signaling as well as biological consequence of
this binding remains largely unknown. TG2 seems to have multifaceted functions in in vitro
cell culture systems [52]. However, its function in vivo during development remains unclear,
as TG2 knockout mice do not show any developmental abnormalities [55]. Our unpublished
studies further confirm these results, as homozygous TG2 mutant mice did not display any
identifiable cortical malformation.

There is no published data on the characterization of the temporal and spatial expression of
TG2 in embryonic brains. In adult rat brain, TG2 is widely expressed in neurons along
pyramidal and extrapyramidal pathways with less expression in the somatosensory system
[56]. Developmental profiling of TG2 mRNA by real time RT-PCR in the mouse forebrain
indicates that its levels increase after birth [57].

Collagen III, the major ligand of GPR56 in the developing brain
To identify the ligand of GPR56 in the developing brain, we engineered a GPR56N-mFc
fusion construct as well as a mutant fusion protein, GPR56Ndel-mFc, which lost the putative
ligand binding through deleting aa 93–143. Receptor affinity probe in situ revealed that the
GPR56 putative ligand was found to localize in the meninges and pial BM. Therefore,
primarily cultured meningeal fibroblasts were used as the ligand source for the subsequent
ligand search. Through a combined approach of in vitro biotinylation/proteomics and
genetics, we discovered that collagen III is the ligand of GPR56 in the developing brain
[58,59].

Fibrillar collagen type III (gene symbol COL3A1) is a major structural component of the
ECM of skin, cardiac, and vascular tissues with integrins α1β1 and α2β1 serving as its
typical receptor [60,61]. Collagen III mutations are associated with human type IV Ehlers–
Danlos syndrome (EDS) [62–67]. The vast majority of reported type IV EDS cases are the
result of autosomal dominant inheritance, which causes excessive bleeding, bruising, and
vascular problems, including aortic dissection, in afflicted individuals. There is one reported
case of recessive type IV EDS with a homozygous mutation in the COL3A1 gene, resulting
in a diffuse cortical dysplasia, suggesting a possible role of collagen III in the developing
brain [68]. Interestingly, the cortical dysplasia did not occur uniformly throughout the
cortex. Rather, the malformation was most prominent in the frontal cortex.

Little was known about collagen III expression in the developing brain prior to the discovery
of its role as the ligand of GPR56, with the exception of one scant report of its expression in
the brain via array analysis [69]. Subsequent IHC showed that collagen III is mainly
expressed in the meninges, pial BM, and blood vessels in the developing brain [58]. Double
IHC of GPR56 and collagen III revealed the direct interaction of collagen III and GPR56-
expressing cells at the pia surface.
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Collagen III mediated GPR56 signaling
RhoA activation has been shown to regulate cell migration [70]. Given the fact that loss of
GPR56 results in neuronal overmigration, it is possible that the interaction of GPR56 and
collagen III activates the RhoA pathway. Indeed, a GTP-RhoA pull-down assay, using NIH
3T3 as host cells that express an abundance of endogenous GPR56, revealed that the
addition of collagen III to the cells resulted in an increased level of GTP-RhoA in
comparison to the control [58]. Furthermore, knockdown of GPR56 via Gpr56 shRNA or the
absence of GPR56 altogether attenuated RhoA activation upon the addition of collagen III,
suggesting that collagen III activates RhoA through GPR56. These data are consistent with
the finding that RhoA pathway is activated by a rabbit polyclonal antibody against GPR56N,
presumably by functioning as an agonist of GPR56 [71].

RhoA activation by GPCRs principally occurs through coupling with the Gα12 and Gα13
proteins [72]. The conditional deletion of the genes encoding both Gα12 and Gα13 in the
nervous system results in a cobblestone-like cortical malformation [34]. Embryonic cortical
neurons from G12/G13 knockout mice also fail to retract their neurites in response to
lysophosphatidic acid and sphingosine-1-phosphate, implying that they have lost the ability
to respond to repulsive mediators acting via GPCRs [34]. Taken together, GPR56 likely
couples to Gα12/13 to activate RhoA. Indeed, the expression of the dominant negative
mutant of Gα13 blunted the activation of RhoA by recombinant collagen III [58].

Constitutively activated GPR56C

It has been recently demonstrated that truncating GPR56 through removing GPR56N up to
the GPS domain enhances GPR56-mediated RhoA activation [73]. These results indicate
that GPR56C is constitutively activated and its association with GPR56N inhibits its
signaling. However, the consequences of GPR56 activation on cell migration appear to vary
depending on which GPR56 pathway is involved. Data from Hall, Itoh, and our own
laboratory demonstrates that the activated GPR56 leads to an inhibition of cell migration
through the RhoA pathway [58,71,73]. Research from Xu’s lab, however, indicates that
activated GPR56 causes an increase in cell migration and angiogenesis via the PKCα
pathway [38]. Moreover, the expression of GPR56C alone in MC-1, a melanoma cell line,
showed dramatically induced melanoma growth and angiogenesis in vivo [38]. Therefore, it
appears that the result of GPR56 activation is specific to the cell population in question.

The possible mechanism for GPR56 related cobblestone cortex
In both Gpr56 and Col3a1 mutant mice, the pial BM was initially properly formed but
subsequently breached with concurrent neuronal overmigration in later developmental stages
(Fig. 3a and c) [22,59]. The onset of overmigration was highly dependent on the mutation.
In Gpr56−/−, the pial BM was breached on E12.8 (6 pm on the 12th day of vaginal plugging),
as seen in Figure 3b; overmigration was observed in E11.5 (10am on the 11th day of vaginal
plugging) Col3a1−/− brains (Fig. 3d). In mice, the preplate is formed in the dorsal forebrain
between E10.5 and E12.5, and layer 6 neurons start to migrate into the preplate at E13.5
[74–77]. These observations are extremely interesting for two reasons. First, the timing of
the malformation suggests that the overmigrating neurons are preplate neurons in both
Col3a1 and Gpr56 knockout brains. Second, the fact that the pial BM is intact until these
preplate neurons actively penetrate through in the absence of GPR56 signaling indicates that
the pial BM cannot be the sole culprit responsible for the formation of neuronal ectopias;
unsuppressed neuronal migration through the pial BM could also be responsible. This
hypothesis is further supported through data obtained by in vitro neurosphere migration
assays, which emonstrated that the interaction of GPR56 and collagen III inhibits neuronal
migration [58].
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The role of GPR56 in the developing cerebral cortex
Mutations in both GPR56 and Col3a1 cause a cortical malformation that most severely
affects the formation of the rostral cortex. MRIs of BFPP brains show the cortical
abnormality extends diffusely across the cerebral cortex with a decreasing anterior-to-
posterior gradient of severity [6,7,9,10]. In mice, however, the cortical malformation
associated with the deletion of Gpr56 or Col3a1 occurs exclusively in the frontal regions of
the brain (Fig. 4) [22,58,59]. These findings support the hypothesis that GPR56 signaling,
particularly in the context of GPR56 and collagen III, is important for the formation of the
rostral cortex.

The regulation of regional cortical development by GPR56 signaling can be accomplished
by regional expression of either GPR56 or its ligand, collagen III. IHC of collagen III on
sagittal sections of mouse embryonic brains ranging in age from E10.5 to E11.5 did not
reveal a visible expression gradient of collagen III during these developmental stages [16].
On the contrary, an anterior-to-posterior gradient of GPR56 protein expression was found on
the basal surface of the neocortex in both E10.5 and E11.5 brains (Fig. 5a and b) [16]. The
gradient expression pattern, however, dissipated by E12.5 (Fig. 5c). This finding is
particularly interesting, as the change in the expression pattern occurs in the region where
preplate neurons reside.

Preplate neurons are important in establishing the framework for the subsequent
development of the cerebral cortex. Cajal-Retzius (C-R) cells, which secrete reelin, are one
of the major cell types in the preplate. In the absence of reelin (reeler mice), layer 6 neurons
fail to split the preplate, resulting in what is essentially a “pile-up” of later-born neurons and
the formation of an upside-down cortex [20,78–80]. However, in the absence of GPR56 or
collagen III, neurons overmigrate through a breached pial BM into the arachnoid space, a
antithetical phenotype of what is observed in reeler mice [11,22,58,59]. The fact that a
gradient expression of GPR56 in preplate neurons matches the regional cortical defects
associated with loss of GPR56 suggests a novel receptor-ligand pair is responsible for
mediating the interaction between preplate neurons and the pial BM, thus defining the
boundary between the neocortex and the meninges while providing a framework for the
developing cortex. Further testing of this hypothesis will undoubtedly advance our
understanding of the molecular mechanisms underlying how preplate neurons regulate
cortical development.

Closing remarks
Much has been learned since the original cloning of GPR56 a decade ago. In many ways, the
progress made on GPR56 characterization is groundbreaking for the whole subgroup
adhesion GPCRs. Through discovering that mutations in GPR56 are associated with BFPP,
for the first time, an adhesion GPCR was implicated in a human disease. Then, by
demonstrating that collagen III is its ligand, GPR56 was further set apart from other
adhesion GPCRs, as the vast majority remains orphaned. Additional advancements have
been made through characterizing GPR56’s biochemical properties and signaling (Fig. 1 and
6).

Although the recent progress on GPR56 is exciting, the next stage of characterizing GPR56
will be even more so, as the research shifts from understanding the structure of the protein to
learning about its function. On the most basic level, the downstream signaling pathway is
still being elucidated. Although GPR56 has been shown to associate with tetraspanins on the
cell membrane, the nature of its association and the effects of GPR56 mutations on its co-
signaling molecules remain unknown.
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Currently, the functionality of GPR56 is being investigated principally from two different
global perspectives: cortical development and cancer metastasis. It has already been shown
that GPR56-collagen III interaction is responsible for neuronal migration regulation in the
developing cerebral cortex. When this interaction fails due to mutation, preplate neurons
overmigrate and pierce the pial BM. This mechanism strongly resembles cancer metastasis,
in which cells breakthrough the ECM surrounding the initial tumor in an attempt to
metastasize. However, the relationship between GPR56 and cancer is more multifaceted
than just its involvement in cell migration; GPR56-TG2 interaction is thought to play a
separate role in cancer progression by regulating angiogenesis. As applicable as the
mechanism of cortical formation is to cancer research, the mechanisms of angiogenesis are
equally relevant to brain research, as the nervous system and the vascular system develop in
tandem within the emerging cortex. As the cerebral cortex develops and neurons migrate to
their proper laminar location, angiogenesis must occur as well in order to provide the ever-
growing brain with much needed oxygen and nutrients. Finally, as mentioned previously,
GPR56 is simply one of 33 adhesion GPCRs found in humans, therefore, further
characterizing GPR56’s structure and function may translate to the other still elusive
proteins.
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Fig. 1.
Structure of GPR56 protein. GPR56 consists of an exceptionally long extracellular N-
terminal region, GPCR protolysis site (GPS), and a seven transmembrane α-helix (7TM) C-
terminal region. The GPS domain is an autocleavage site. There is a signal peptide (aa 1–26)
in the N-terminus of GPR56. The ligand binding domain spans the region of aa 27–160 that
is essential for binding to collagen III. The STP segment (aa 108–177) is the binding site for
TG2. There are a total of seven N-glycosylation sites
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Fig. 2.
The pial BM is initially well formed but subsequently disrupted by deletion of Gpr56 or
Col3a1. a–d Double IHC of Tuj1 (green) and laminin (red) in Gpr56−/− (a, b) and Col3a1−/−

(c, d) neocortex. Tuj1+ postmitotic neurons are very well organized beneath the pial BM in
both Gpr56−/− at E12.5 (a) and Col3a1−/− at E10.5 (c), whereas Tuj1+ postmitotic neurons
migrate past the pial BM into the arachnoid space (arrowheads) in E12.8 Gpr56−/− (b) and
E11.5 Col3a1−/− (d) brains. e, f Preplate neurons (green) are well organized beneath the pial
BM (red line). Radial glial cells are located at ventricle zone (VZ) and extend their endfeet
toward the pial BM (blue). Preplate neurons and radial glial endfeet are in direct contact
with the pial BM, which is intact in normal cortex at early embryonic stage. In contrast,
Gpr56 or Col3a1 mutant brain shows three major features: overmigration of preplate
neurons including Cajal-Retzius (C–R) cells, misplacement of radial glial endfeet in
defective region, and a breached pial BM. Scale bars: a and c=100 µm; b=20 µm; d=50 µm
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Fig. 3.
Decreasing anterior-to-posterior gradient of severity of brain malformation. Cresyl violet
staining of sagittal section of Gpr56−/− (a) and Col3a1−/− (b) E16.5 mouse brains. Both
Gpr56−/− and Col3a1−/− brains show ectopias in the rostral cortex. Scale bar=200µm

Singer et al. Page 16

Mol Neurobiol. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 4.
Gradient expression pattern of GPR56 in preplate neurons during early cortical
development. IHC of GPR56 on the brain sections of E10.5 (a), E11.5 (b), and E12.5 (c)
mice. Gradient profile was observed at E10.5 and E11.5 but it was disappeared at E12.5.
The dotted area in (a) and (b) indicates the region of GPR56 expression in the preplate
neurons. The relative fluorescent intensity of GPR56 expression was quantified from
anterior to posterior and presented as mean ± SD. P<0.05*, <0.01**, <0.005*** (Two-tailed
Student’s t-test). Scale bars=200 µm
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Fig. 5.
Schematic diagram of GPR56 signal pathways. a Collagen III-mediated RhoA activation.
The binding of collagen III and GPR56 couples to Gα12/13 and leads to the activation of
RhoA. This signaling cascade contributes to the inhibition of neuronal migration. b GPR56/
CD81/Gαq/11 signaling complex. Tetraspanins CD9/CD81play a role as scaffolding proteins
and stabilize GPR56/CD81/Gαq/11 complex. This complex is disrupted when CD81 protein
is engaged with its antibody resulting in the separation of Gαq/11 from the complex. The
complex can also be dismantled upon phorbol ester (PMA) stimulation, which results in the
internalization of GPR56 (adapted from [81]). c Role of GPR56 in angiogenesis and
metastasis. After cleavage, GPR56N and GPR56C form heterodimers to maintain the
signaling “off” state. However, the state is switched to “on” state when “free” GPR56C is
increased by GPR56C overexpression or deletion of STP segment. This “free” GPR56C

activates protein kinase Cα (PKCα), resulting in increased production of VEGF, thus
promoting angiogenesis and tumor progression (adapted from [38])
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Table 1

BFPP-associated mutations in human

Nucleotide change Predicted aa change Domain Mutation type Ref

c.97C>G p.R33P Ligand binding Missense 13

c.112C>T p.R38W Ligand binding Missense 6, 7

c.113G>A p.R38Q Ligand binding Missense 7

c.174_175insC p.E56RfsX24 Ligand binding Frameshift 11

c.235C>T p.R79X Ligand binding Missense 13

c.263A>G p.Y88C Ligand binding Missense 6

c.272G>A p.C91Y Ligand binding Missense 11

c.272G>C p.C91S Ligand binding Missense 6

c.367c C>T p.Q123X Ligand binding/STP Nonsense 11

c.671delA p.D224WfsX96 Between STP/GPS Frameshift 11

c.739_746delCAGGACC p.Q246TfxX72 Between STP/GPS Frameshift 6

c.768-1G>C † Between STP/GPS Splicing 6

c.1036T>A p.C346S GPS Missense 6

c.1046G>C p.W349S GPS Missense 7

c.1167+3G>C ‡ GPS Splicing 6

c.1254C>G p.C418W TM1 Missense 11

c.1215–1216delC p.L406S406fsX41(M447X) TM2 Frameshift 11

c.1345delCTG p.L449del TM2 In frame deletion 11

c.1453C>T p.S485P TM3 Missense 11

c.1486G>A p.E496K TM3 Missense 12

c.1693C>T p.R565W EC2 Missense 6, 7, 13

c.1919T>G p.L640R TM7 Missense 7

TM, transmembrane domain; EC, extracellular loop

†
Unknown due to the presence of potential cryptic splice acceptor site(s).

‡
Unknown due to the presence of potential cryptic splice donor site(s).
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