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GPR56, an orphan G protein-coupled receptor (GPCR) from the
family of adhesion GPCRs, plays an indispensable role in cortical
development and lamination. Mutations in the GPR56 gene cause
a malformed cerebral cortex in both humans and mice that resem-
bles cobblestone lissencephaly, which is characterized by overmi-
gration of neurons beyond the pial basementmembrane. However,
the molecular mechanisms through which GPR56 regulates cortical
development remain elusive due to the unknown status of its li-
gand. Here we identify collagen, type III, alpha-1 (gene symbol
Col3a1) as the ligand of GPR56 through an in vitro biotinylation/
proteomics approach. Further studies demonstrated that Col3a1
null mutant mice exhibit overmigration of neurons beyond the pial
basement membrane and a cobblestone-like cortical malformation
similar to the phenotype seen inGpr56 null mutantmice. Functional
studies suggest that the interaction of collagen III with its receptor
GPR56 inhibits neural migration in vitro. As for intracellular signal-
ing, GPR56 couples to the Gα12/13 family of G proteins and activates
RhoA pathway upon ligand binding. Thus, collagen III regulates the
proper lamination of the cerebral cortex by acting as the major
ligand of GPR56 in the developing brain.

brain malformation | meningeal fibroblasts

During cerebral cortical development, most cortical neurons
are born deep in specialized proliferative regions near the

lining of the lateral ventricles and migrate out to take up resi-
dence in the surface layer of the brain, eventually forming
a highly folded sheet of six neuronal layers (1–5). Disruptions in
normal neuronal migration and positioning lead to cortical dis-
orders, one of which is cobblestone lissencephaly (6). Cobble-
stone lissencephaly is typically seen in three distinct human
congenital muscular dystrophy syndromes: muscle-eye-brain
disease, Fukuyama-type congenital muscular dystrophy, and
Walker–Warburg syndrome (6). Mutant mice with deletions in
some members of the integrin pathway molecules and the ex-
tracellular matrix (ECM) constituents also exhibit cortical mi-
gration defects with deficiencies in basal lamina integrity and
cortical ectopias, features that resemble the human cobblestone
malformation (7–12). The suggested mechanism leading to
cobblestone lissencephaly has been a defective pial basement
membrane (BM) (6). However, recent literature demonstrates
that abnormal neuronal migration may account partially for the
improper formation of the cobblestone-like cortex (13–16).
GPR56 is an orphan G protein-coupled receptor (GPCR) from

the family of adhesion GPCRs. Mutations in GPR56 cause a spe-
cific human brain malformation called bilateral frontoparietal
polymicrogyria (BFPP), an autosomal recessively inherited de-
velopmental disorder of the brain (17–20). Magnetic resonance
imaging of BFPP brains shows numerous (poly) small (micro)
gyri, which extend diffusely across the frontal and parietal lobes
with a decreasing anterior-to-posterior gradient of severity (17–
20). Further studies in Gpr56 knockout mice and postmortem
human BFPP brain specimen revealed that the histopathology of
BFPP is a cobblestone-like cortical malformation (21, 22). How-

ever, the molecular and cellular mechanisms of how GPR56
regulates brain development remain largely unknown.
GPR56 is cleaved into an N- and a C-terminal fragment

through a GPCR proteolytic site-mediated autoproteolytic pro-
cess (23–25). Previously, we used the soluble N-terminal frag-
ment of GPR56 (GPR56N) as a probe to reveal the expression of
the putative ligand of GPR56 in the meninges and pial BM of the
developing brain (21). Here we identify the ligand of GPR56 as
collagen III. We further reveal that collagen III is one of the key
constituents of the pial BM, in addition to being a major collagen
in the connective tissues. Moreover, we demonstrate that the
interaction of GPR56 with its ligand collagen III inhibits neu-
ronal migration by coupling to Gα12/13 and activating the RhoA
pathway. Our data confirms a unique receptor-ligand pair that
regulates cerebral cortical development.

Results
Meningeal Fibroblasts Express the Putative Ligand of GPR56. Using
human Fc-tagged GPR56N (GPR56N-hFc), we revealed the
presence of the putative ligand ofGPR56 in themeninges and pial
BM of the developing brain (Fig. 1A and Fig. S1) (21). To dem-
onstrate the specificity of the ligand binding assay, we engineered
a deletion mutant of GPR56N (GPR56Ndel) by deleting amino
acids 93–143. We previously showed that GPR56Ndel was nor-
mally glycosylated and secreted into the conditioned media but
lost the binding capacity to the putative ligand, allowing it to serve
as a negative control (21).
Because meningeal fibroblasts (MFs) contribute to the pial

BM by secreting and organizing the majority of basal lamina
constituents, we investigated whether they express the ligand(s)
of GPR56. We performed a putative ligand binding assay on
primary MFs. An abundance of specific putative ligand binding
in MFs was detected, providing a source for the subsequent li-
gand search (Fig. 1C).

GPR56N Binds Collagen III. To identify the ligand of GPR56, we
used an in vitro biotinylation/proteomics approach (Fig. S2). A
single-step capture on streptavidin beads was performed to pu-
rify the binding partner(s) of GPR56, using MFs as the ligand
source and the biotinylated GPR56N as a probe, and the bio-
tinylated GPR56Ndel served as a negative control (Fig. S2). SDS/
PAGE revealed the putative ligand(s) to be a large protein with
a molecular weight of 160–260 kDa (Fig. 1E). The specific pro-
tein bands, together with the corresponding regions of the neg-
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ative control, were excised and subjected to MS analysis. Results
from two independent pull-down assays and MS analyses iden-
tified collagen III as the top candidate (Fig. 1F).
We next validated the interaction between collagen III and

GPR56 by performing a series of coimmunoprecipitation (co-IP)
experiments. To remove the background created by mouse IgG
Fc, we engineered GPR56N and GPR56Ndel constructs by
replacing the mFc-biotag with a Flag tag and an in vivo bio-
tinylation signal peptide (Fig. S3). In vivo biotinylated GPR56N

and GPR56Ndel proteins were used in the following co-IP
experiments. Collagen III was found to specifically associate with
GPR56N, but not GPR56Ndel (Fig. 1G). Conversely, we identified
GPR56N, but not GPR56Ndel, in the collagen III IP complex by
reverse co-IP using anti-collagen III antibody (Fig. 1G). We thus
confirmed collagen III as a true binding partner of GPR56, in-
dicating an as-yet-unrecognized function for collagen III in
brain development.
Collagen III is expressed in the meninges and blood vessels in

the developing brain. Collagen III is a major collagen in con-
nective tissues, with integrins α1β1 and α2β1 serving as its typical
receptors (26, 27). There has been only scant literature sug-
gesting the presence of collagen III in the brain through micro-
array analysis (28). To establish the expression pattern of
collagen III in the brain, we performed collagen III immuno-
histochemistry (IHC) on embryonic mouse brains. The specificity
of anti-collagen III antibody was confirmed by the absence of
collagen III immunostaining on Col3a1−/− brain sections (Fig.
S4). We detected an abundance of collagen III immunostaining
in the meninges, pial BM, and blood vessels at embryonic day
(E)12.5 (Fig. 2 A and A′). Double IHC of collagen III and either
platelet endothelial cell adhesion molecule (PECAM) or Zic on
E11.5 mouse brain sections demonstrated that only MFs, and not
endothelial cells, express collagen III (Fig. 2 B–G). Further

double IHC of collagen III and a known ECM constituent of the
pial BM, collagen IV, confirmed that collagen III is an ECM

Fig. 1. Identification of GPR56 ligand. (A–D) GPR56N-hFc
binds specifically the putative ligand of GPR56 (green) in
meninges and pial BM (A) and MFs (C). GPR56Ndel-hFc was
used as a negative control (B and D). A and B are composite
images combined into a single image. Nuclear counterstain
was performed by Hoechst 33342 (blue). (Scale bars: A and B,
200 μm; C and D, 100 μm.) (E) SDS/PAGE analysis of purified
GPR56 ligand(s) eluted from streptavidin affinity resin. The
putative ligand of GPR56 is a large protein with a molecular
weight of 160–260 kDa (arrowheads). (F) Summary of MS
results from two independent purifications. Total peptides
sequenced and proteins specifically identified by GPR56N are
indicated. Collagen III appeared as the top candidate based
on the high number of matched peptides. (G) The associa-
tion of collagen III and GPR56N was confirmed by co-IP.
Collagen III was specifically pulled down by GPR56N, but not
GPR56Ndel. Conversely, only GPR56N was pulled down by
anti-collagen III antibody, but not GPR56Ndel.

Fig. 2. Collagen III is the major binding partner of GPR56 in the mouse
developing brain. (A) Collagen III immunostaining in E12.5 developing cor-
tex. (A′) Higher-magnification views of the boxed region. (B–G) Double IHC
of collagen III/PECAM and collagen III/Zic on E11.5 wild-type mouse brains.
(H–J) Double IHC of collagen III (green) and collagen IV (red) in E12.5 neo-
cortex. (K and L) GPR56N-hFc (green) detected a strong signal in the me-
ninges and pial BM of E12.5 Col3a1+/+ brain but failed to detect any signals in
the Col3a1−/− brain. Nuclear counterstain was performed by Hoechst 33342
(blue). (M and N) Abundant GPR56N-hFc–specific (green) binding was
detected in primary MFs derived from the meninges of Col3a1+/+ but not
Col3a1−/− mice. Nuclear counterstain was performed by Hoechst 33342
(blue). (Scale bars: A and K–N, 100 μm; A′, 50 μm; B–J, 10 μm.)
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component in the developing brain, and its location is consistent
with its role as a ligand for GPR56 (Fig. 2 H–J).

Collagen III Is the Major Binding Partner of GPR56 in the Developing
Brain. To examine whether collagen III is the major ligand of
GPR56 in the developing brain, we performed a putative ligand
binding assay on E12.5 brain sections of Col3a1 wild-type and null
mutant embryos. We failed to detect any GPR56N-hFc binding
signals in Col3a1 null mutant mouse brains, indicating that the
deletion of Col3a1 eliminates the pial binding partner of GPR56N

(Fig. 2L). This finding was further confirmed by the absence of
GPR56N-hFc binding in the MFs derived from Col3a1−/− mice
(Fig. 2N). Taken together, this data suggests that collagen III is the
major binding partner of GPR56 in the mouse embryonic brain.
Deleting the mouse Col3a1 results in cobblestone lissence-

phaly as seen in Gpr56 null mutant mice. The brain phenotype of
Col3a1 mutant mice has not been described previously. Exami-
nation of brain histology of Col3a1 mutant mice revealed fre-
quent subpial neuronal ectopias (Fig. 3B). Only homozygous
mutant embryos were phenotypically affected, whereas hetero-
zygotes appeared to have a normal neocortex (Fig. S5). Notably,
subpial ectopias occurred exclusively in the frontal regions bi-
laterally, resembling the anatomical distribution observed in
Gpr56 null mutant mice (Fig. 3B and Fig. S5) (21).
During corticogenesis the cortical plate is expanded in an

inside-out manner, in which progressively newer neurons migrate
past the early-born neurons to occupy the more superficial layers
of the cortex to eventually form a six-layered cortex (2–5, 29, 30).
To determine the neuronal composition of the ectopias, we
performed immunostaining with three cortical layer-specific
markers: Cux1 for layers II–IV; Tbr1 for layers II–III and VI;
and CTIP2 for layer V (31–33). We used E18.5 embryos for the
study because over 95% of Col3a1−/− mice were lethal upon birth
(34). Neurons positive for Cux1, Tbr1, and CTIP2 were detected
in the ectopias, suggesting that the ectopic cells in the Col3a1−/−

cortex were neurons from both deep and superficial cortical
layers, as observed in Gpr56 null mutant mice (Fig. 3 D, E, G,
and H) (21). Taken together, our data provides genetic evidence

supporting the conclusion that collagen III functions as the li-
gand of GPR56 in regulating cortical development.

Collagen III Inhibits Neural Migration in a GPR56-Dependent Fashion.
To study the biological function of the interaction of GPR56 with
its ligand collagen III, we performed a neurosphere migration
assay to evaluate the effect of collagen III on neural migration.
Neurospheres established from E13.5 cortices of either Gpr56+/−

or Gpr56−/− mice were cultured in neuron culture medium
containing 84 nM recombinant collagen III, with or without 90
nM GPR56N, or carrier solution (acetic acid) as a control. After
2 d in culture, we observed robust neural migration from both
Gpr56+/− and Gpr56−/− neurospheres in the control medium
(Fig. 4 A and B). In contrast, the presence of recombinant col-
lagen III significantly inhibited neural migration in Gpr56+/−

neurospheres, but not in Gpr56−/− neurospheres, suggesting that
the inhibition requires the expression of GPR56 (Fig. 4 C, D, and
F). To further demonstrate the specificity of collagen III-medi-
ated inhibition, we performed a competition assay. As expected,
blocking collagen III activity by exogenous GPR56N significantly
rescued the Gpr56+/− neurospheres from migration inhibition
(Fig. 4 E and F).
To reveal the identity of the migrated cells from the neuro-

spheres, we performed double IHC of Nestin and Tuj1. In-
terestingly, both Nestin+ and Tuj1+ cells were among the
migrated cells, suggesting collagen III-mediated migration in-
hibition affects both neural progenitor cells (NPCs) and mi-
grating neurons (Fig. 4 G and H).

Migrating Neurons Express GPR56. We have previously shown that
GPR56 is expressed in radial glial cells, but it was not clear
whether migrating neurons expressed GPR56 (21). To in-
vestigate the potential function of GPR56 in neuronal migration,
we examined whether migrating neurons express GPR56 using
a monoclonal antibody against GPR56N (SI Materials and
Methods). Surprisingly, we found that GPR56 is expressed in
Tuj1+ migrating neurons, in addition to its expression in radial
glial cells (Fig. 5 A–I) (21).
To reveal the spatial relationship of collagen III and GPR56-

expressing cells, we performed double IHC of GPR56 and colla-
gen III. As expected, the main interaction site for GPR56+ cells
and collagen III is at the pia surface/marginal zone (Fig. 5 J–L).
It is traditionally thought that migrating neurons have no di-

rect contact to the pial BM. To investigate the relationship be-
tween migrating neurons and the pial BM, we performed double
and triple IHC on floating brain sections. As we suspected, both
radial glial endfeet and migrating neurons directly contact the
pial BM during early developmental stages, thus providing them
access to the ligand of GPR56 in the pial BM (Fig. 5 M–O). This
observation was further verified by immunoelectron microscopy
analysis against collagen III in E12.5 brain sections (Fig. 5P).
Cajal–Retzius (CR) cells and interneurons are the major

neurons in the preplate and marginal zone of the developing
brain, and we investigated whether they also express GPR56. We
performed double IHC of GPR56 and Reelin as well as GPR56
and Calbindin on E12.5 and E14.5 brains, respectively. CR cells
indeed express GPR56, and likely account for some of the Tuj1+

neurons in the preplate at E12.5 (Fig. S6 A–C). Interestingly,
only some of the interneurons in the marginal zone express
GPR56, whereas interneurons in the deeper layers are GPR56−

(Fig. S7). Furthermore, we observed an ectopic cluster of CR
cells in E11.5 Col3a1−/− neocortex, suggesting a potential role of
GPR56 signaling in the regulation of CR cell laminar position
(Fig. S6 F and G).

Interaction of GPR56 and Its Ligand Collagen III Activates RhoA
Pathway. RhoA activation has been shown to regulate cell mi-
gration (35). Given the potential function of GPR56 and its li-

Fig. 3. Deletion of the Col3a1 gene results in neuronal ectopias and ab-
normal cortical lamination. (A and B) Nissl staining of E18.5 Col3a1+/+ and
Col3a1−/− brains. Neuronal ectopias (arrowheads) were seen in Col3a1−/−

mouse brain (B). (C–H) Immunostaining of Cux1 (red in C–E), Tbr1 (red in F–
H), and CTIP2 (green in F–H) in E18.5 Col3a1+/+, Col3a1−/−, and Gpr56−/−

brains. Neurons positive for Cux1, Tbr1, and CTIP2 were detected in the
ectopias of Col3a1−/− andGpr56−/− brains (D, E,G, andH). (Scale bars:A and B,
500 μm; C–H, 100 μm.)
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gand collagen III on neural migration, it is conceivable that
RhoA is downstream of GPR56 signaling. To test this hypothe-
sis, we performed a GTP-RhoA pull-down assay using NIH 3T3
as host cells that express an abundance of endogenous GPR56
(Fig. S8). Addition of recombinant collagen III to the cells
resulted in an increased level of GTP-RhoA in comparison with
the control (Fig. 6A). To determine whether collagen III-medi-
ated RhoA activation is through GPR56, we tested the effect of
GPR56 knockdown on collagen III-triggered RhoA activation.
As expected, Gpr56 shRNA transformed cells failed to manifest
RhoA activation upon addition of recombinant collagen III (Fig.
6A). To further confirm that collagen III-mediated RhoA acti-
vation is through GPR56, we performed a GTP-RhoA pull-down
assay using NPCs derived from E14.5 brains of Gpr56+/− and
Gpr56−/− mice. RhoA was strongly activated upon addition of
recombinant collagen III in NPCs derived from Gpr56+/− mice
but not from Gpr56−/− mice (Fig. 6B).

The RhoA activation assay requires serum starvation to de-
crease the basal level of activated RhoA. To evaluate the effect
of serum starvation on collagen III-mediated migration in-
hibition, we performed a modified neurosphere migration assay.
A similar result was observed as in Fig. 4, although there were
more processes and fewer cells in the migrating zone, indicating
some degree of differentiation caused by serum starvation
(Fig. S9).

GPR56 Activates RhoA Pathway by Coupling to Gα12/13. GPCR-me-
diated RhoA activation is primarily coupled to the Gα12/13 family
of G proteins (36). To investigate whether GPR56 also signals
through Gα12/13 upon ligand binding, we tested the effect of
a catalytically inactive dominant-negative Gα13 (DN-Gα13) on
RhoA activation. Expression of DN-Gα13 blunted the activation
of RhoA by recombinant collagen III (Fig. 6A). Thus, our data
suggests that GPR56 signals through the Gα12/13 and RhoA

Fig. 5. Migrating neurons express GPR56. (A–I) Immunos-
taining of Tuj1 (red) and GPR56 (green) in E12.5 (A–C), E14.5
(D–F) neocortex, and 2-d in vitro-cultured (2DIV) primary cor-
tical neurons (G–I). GPR56 was expressed in the Tuj1+ cell
population. (J–L) Double IHC of collagen III/GPR56 in E12.5
neocortex. (M and N) Double IHC of collagen III/Tuj1 and col-
lagen III/Nestin in E12.5 neocortex. (O) Triple IHC of collagen
IV, Nestin, and Tuj1 in E11.5 neocortex. (P) Immunoelectron
microscopy of collagen III. Immunogold-positive collagen III
(arrowheads) is expressed in the pial BM. Both migrating
neuron (MN) and radial glial endfeet (EF) have direct contact
to the collagen III-containing pial BM. (Scale bars: A–F, 50 μm;
G–I, 25 μm; J–O, 10 μm; P, 500 nm.)

Fig. 4. Collagen III inhibits neuronal migration. (A–E) NPC
migration assay. In contrast to the robust NPC migration ob-
served in the control media, recombinant collagen III inhibited
NPC migration from Gpr56+/− neurospheres (C), but not from
Gpr56−/− neurospheres (D). The addition of exogenous GPR56N

significantly blocked collagen III-mediated migration in-
hibition (E). (F) The degree of collagen III-mediated migration
inhibition was quantified as a percentage of the migrating
neurospheres. Data are presented as mean ± SD; n = 7 for all
groups except for the competition experiment, where n = 6.
*P = 0.0032, **P = 0.00046, Student t test. (G–H) Double IHC of
Nestin and Tuj1 of the cultured neurospheres. (G′–H′) Higher-
magnification views of the boxed regions in G and H. (Scale
bars: A–E, G, and H, 100 μm; G′–H′, 25 μm.)
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pathway, consistent with the literature that Gα12 and Gα13
double-mutant mice exhibit a cobblestone-like brain malforma-
tion (13).

Discussion
Here we demonstrated that collagen III regulates cortical de-
velopment by functioning as the major ligand of GPR56.
Mutations in one allele of the human COL3A1 cause type IV
Ehlers–Danlos syndrome, an autosomal dominantly inherited
disorder of the connective tissues in which affected individuals
present with excessive bleeding, bruising, and vascular problems,
including aortic dissection (37–41). Deleting both alleles of the
mouse Col3a1 results in perinatal lethality of unknown etiology
in the majority of the homozygous mutant mice, although losing
one allele of the gene is not associated with any obvious defects
in mice (34). The phenotype associated with the homozygous
null mutation of the human COL3A1 is unknown. Given that the
homozygous deletion of the mouse Col3a1 causes cobblestone
lissencephaly and perinatal lethality in the majority of the null
mutant mice, it is possible that its null allele homozygous mu-
tation in humans might be associated with a lethal form of
cobblestone lissencephaly.
GPR56 undoubtedly plays an important role in radial glial

cells, given its abundant expression in that cell population.
However, considering the fact that the anatomic distribution of
the cerebellar defect seen inGpr56−/− mice highly correlates with
the restricted expression pattern of GPR56 in the developing
granule cells but not the glial cells, our data supports a possible
intriguing role of GPR56 in migrating neurons (42). We have
previously shown that the pial BM is well organized at E12.5 in
Gpr56 null mutant embryonic brains, and that the regional
breakdown of the pial BM develops concurrently with the
overmigrating neurons (21). Here we further demonstrated that
the interaction of GPR56 and its ligand collagen III inhibits
neuronal migration. Therefore, it is conceivable to suggest that
GPR56 signaling may regulate BM transmigration, a cellular
trafficking across BM barriers that occurs in the course of de-
velopment, inflammation, and tumor metastasis (43). This pos-
sibility is certainly consistent with previous observations that
down-regulation of GPR56 expression renders a high metastatic
potential in melanoma cells (25). GPR56 mRNA is found to be
significantly down-regulated in several highly metastatic mela-
noma cell lines compared with poorly metastatic cells (44). The
role of GPR56 in tumor metastasis was further confirmed by
a series of elegant assays where overexpression of GPR56 in
highly metastatic melanoma cells suppressed tumor growth and
their metastatic ability, whereas down-regulation of GPR56 by
siRNA enhanced tumor growth and metastasis (25).
GPR56 has been shown to associate with the tetraspanin

molecules CD9 and CD81, whose complex then associates with
Gαq/11 and Gβγ subunits (45). More recently, a polyclonal anti-
body against GPR56N was shown to activate RhoA, presumably
by mimicking ligand binding (46). In this study, we confirm that
GPR56 is indeed signaling through Gα12/13 by demonstrating

that (i) collagen III activates RhoA in a GPR56-dependent
manner and (ii) the expression of DN-Gα13 dampened the ac-
tivation. The Gα12/13 pathway has been previously shown to
provide positioning cues for cortical neurons during brain de-
velopment. Conditional ablation of the genes encoding the
α-subunits of G12 and G13 in the nervous system results in
a cobblestone-like cortical malformation (13). Furthermore, the
embryonic cortical neurons derived from those conditional
knockout mice were unable to retract their neurites in response
to lysophosphatidic acid and sphingosine-1-phosphate, suggest-
ing that they have lost the ability to respond to repulsive medi-
ators acting via GPCRs (13).
We have thus defined a unique ECM receptor-ligand pair—

GPR56 and collagen III—that is essential in regulating cortical
development. Our data overwhelmingly supports the notion that
collagen III is the major ligand of GPR56 in the developing brain
and that the interaction of GPR56 with its ligand collagen III
occurs at the level of the pial BM involving radial glial cells and
neurons, which in turn regulates the integrity of the pial BM and
cortical lamination. Our discovery of GPR56 and collagen III as
an ECM receptor-ligand pair opens up avenues for further study
of the functions of GPR56 in brain development as well as in
tumor growth and metastasis.

Materials and Methods
GPR56 Fusion Proteins. Three different types of fusion proteins were gener-
ated for different experiments. Human IgG Fc-tagged GPR56N/GPR56Ndel

fusion proteins were used for the putative ligand binding assay (Fig. S1).
GPR56N/GPR56Ndel-mFc-biotag fusion proteins were used for the putative
ligand pull-down (Fig. S2). GPR56N/GPR56Ndel-Flag-biotag fusion proteins
were used for the co-IP experiments (Fig. S3).

Mice. Col3a1 mice were obtained from the Jackson Laboratory with the
strain name C.129S4 (B6)-Col3a1tm1Jae/J in a BALB/c background. The Gpr56
knockout mice, kindly provided by Genentech, were produced in collabo-
ration between Genentech and Lexicon Genetics to analyze the function of
∼500 secreted and transmembrane proteins. All animals were treated
according to the guidelines of the Animal Care and Use Committee of
Children’s Hospital Boston.

Purification of GPR56 Immunocomplexes and Tandem MS and Sequencing.
Purified GPR56N-mFc-biotag and GPR56Ndel-mFc-biotag proteins were bio-
tinylated in vitro with BirA enzyme as described previously (47). Biotinylated
GPR56N and GPR56Ndel proteins were separately incubated with primary MF
lysates in lysis buffer [20 mM Hepes (pH 7.3), 150 mM NaCl, and 5 mMMgCl2]
with protein inhibitor mixture (Roche Molecular Biochemicals) and 1% Brij
96 (Fluka). Mouse primary MFs were established from the meninges of E14.5
mice, and amplified in DMEM with 10% FBS. Immunocomplexes were af-
finity purified by streptavidin beads (Sigma). GPR56-associated proteins
were eluted in 2× SDS loading buffer, subjected to SDS/PAGE and Coomassie
blue stain.

The specific protein bands, together with the corresponding regions of the
negative control, were excised and prepared for MS by the MS core facility at
Children’s Hospital Boston. MS data were searched against the mouse In-
ternational Protein Index (IPI mouse 339) database using the protein iden-
tification software Mascot (v2.2.04, Matrix Sciences).

Co-IP and Immunoblotting. Co-IP and immunoblotting were done as pre-
viously described, using mouse primary MF lysates and recombinant collagen
III (23). The GPR56N/Ndel and collagen III proteins were detected by Western
blot by using anti-GPR56 antibody (2b) or collagen III antibody, respectively.

Histology and IHC. Histology analysis was carried out as previously described
(21). Frozen sections were collected on a cryostat. Free-floating sections were
collected by a vibratome (Leica). Sections were processed for immunostaining
using standard procedures. Primary antibodieswere visualized by appropriate
fluorophore-conjugated secondary antibodies. Equivalent amounts of fusion
proteins were used as probes to examine the distribution of the putative li-
gand of GPR56 in mouse brains and meningeal fibroblasts. Images were cap-
tured using a Nikon 80i upright microscope or a confocal FluoView Laser
System (FluoView FV1000; Olympus). Representative photographs were
obtained with the same exposure setting for control and mutant.

Fig. 6. The interaction of GPR56 and its ligand collagen III activates RhoA by
coupling to Gα12/13. (A) RhoA activation in NIH 3T3 cells. The addition of
collagen III caused an increased level of GTP-RhoA, which was dependent on
the presence of GPR56 and Gα13. (B) Collagen III induced the elevation of
GTP-RhoA level in NPCs derived from Gpr56+/− but not Gpr56−/− brains. Total
RhoA expression in the cell lysate served as a loading control.
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Migration Assay. Neurospheres were prepared from E13.5 mouse cerebral
cortex as described previously and detailed in SI Materials and Methods (46,
48). The neurospheres were cultured in neural culture medium with 84 nM
collagen III (Abcam) with or without 90 nM GPR56N, or with carrier solution
(acetic acid) as control. Forty-eight hours later, the neurosphereswere imaged
and the number of migrating neurospheres was quantified. The number of
migrating neurospheres was determined by meeting one of the following
two criteria: (i) the distance from the edge of the neurosphere to the leading
cell of outgrowth was more than the diameter of the neurosphere, or (ii) the
neurospherewas completely dispersed. Themigration activitywas assessed by
the percentage of the number of migrating neurospheres out of the total
number of neurospheres. The results were summarized from seven in-
dependent experiments (six for the competition assay) and statistically ana-
lyzed with Student t test.

GTP-Rho Pull-Down Assay. The GTP-Rho pull-down assay was done as pre-
viously described, using either NPCs or NIH 3T3 cells (46, 49). The NPCs used

for the GTP-Rho pull-down assay was prepared as described in the mi-
gration assay. NIH 3T3 cells were transfected with empty vector, Gpr56
shRNA, or DN-Gα13 plasmid (a gift from A. Irving, University of Dundee,
Nethergate, Dundee, Scotland) (50). Twenty-four hours after transfection,
the cells were subject to serum starvation for 36 h followed by the addition
of recombinant collagen III 84 nM or acetic acid as control for 5 min.
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