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GPR56 is an adhesion G protein-coupled receptor that plays a
key role in cortical development. Mutations to GPR56 in
humans cause malformations of the cerebral cortex, but little is
known about the normal function of the receptor. We found that
the large N terminus (NT) of GPR56 is cleaved from the rest of
the receptor during processing but remains non-covalently
associated with the seven-transmembrane region of the recep-
tor, as indicated by coimmunoprecipitation of the two GPR56
fragments from both transfected cells and native tissue. We also
found that truncation of the GPR56 NT results in constitutive
activation of receptor signaling, as revealed by increased
GPR56-stimulated signaling upon transfection of HEK-293
cells with truncated GPR56, greatly enhanced binding of 3-ar-
restins by truncated GPR56 relative to the full-length receptor,
extensive ubiquitination of truncated GPR56, and cytotoxicity
induced by truncated GPR56 that could be rescued by cotrans-
fection of cells with -arrestin 2. Furthermore, we found that
the GPR56 NT is capable of homophilic trans-trans interactions
that enhance receptor signaling activity. On the basis of these
findings, we suggest a model of receptor activation in which the
large N terminus of GPR56 constrains receptor activity but
N-terminal interactions (GPR56 NT with an extracellular ligand
and/or GPR56 NT homophilic trans-trans associations) can
remove this inhibitory influence of the N terminus to activate
receptor signaling.

During the development of the cerebral cortex, neuronal pre-
cursors proliferate in the ventricular and subventricular zones
that line the cerebral cavity and then migrate outward to make
connections with other neurons. Given the billions of cells
involved and the requirements for temporal and spatial preci-
sion, it is perhaps not surprising that many different types of
problems can arise during this process. Abnormalities in corti-
cal development can lead to a range of distinct neurodevelop-
mental disorders, some of which are caused by mutations to a
single gene. For example, bilateral frontoparietal polymicro-
gyria is a condition in which patients exhibit profound cogni-
tive abnormalities and seizures because of disordered cortical
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connectivity in the frontoparietal area. Bilateral frontoparietal
polymicrogyria is an autosomal recessive syndrome that results
from mutations in the orphan receptor GPR56 (1). Thus,
insights into the natural function of GPR56 might shed light on
the specific pathology underlying bilateral frontoparietal poly-
microgyria and also lead to new insights about the fundamental
mechanisms controlling cortical development.

GPR56 is a member of the adhesion family of G protein-
coupled receptors (GPCRs)?, which are characterized by
extremely large extracellular N termini (NT) exhibiting homol-
ogy to adhesion proteins (2). There are approximately 30 adhe-
sion GPCRs, all of which are still considered to be orphan
receptors. Almost all members of the adhesion GPCR family
possess an N-terminal region known as a “GPCR proteolytic
site” or GPS domain. For several members of the family, it has
been shown that the N terminus is clipped within the GPS
domain during receptor processing but then remains associ-
ated with the seven-transmembrane (7TM) region of the recep-
tor (3). There is good evidence that the GPS domain cleavage is
autocatalytic and occurs during receptor processing (4), but the
significance of this cleavage event is not understood, and very
little in general is known about the mechanisms of activation
for adhesion GPCRs.

Transfection of GPR56 into HEK-293 cells has been reported
to result in activation of Ga;,,,5; and Rho (5) as well as stimu-
lation of transcriptional regulators downstream of Rho, includ-
ing the serum response element (5) and B-catenin (6). Further-
more, stimulation of GPR56 in cultured neural precursor cells
with an activating antibody results in decreased cellular migra-
tion (5). These observations in cultured cells are consistent with
in vivo studies demonstrating that GPR56 knockout mice
exhibit a cobblestone-like malformation of the cerebral cortex
resulting from overmigration of neural precursor cells (7).
These findings suggest a model in which GPR56 expressed in
neural precursor cells plays a key role in sensing an extracel-
lular signal that cues the cells to stop and differentiate. If
GPR56 is non-functional, as in humans with GPR56 muta-
tions or mice lacking GPR56, then neural precursor cells fail
to stop in the proper locations, and cortical development
becomes disordered.

In this study, we sought to explore the role of the GPR56 N
terminus in receptor activation. Because an N-terminal anti-
body can stimulate GPR56 signaling (5), our initial hypothesis
was that removing the N terminus of the receptor should result

2 The abbreviations used are: GPCR, G protein-coupled receptor; GPS, GPCR
proteolytic site; CT, C terminus; NT, N terminus; 7TM, seven-transmem-
brane; RBD, Rhotekin binding domain.
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in a receptor that lacks signaling activity. Surprisingly, we
instead found evidence that truncation of the GPR56 N termi-
nus results in enhanced constitutive activity of the receptor.
Moreover, we found that homophilic interactions between
GPR56 N termini can influence receptor signaling. These
observations suggest a new model for the mechanism of activa-
tion for GPR56.

EXPERIMENTAL PROCEDURES

Cell Culture—For all cell-based assays, HEK-293 cells
(ATCC) were cultured and maintained in DMEM containing
10% FBS and 1% penicillin/streptomycin at 37 °C with 5% CO.,.
Transfections were performed by incubating cells with Lipo-
fectamine 2000 (Invitrogen) and cDNA for 4 h in serum-free
DMEM, then stopping transfection with complete media.
Experiments were performed 24 —48 h post-transfection.

Antibodies—Antibodies against HA (Roche), FLAG (Sigma-
Aldrich), B-arrestin 2 (Sigma-Aldrich), c-myc (Sigma-Aldrich),
and biotinylated GPR56 N terminus (R&D Systems) were pur-
chased from the manufacturers. The anti-GPR56 C-terminal
antibody was developed by Orbigen, Inc. via injection of rabbits
with a peptide (CSNSDSARLPISSGSTSSSRI) derived from the
GPR56 C terminus, followed by affinity purification using the
same peptide that was used as the immunogen.

Plasmids—N-terminal FLAG-GPR56 was a gift from Chris-
topher Stipp (University of Iowa). Untagged human GPR56
wild-type was subcloned into pcDNA 3.1. The FLAG-tagged
ANT mutant was cloned into pcDNA 3.1 by creating primers
starting with an N-terminal FLAG epitope followed by the
human GPR56 sequence starting at amino acid 343. Similarly,
an untagged GPR56ANT mutant was made by creating primers
using the human GPR56 sequence starting at amino acid 343.
FLAG-NT GPR56 and c-myc-NT GPR56 constructs were cre-
ated in the pCMYV 2B plasmid and correspond to human GPR56
amino acids 1-342. The HA-Ubiquitin construct was a gift
from Keqiang Ye (Emory University), and the GFP-B-arrestin2
construct was a gift from Jeffrey Benovic (Thomas Jefferson
University). GST-RBD (Addgene, Inc.), HA-B-arrestin2 (Add-
gene, Inc.), and HA-Rho (Missouri S&T ¢cDNA Resource Cen-
ter) were all obtained commercially.

Western Blotting—Samples were resolved by SDS-PAGE on 4
to 20% Tris-glycine gels, followed by transfer to nitrocellulose
membranes. The membranes were incubated in blocking buffer
(2% nonfat dry milk, 50 mm NaCl, 20 mm HEPES, and 0.1%
Tween 20) for 30 min and then incubated with primary anti-
body for 1 h at room temperature. Next, the membranes were
washed three times in blocking buffer and incubated with HRP-
conjugated secondary antibody for 30 min, washed three times
more, and finally visualized via ECL reagent followed by expo-
sure to film. When using the biotinylated GPR56 N-terminal
primary antibody, the ABC kit (VECTASTAIN) was used to
visualize immunoreactive bands in lieu of secondary antibody.

Rho Activation Assay—HEK-293 cells were transfected with
HA-Rho (Addgene, Inc.) and either pcDNA 3.1, GPR56 wild-
type, or GPR56ANT. After 24 h, cells were scraped and resus-
pended in 500 wl lysis buffer (1% Triton X-100, 150 mm NaCl,
25 mm HEPES, 10 mm MgCl,, 1 mm EDTA, and 2% glycerol).
Cells were incubated in lysis buffer for 30 min at 4 °C and then
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cleared by high-speed centrifugation. Soluble lysates were incu-
bated for 30 min with 30 ul of GST-Rhotekin binding domain
(GST-RBD) coupled to glutathione-agarose beads. Beads were
washed twice with lysis buffer, resuspended in 60 ul 2X sample
buffer, and boiled for 10 min. Total Rho levels were first deter-
mined through Western blotting of cell lysates with anti-HA
antibody to normalize levels before determining active Rho lev-
els. Active Rho was visualized by standard Western blot analysis
procedure, probing the normalized GST-RBD samples for HA.

Coimmunoprecipitation—HEK-293 cells were transfected
with various constructs to be assessed for ability to coimmuno-
precipitate. After 24 h, cells were scraped and resuspended in
500 wl lysis buffer (1% Triton X-100, 150 mm NaCl, 25 mm
HEPES, 10 mm MgCl,, 1 mm EDTA, and 2% glycerol). Cells
were incubated in lysis buffer for 30 min at 4°C and then
cleared by high-speed centrifugation. Soluble lysates were incu-
bated for 60 min with 30 ul of protein A/G beads with corre-
sponding antibody (to protein being immunoprecipitated).
Beads were washed three times with lysis buffer then resus-
pended in 60 ul 2X sample buffer and boiled for 10 min. Coim-
munoprecipitation was detected by standard Western blot
analysis procedure. Rat kidney was substituted for transfected
HEK-293 cells using the same protocol. For ubiquitination
studies, HEK-293 cells were transfected with HA-Ubiquitin
and either empty vector, GPR56 wild-type, or GPR56ANT
mutant. Cells were lysed as described and immunoprecipitated
with protein A/G beads coupled to HA antibody. A Western
blot analysis procedure was used to detect GPR56 using the
GPR56-CT antibody.

Coculturing Experiments—HEK-293 cells were transfected
with desired plasmids and incubated at 37 °C (called “base
cells”). After 24 h, different plates of HEK-293 cells (transfected
depending on the experiment) were resuspended using 0.25%
trypsin and complete media and plated on top of base cells and
incubated at 37 °C. After 24 h, cells were lysed and used for
coimmunoprecipitation or Rho activation experiments.

Cytotoxicity—HEK-293 cells were transfected with pcDNA
3.1, GPR56 wild-type, or GPR56ANT in the presence or
absence of HA-B-arrestin 2. After transfection, a media sample
was taken from each plate of cells every 24 h for 72 h. Cytotox-
icity was assessed by measuring lactate dehydrogenase levels in
the media samples using the CytoTox 96 cytotoxicity assay kit
(Promega).

Confocal Microscopy—HEK-293 cells transiently transfected
with GFP-B-arrestin 2, plus or minus wild-type GPR56 or
GPR56ANT, were plated onto poly-D-lysine-coated chamber
slides (Biocoat), allowed to attach overnight, and fixed at room
temperature in 2% paraformaldehyde. The cells were incubated
with the anti-GPR56-CT antibody (1:500) for two h at 37 °C,
washed extensively, and then incubated with Alexa Fluor goat
anti-rabbit 546 secondary (1:250) for 1 h at 37 °C. Slides were
viewed using the X 63 objective of an LSM 510 META confocal
microscope (Carl Zeiss, Inc., Thornwood, NY), and images
were acquired with a constant setting for comparison across
conditions using Zeiss LSM software.

Cell Surface Biotinylation—HEK-293 cells were transfected
with GPR56 wild-type or GPR56ANT constructs. After 24 h,
cells were washed and incubated for 2 h at 4 °C in 2 mm Sulfo-
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FIGURE 1. The cleaved N terminus of GPR56 associates with the 7TM
region of the receptor. A, lysates from HEK-293 cells transfected with empty
vector (EV) or GPR56 were probed with anti-GPR56 C-terminal antibody. B, the
same antibody was used to immunoprecipitate (/P) the GPR56 7TM region
from solubilized lysates. The IP samples were then probed with the GPR56
N-terminal antibody (n = 3). C, rat kidney tissue was solubilized and probed
for GPR56 expression using the GPR56 C-terminal antibody. The mock lane
(MK) was loaded with buffer only. D, IP was performed with the GPR56 C-ter-
minal antibody, and IP samples were probed with the GPR56 N-terminal anti-
body. Mock (MK) in this case represents the IP protocol performed with beads
but no antibody (n = 3). WB, Western blotting.

NHS-LC-Biotin (Thermo Scientific) in PBS to biotinylate sur-
face proteins. After biotinylation, cells were washed, scraped,
and resuspended in lysis buffer (1% Triton X-100, 150 mm
NaCl, 25 mm HEPES, 10 mm MgCl,, 1 mm EDTA, and 2% glyc-
erol). Cells were incubated in lysis buffer for 30 min at 4 °C with
end-over-end agitation and then cleared by high-speed centri-
fugation. Soluble lysates were incubated with streptavidin
beads (Pierce) for 2 h at 4 °C to pull down surface biotinylated
proteins. Beads were washed three times and resuspended in
sample buffer. Surface expression of GPR56 and GPR56ANT
was assessed by analyzing these samples via Western blotting.

Cell Surface Luminometry—HEK-293 cells were transfected
with pcDNA3.1, FLAG-GPR56, FLAG-GPR56ANT, or
FLAG-NT and incubated at 37 °C for 24 h. After 24 h, each
HEK-293 plate was split into triplicate 35-m dishes and incu-
bated at 37 °C for 12 h. After 12 h, cells were washed and fixed
with 4% paraformaldehyde. Fixed cells were then blocked with
2% dry nonfat milk in PBS for 30 min. Cells were then incubated
for 2 h at room temperature with FLAG-HRP primary antibody
(1:1000). After washing three times (2 ml each wash), lumines-
cence was measured using a TD 20/20 luminometer (Turner
Designs).

Statistical Analysis—All statistical analyses were performed
on single comparisons with Student’s ¢ test using GraphPad
Prism software (GraphPad Software, Inc., San Diego, CA).

RESULTS

GPRS56 Is Processed into Two Fragments That Remain
Associated—We developed a polyclonal anti-GPR56 antibody
to visualize the C terminus of the receptor. A representative
Western blot analysis utilizing this antibody to detect GPR56 in
transfected HEK-293 cells is shown in Fig. 1A. The specificity of
the antibody is evident from the fact that no immunoreactive
bands are detectable in untransfected HEK-293 cells (first lane).
In cells transfected with GPR56, several different processed
forms of the receptor are evident. The prominent band at 45
kDarepresents the 7TM region following GPS domain cleavage

28916 JOURNAL OF BIOLOGICAL CHEMISTRY

to remove the large N terminus, as this 45 kDa band was
observed in cell surface biotinylation experiments to be the
main surface-expressed fragment of the receptor (supplemen-
tal Fig. S1A) and is precisely the predicted size of the 7TM
region following cleavage at the GPS domain. The handful of
lower molecular weight bands are presumably derived from
additional cleavage events, and the higher molecular weight
bands probably represent GPR56 not yet processed at the GPS
domain and/or unresolved receptor oligomers. None of these
species were found in the plasma membrane as determined by
cell surface biotinylation (supplemental Fig. SIA). GPR56 from
these transfected cells was solubilized in 1% Triton X-100,
immunoprecipitated with the C-terminal antibody, and visual-
ized on Western blot analyses using a commercially available
antibody to detect the GPR56 NT. The GPR56 NT was visual-
ized in these Western blot analyses as an approximately 75-kDa
band that, upon deglycosylation, decreased in size to 37 kDa,
consistent with past reports (8, 9). As shown in Fig. 1B, robust
coimmunoprecipitation of the cleaved GPR56 NT was
observed with the 7TM region of the receptor, suggesting that
the two fragments of the receptor remain associated in cells
even following cleavage at the GPS domain. Similar experi-
ments were performed on endogenous GPR56 in rat kidney, a
tissue where GPR56 is highly expressed (10). Fig. 1C shows the
expression of GPR56 in rat kidney using the GPR56 C-terminal
antibody. The main band at just under 50 kDa and the pro-
cessed forms at smaller sizes were very similar to the pattern of
bands observed in the GPR56-transfected HEK-293 cells.
Immunoprecipitation with the C-terminal antibody resulted in
robust coimmunoprecipitation of the endogenous N-terminal
fragment (Fig. 1D).

Removal of the GPR56 NT Enhances GPR56-mediated Stimu-
lation of Rho Activity and Induces Receptor Ubiquitination— Pre-
vious reports have shown that transfection of GPR56 into HEK-
293 cells results in stimulation of Gay,,;; to activate
downstream Rho and B-catenin signaling (5, 6). To explore the
importance of the GPR56 NT for the signaling activity of
the receptor, we created a truncated GPR56 construct lacking
the N terminus up to the GPS domain (Fig. 24). Cell surface
biotinylation experiments (supplemental Fig. S1A) and cell sur-
face luminometry (supplemental Fig. S1B) revealed that wild-
type GPR56 and the ANT mutant were found in the plasma
membrane at roughly comparable levels. The truncated recep-
tor was expressed in HEK-293 cells and assessed for its ability to
stimulate Rho activity relative to the wild type. As shown in Fig.
2, B and C, transfection of the cells with wild-type GPR56
resulted in significant increases in Rho activity, consistent with
previous findings (5). Strikingly, transfection with the ANT
mutant enhanced Rho signaling to an even greater extent than
transfection with the wild-type GPR56. These findings suggest
that the ANT mutant might have enhanced constitutive activ-
ity. To further decipher the activity levels of wild-type versus
truncated mutant GPR56, we examined the ubiquitination state
of each receptor because many GPCRs undergo extensive ubiq-
uitination upon prolonged activation (11-14). As shown in Fig.
2D, GPR56ANT was found to be heavily ubiquitinated, whereas
ubiquitination of the wild-type receptor was barely detectable.
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FIGURE 2. N-terminal truncation enhances GPR56-mediated signaling and
receptor ubiquitination. A, schematic diagram showing the location of the
N-terminal GPR56 truncation. The numbers in parentheses indicate the amino
acid positions of the N terminus, the GPS domain starting position, and the C
terminus for each construct. B, quantification of active RhoA via pull-down with
GST-RBD. Total Rho was first normalized between samples before probing for
active Rho. Active Rho levels were compared with empty vector-transfected cells.
*,p < 0.05; n = 10. WB, Western blotting. C, top panel, Western blot analysis of
active RhoA pull-down with GST-RBD beads from HEK-293 cells transfected with
empty vector (EV), wild-type GPR56, or the ANT mutant. Bottom panel, Western
blot analysis of total RhoA levels from HEK-293 cells transfected with empty vec-
tor, GPR56, and GPR56ANT. D, ubiquitination of wild-type versus truncated
GPR56. Full-length GPR56 or GPR56ANT were transfected into HEK-293 cells with
HA-Ubiquitin (HA-Ub). Immunoprecipitation (/P) was performed with anti-HA
antibodies and immunoprecipitates were probed via Western blot analysis with
anti-GPR56-CT antibodies to visualize ubiquitinated GPR56. The data shown are
representative of three independent experiments.

Truncation of the GPR56-NT Enhances Receptor Interactions
with B-Arrestin 2—The signaling and ubiquitination studies
suggested that GPR56ANT may be a constitutively active
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receptor. If this were the case, then one additional prediction
would be that this truncated receptor should exhibit enhanced
interactions with B-arrestins, a family of regulatory proteins
that are known to interact with active GPCRs to tone down G
protein-mediated signaling (15) and exhibit especially robust
associations with constitutively active receptors (16, 17). As
shown in Fig. 34, wild-type GPR56 could be detected in com-
plex with B-arrestin 2 in coimmunoprecipitation experiments,
which is consistent with observations that this receptor has
some level of activity when transfected into HEK-293 cells.
Strikingly, however, the ANT mutant exhibited a massive
increase in coimmunoprecipitation with 3-arrestin 2 relative to
the wild-type receptor (Fig. 3A, last lane, more than 10-fold
increase in B-arrestin 2 associations was observed for the ANT
mutant relative to wild-type in six independent experiments).
Reciprocal coimmunoprecipitation experiments in which anti-
GPR56 immunoprecipitates were probed for B-arrestin 2 also
showed significant increases in (B-arrestin 2 associations with
the ANT mutant over wild-type GPR56 (Fig. 3B, last lane). The
enhanced interaction of the ANT mutant with B-arrestin 2 was
also observed in confocal microscopy experiments (Fig. 3,
C-K). B-arrestin 2-GFP was found to be evenly distributed
throughout the cell when transfected into HEK-293 cells by
itself (Fig. 3C). However, cotransfection with GPR56 resulted in
enrichment of B-arrestin 2-GFP in a perinuclear compartment
(Fig. 3F), and cotransfection with the ANT mutant resulted in
an even more dramatic targeting of B-arrestin 2 to the perinu-
clear region (Fig. 31), where it exhibited strong colocalization
with the internalized receptor (Fig. 3K). Such targeting of arres-
tins and internalized receptors to perinuclear endosomes has
been observed for many GPCRs upon prolonged periods of
receptor activation (18 -20). Thus, these data provide further
evidence for the idea that removal of the N terminus induces
constitutive activation of GPR56.

Overexpression of GPRS6ANT Induces Cell Death That Can
Be Rescued by Coexpression of B-Arrestin 2—In addition to
enhancing signaling, undergoing extensive ubiquitination, and
interacting robustly with B-arrestins, another hallmark of con-
stitutively active GPCRSs is causing toxicity in the cells in which
they are expressed (21, 22). Thus, we performed cytotoxicity
tests on HEK-293 cells transfected with wild-type GPR56 versus
the ANT mutant. Overexpression of wild-type GPR56 failed to
induce any toxicity at any of the time points examined (Fig. 4).
Transfection of the ANT mutant also did not result in any evi-
dent cytotoxicity at 24 h post-transfection, the time point at
which all of the signaling studies described above were per-
formed. However, overexpression of the ANT mutant did cause
a significant increase in cell death at 48 h and an even larger
increase in cell death at 72 h. Furthermore, this cytotoxicity
induced by overexpression of the ANT mutant could be greatly
attenuated by coexpression of B-arrestin2, which would be
expected to boost the arrestin-to-receptor ratio in the cells and
thereby drive arrestin associations with the overactive recep-
tors to dampen down their activity. Taken together with the
signaling data, ubiquitination data and B-arrestin 2 interaction
data, these findings suggest that truncation of the GPR56-NT
results in constitutive receptor activation.
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FIGURE 3. B-arrestin 2 binds avidly to GPR56ANT and attenuates ANT-in-
duced cytotoxicity. A, HEK-293 cells were transfected with GPR56 or GPR56ANT
in the absence or presence of HA-B-arrestin 2 (HA-B-arr2). Immunoprecipitation
(IP) was performed with HA antibody coupled to agarose beads. Coimmunopre-
cipitation of GPR56 was detected by Western blotting (WB) with the anti-
GPR56-CT antibody. EV, empty vector. B, HEK-293 cells were transfected with
HA-B-arrestin 2 and either empty vector, GPR56, or GPR56ANT. Immunoprecipi-
tation was performed with the anti-GPR56-CT antibody and protein A/G agarose.
Coimmunoprecipitation of B-arrestin 2 was detected by Western blotting with
anti-HA antibody. C-K, wild-type GPR56 and GPR56ANT promote B-arrestin 2
cellular redistribution and perinuclear aggregation. B-Arrestin 2-GFP expressed
alone was distributed evenly throughout HEK-293 cells (C and E), but co-expres-
sion with GPR56 promoted translocation of B-arrestin 2 to the perinuclear region
where it colocalized with the receptor (H). Translocation of B-arrestin 2 to the
perinuclear region was even more dramatic upon coexpression with GPRS6ANT
(K). DAPI staining is shown in E, H, and K. These data are representative of four
independent experiments.
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FIGURE 4. B-arrestin 2 attenuates GPR56ANT-stimulated cytotoxicity.
Cytotoxicity induced by GPR56 or GPR56ANT expression in HEK-293 cells was
determined by lactate dehydrogenase secretion in the media at 72 h post-
transfection. A significant difference was observed between GPR56 and
GPR56ANT (**, p < 0.01; n = 6). Cotransfection of HA-B-arrestin 2 resulted in
a significant reduction in GPR56ANT-dependent cytotoxicity (¥, p < 0.03;n =
3), but had no effect on toxicity in cells transfected with the GPR56 wild type.
EV, empty vector.
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GPR56 Trans-Trans N-terminal Interactions Enhance Recep-
tor Signaling—If it is true that the GPR56-NT associates with
the 7TM region of the receptor to constrain receptor activity,
then GPR56 NT binding partners might conceivably alter the
conformation of the GPR56 NT to alleviate this inhibitory
influence on receptor signaling. In this regard, it is of interest to
note that the adhesion GPCRs Celsr2 and Celsr3 have been
reported to undergo homophilic N-terminal interactions in a
trans-trans fashion (e.g interactions of the same receptor type
on adjacent cells), with these interactions strongly influencing
receptor activity (23). It is not known if such trans-trans inter-
actions represent a general mechanism for controlling the
activity of adhesion GPCRs or if, instead, this mechanism is
unique to Celsr2/3. Because our data described above revealed
the importance of the GPR56 N terminus in controlling recep-
tor activity, we examined whether GPR56 might be capable of
trans-trans interactions via its N-terminal domain.

A FLAG-tagged GPR56-NT construct (lacking the seven-
transmembrane and intracellular domains) was created and
transfected into HEK-293 cells. A similar GPR56 NT construct
was also created, containing a c-myc tag in place of the FLAG
tag. Both FLAG- and Myc-GPR56-NT expressed well in cells
with only minimal amounts of the expressed GPR56 NT pro-
tein secreted into the medium (supplemental Fig. S1C). More-
over, cell surface luminometry experiments showed that the
secreted GPR56 NT was mainly found associated with the
extracellular face of the plasma membrane, explaining its
absence from the media (supplemental Fig. S1B). The GPR56
NT may be tethered to the cell membrane through interaction
with known GPR56-binding partners such as the matricellular
protein transglutaminase 2 and/or the transmembrane pro-
teins CD9 and CD81 (24, 25). To investigate GPR56 N-terminal
interactions, the two differentially tagged GPR56 NT con-
structs were separately transfected into HEK-293 cells, which
were cocultured for 24 h before coimmunoprecipitation exper-
iments were performed. As shown in Fig. 54, the two GPR56
NT proteins were found to robustly interact with each other
even though they were expressed in different sets of cells. Inter-
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FIGURE 5. GPR56 NT-NT interactions enhance GPR56-mediated signaling. A, coimmunoprecipitation (/P) between FLAG-GPR56-NT and Myc-GPR56-NT.
HEK-293 cells were separately transfected with FLAG-NT, empty vector (EV), Myc-NT, or Myc-NTA228-342. After 24 h, FLAG-NT transfected cells were cocul-
tured with empty vector- (first lane), Myc-NT- (second lane), or Myc-NTA228-342 (third lane)-transfected cells. The next day, cells were lysed, and immunopre-
cipitation was performed with protein A/G beads coupled to c-myc antibody, followed by Western blotting (WB) for FLAG-NT. B, HEK-293 cells transfected with
FLAG-NT (FL-NT) were cocultured with HEK-293 cells transfected with empty vector (first and third lanes), GPR56 wild-type (second lane), or GPR56ANT mutant
(fourth lane). After coculturing for 24 h, immunoprecipitation was performed with protein A/G beads coupled to GPR56-CT antibody, followed by Western
blotting for FLAG-NT. In parallel experiments, FLAG-NT-expressing cells were grown separately, harvested, and then mixed with lysates from cells transfected
with empty vector (fifth lane) or GPR56 wild-type (sixth lane) prior to immunoprecipitation with anti-GPR56-CT antibodies. The data shown are representative
of three to five independent experiments for the various conditions. C, schematic drawing of coculturing technique. HEK-293 cells were transfected with
HA-RhoA plus empty vector or GPR56 wild-type. These base cells were then cocultured for 24 h with cells expressing EV, GPR56, or FLAG-NT. The activity of
HA-Rho in the base cells was then measured and expressed as fold over EV/EV cells. D, quantification of active Rho in coculturing experiments. Also included
is the Western blot analysis of active and total Rho. A significant difference in GPR56-mediated RhoA activation was seen for base cells cocultured with cells

expressing GPR56 (*, p < 0.05; n = 3) and FLAG-NT (¥, p < 0.04;n = 3).

estingly, removal of the C-terminal third of the Myc-
GPR56-NT (114 amino acids removed) resulted in complete
abrogation of the interaction with FLAG-GPR56-NT, thereby
mapping the essential region for GPR56 NT-NT association as
between amino acids 228 and 342 (Fig. 5A, third lane).

Because we found that the N terminus of GPR56 could inter-
act with other GPR56 N termini, we further examined whether
such NT-NT interactions might occur in the context of the
full-length receptor. Cells expressing FLAG-GPR56-NT were
cocultured with cells expressing untagged full-length GPR56,
and potential GPR56 trans-trans interactions were examined
via a coimmunoprecipitation approach. As shown in Fig. 5B,
immunoprecipitation of the full-length GPR56 (from the base
cells in this experiment) using our GPR56-CT antibody
resulted in robust coimmunoprecipitation of the FLAG-
GPR56-NT from the cocultured cells. Interestingly, no coim-
munoprecipitation was observed between the GPR56 ANT
mutant and FLAG-GPR56-NT upon coculturing of cells trans-
fected with these two constructs (Fig. 5B, fourth lane), revealing
the importance of the N-terminal domain for GPR56 trans-
trans interactions. Additionally, no coimmunoprecipitation
was observed when GPR56- and FLAG-GPR56-NT-transfected
cells were cultured separately and then solubilized and mixed
together (Fig. 5B, last two lanes), demonstrating that the
NT-NT interactions are not artifacts of post-solubilization
aggregation. These data reveal that GPR56 is capable of trans-
trans interactions via its N-terminal domain.
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We next examined whether the GPR56 trans-trans interac-
tions that we observed in the coculturing experiments might
influence GPR56-mediated Rho activation. HEK-293 cells
transfected with either empty vector, full-length GPR56, or
FLAG-GPR56-NT were cocultured with base cells transfected
with either HA-Rho alone or HA-Rho/full-length GPR56,
and the activation state of HA-Rho in the base cells was assessed
(Fig. 5C). Coculturing with any of the differentially transfected
cells had no effect on the activity of HA-Rho in base cells trans-
fected with HA-Rho alone. However, in base cells transfected
with HA-Rho/full-length GPR56, coculturing with cells
expressing GPR56 or FLAG-GPR56-NT resulted in a signifi-
cant potentiation in GPR56-mediated HA-Rho activation in the
base cells (Fig. 5D). These data provide evidence that GPR56
trans-trans N-terminal interactions can enhance GPR56-medi-
ated Rho signaling.

DISCUSSION

GPR56 regulates the migration of neural precursor cells in
vitro (5) and in vivo (7, 26), but little is known about the mech-
anism of activation for GPR56. On the basis of our findings
here, we propose that removal of the GPR56 N terminus can
result in receptor activation. This idea is based on four lines of
evidence: 1) Transfection of cells with the GPR56 ANT mutant
results in significantly enhanced activation of Rho signaling rel-
ative to wild-type GPR56, 2) the ANT mutant is much more
heavily ubiquitinated than wild-type GPR56, 3) the ANT
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FIGURE 6. Schematic diagram of the proposed mechanism of activation for GPR56. A, the GPR56 NT is cleaved from the 7TM region of the receptor, but the
two halves of the receptor remain non-covalently associated, and the receptor is largely inactive. B, the GPR56 N terminus engages an adhesive ligand, possibly
another GPR56 N terminus, in a trans-trans fashion to induce receptor activation. GPR56-NT interactions with the adhesive ligand might physically disrupt NT
associations with the GPR56 7TM region or simply alter NT conformation to enhance the functional activity and G protein coupling (G) of the 7TM region.

mutant associates much more avidly than wild-type GPR56
with B-arrestins, which preferentially bind to active receptors,
and 4) expression of the ANT mutant is toxic for cells in a
manner that is rescued by coexpression of B-arrestins. All of
these phenomena (enhanced signaling activity, increased ubiq-
uitination, enhanced binding of B-arrestins, and toxicity to
cells) are characteristic of constitutively active GPCRs. Thus,
we propose that removal of the GPR56 N terminus results in
greatly enhanced constitutive signaling activity of the receptor.

N-terminal truncations do not typically result in constitutive
activation of GPCRs. For example, truncations to the N termini
of B,-adrenergic (27), a;p-adrenergic (28), CB1 cannabinoid
(29), GPR37 orphan (30), or u opioid (31) receptors can cause
alterations in receptor trafficking and/or ligand binding prop-
erties but do not result in constitutive receptor activation. The
only GPCRs that are known to be activated by N-terminal
removal are the four members of the protease-activated recep-
tor family (32) and the thyrotropin receptor (33, 34). Protease-
activated receptor and thyrotropin receptor cleavage by extra-
cellular proteases is believed to be a key step in the natural
mechanism of activation for these receptors. Similarly, we pro-
pose that relief of the inhibitory influence of the GPR56 NT on
the signaling activity of the receptor may be a key step in the
mechanism of activation for GPR56. Because GPS domain
cleavage is believed to be autoproteolytic (4), GPR56 does not
require the action of an exogenous protease to achieve separa-
tion of its N-terminal region from the rest of the receptor. How-
ever, the two halves of GPR56 remain non-covalently associ-
ated for some period of time following GPS domain cleavage,
and our data suggest that this association constrains the signal-
ing activity of the 7T M region of the receptor. We propose that
interaction of the GPR56 NT with an extracellular ligand
results in either the release of the GPR56 NT from the 7TM
region or a conformational change in the GPR56 NT that
relieves the inhibitory influence of the GPR56 NT and thereby
allows for receptor activation (Fig. 6).

If GPR56 is activated by extracellular interactions that either
remove the NT or alter its conformation, then it is clearly a
point of major interest to identify the extracellular ligand(s) of
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the receptor. GPR56 has been shown to associate via its N-ter-
minal region with the extracellular matrix protein transglu-
taminase 2 (24) and also shown to form complexes with the
tetraspanins CD9 and CD81 via undetermined domains (25),
but these associations have not been shown to have any effect
on receptor activity. The only protein that is known to enhance
GPR56-mediated signaling is an anti-GPR56 antibody that
binds to the N terminus of the receptor (5). Similarly, N-termi-
nal antibodies have been shown to activate the adhesion GPCR
EMR?2 (35), and an N-terminal-binding toxin (latrotoxin) has
been shown to activate the adhesion GPCR latrophilin 1 (36).
Despite the artificial nature of these antibody and toxin treat-
ments, these studies are of significant interest in that they reveal
the importance of N-terminal binding partners for receptor
activation. A less artificial example of N-terminal engagement
leading to adhesion GPCR activation comes from work on
Celsr2 and Celsr3, which have been shown to be activated via
homophilic N-terminal interactions in a trans-trans fashion
(23). Similarly, Flamingo, the Celsr homolog in Drosophila, has
been shown to undergo homophilic trans-trans interactions
that are critical for the development of planar cell polarity (37,
38). In our studies, we found that the N terminus of GPR56 is
capable of homophilic trans-trans interactions and that these
associations promote receptor activation. It remains to be
determined whether these GPR56/GPR56 associations truly
activate the receptor or simply make the receptor permissive
for signaling (for example, by creating a binding site for an as-
yet-unidentified ligand). It also remains to be determined
whether NT-NT interactions are a common feature for other
members of the adhesion GPCR family beyond Celsr2/3 and
GPR56.

In summary, we have found that removal of the GPR56 N
terminus results in constitutive activation of receptor signaling.
This observation may be relevant to the natural mechanism of
GPR56 activation. If migrating cells that express GPR56
encounter other cells presenting a ligand that binds to the
GPR56 NT, this could either dislodge the GPR56 NT from the
7TM region of the receptor or at least alter the conformation of
the GPR56 NT to remove its inhibitory influence on receptor
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signaling. In this way, GPR56 could be activated to stimulate
Rho signaling, thereby inducing actin cytoskeleton remodeling
and the inhibition of cellular migration. Furthermore, our data
reveal that the GPR56 N terminus is capable of homophilic
trans-trans interactions that enhance receptor activity. Taken
together, these findings shed light on the regulation of GPR56
signaling activity and may also provide general insights con-
cerning the activation mechanisms for other members of the
adhesion GPCR family.
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