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GPR56 is a member of the adhesion G protein-coupled receptor (GPCR) and is highly expressed in
parts of tumor cells. The involvement of GPR56 in tumorigenesis has been reported. We generated agonistic
monoclonal antibodies against human GPR56 and analyzed the action and signaling pathway of GPRS56. The
antibodies inhibited cell migration through the Gq and Rho pathway in human glioma U87-MG cells. Co-
immunoprecipitation analysis indicated that the interaction between the GPR56 extracellular domain and
transmembrane domain was potentiated by agonistic antibodies. These results demonstrated that functional
antibodies are invaluable tools for GPCR research and should open a new avenue for therapeutic treatment

of tumors.
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G protein-coupled receptor (GPCR) research and under-
standing of the activation mechanism are important for the
development of new drugs because more than 30% of drugs
used today target GPCRs."” GPR56 belongs to the adhesion
GPCR class, which has a long extracellular domain (ECD)
and a cleaved site named the GPCR proteolytic site (GPS) up-
stream of transmembrane domain (TM). The cleavage occurs
auto-catalytically and is necessary for maturation and activa-
tion of adhesion GPCRs.? Although the cleaved ECD interacts
with the TM, the physiological role of this interaction remains
unclear.®™

The ligands against most adhesion GPCRs are unknown.
Therefore, research of this family has not progressed well. It
has been reported that transglutaminase 2 (TG2),® CDS81,”
and collagen TT1¥ are the interactors of GPR56. Collagen III
has been shown to inhibit the cell migration of neural progeni-
tor cells.”

Mutations of GPR56 have been found in the patients of
bilateral frontoparietal polymicrogyria (BFPP), a genetic dis-
order affecting brain development.” According to our previ-
ous research, mouse GPR56 activates the GI12/13 and Rho
pathway, and this signaling inhibits the neural progenitor
cell migration.!” This result is coincident with the phenotype
of the GPR56 knockout mouse, which causes neuronal cell
overmigration.'” Moreover, we found that the polyclonal anti-
body against GPR56 potentiated the Rho pathway and induced
cell migration inhibition in mouse neural progenitor cells.'”
Recently, some reports indicated that GPR56 contributes to
tumorigenesis.'>'¥ Therefore, GPR56 is focused on as a target
for anti-cancer drugs. In this research, we generated func-
tional or non-functional monoclonal antibodies against human
GPR56 and analyzed the action and signal transduction of
GPR56 in human glioma U87-MG cells.
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MATERIALS AND METHODS

Cell Culture and Transfection HEK?293T cells and
UB7-MG cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, 100units/mL
penicillin, and 100 ug/mL streptomycin at 37°C and 5% CO,.
Plasmid DNAs were transfected into HEK293T cells using
the calcium phosphate method, and small interfering RNA
(siRNA) was transfected into U87-MG cells using the Lipo-
fectamine™ 2000 transfection reagent (Invitrogen, U.S.A.).

Recombinant Human GPRS56ECD Protein Human
GPRS6ECD was produced using a baculovirus-Sf9 expres-
sion system and purified with ion exchange chromatography
and affinity chromatography for His-tagged proteins as de-
scribed previously.'” Briefly, a pFast-Bac-1 vector containing
GPRS56ECD was introduced into DH10Bac. The recombinant
bacmid was prepared to transfect into Sf9 cells. Recombi-
nant baculovirus-infected Sf9 cells were cultured for 72h,
and the supernatant of the culture medium was applied to
SP-Sepharose FF column chromatography. An elution with
50mm sodium phosphate buffer, pH 8.0, containing 500 mm
NaCl, and 10mwm imidazole was collected and used for nickel-
NTA-agarose (Quiagen, U.S.A.). GPRS6ECD was eluted with
400mwm imidazole and dialyzed with phosphate-buffered sa-
line (PBS).

Monoclonal Antibodies BALB/c mice were immu-
nized with five injections of 16.5u4g human GPRS6ECD
(hGPRS6ECD) recombinant protein into the footpad for 7
weeks. The popliteal lymph node cells were fused with mouse
PAI myeloma cells by a polyethylene glycol method. Two hun-
dred and fifty-six hybridomas were selected by enzyme-linked
immunosorbent assay (ELISA) and expanded. An ELISA
plate was prepared by coating with 1ug/mL hGPRS6ECD in
a 50mwm carbonate buffer, pH 9.5. Monoclonal antibodies were
purified by Protein-G Sepharose (GE Healthcare, U.S.A.) from
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conditioned media of hybridomas with a CD hybridoma me-
dium (Invitrogen).

Migration Assay Four hundred thousand U87-MG cells
were placed on an 8-um-pore-size Transwell (BD Biosciences,
U.S.A)) together with antibodies and incubated for 4h. Cells
on the top side of the filters were removed using a cotton bud,
and the filters were fixed and stained with Diff-Quik (Sysmex,
Japan). The number of stained cells on the bottom surface of
the filters was counted.

Intracellular Calcium Assay Intracellular calcium mo-
bilization was measured using the fluorescent Ca®* indicator
Fura-2 acetoxymethyl ester (Fura-2/AM) (Dojin Kagaku,
Japan). Briefly, U87-MG cells were washed and detached in a
suspension buffer (20mm N-(2-hydroxyethyl)piperazine-N'-2-
ethanesulfonic acid—sodium hydroxide (HEPES—-NaOH) (pH
7.5), 140mm NaCl, 5.4mm KCl, 1.8mm CaCl,, 0.8mm MgCl,,
and 5.6mm glucose). The suspended cells were loaded with
2um Fura-2/AM for 30min at 30°C and then washed with
a suspension buffer to remove the extracellular dye. For the
fluorimetric measurement, 2X10° cells were placed into a cu-
vette in a thermostatically controlled cell holder at 37°C with
continuous stirring. The cells were stimulated with 1 um endo-
thelin-1 or 10 ug/mL anti-GPR56 antibodies. Fluorescence was
monitored using an F-2000 fluorescence spectrophotometer
(Hitachi, Japan) with emission at 510nm after excitation at
340 and 380nm.

Immunoblotting Cells were lysed with a lysis buffer
(20mm HEPES-NaOH (pH 7.5), 0.5% NP-40, 1mwm ethyl-
ene glycol bis(2-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
(EGTA), 3mm MgCl,, 150mm NaCl, I mm phenylmethylsul-
fonyl fluoride (PMSF), and 1ug/mL leupeptin). Samples in a
Laemmli buffer were separated using sodium dodecyl sulfate
(SDS)-polyacrylamide gels. The separated proteins were trans-
ferred to polyvinylidene difluoride membranes. After blocking
for more than 30min in 5% skim-milk PBST (8 mm Na,HPO,,
1.5mm KH,PO,, 150mm NaCl, 0.1% Tween 20), membranes
were probed for 1h with primary antibodies in 5% skim-milk
PBST. The membranes were then washed three times with
PBST and incubated with secondary antibodies coupled to
horseradish peroxidase. Immunoblotting was visualized by
using an enhanced chemiluminescence Western blotting de-
tection kit (GE Healthcare).

Immunoprecipitation HEK293T cells were transfected
with plasmids harboring human GPR56 cDNA. After 48h,
cells were collected, and lysates were prepared with a lysis
buffer. Cell lysates were used for immunoprecipitation with
1ug of anti-hGPRS6ECD antibodies (18F2, 4C3, and 17CC)
or control mouse immunoglobulin G (IgG) and protein-G Sep-
harose (GE Healthcare) for 1.5h at 4°C. Beads were washed
with a lysis buffer six times, and immunoprecipitated proteins
were eluted with a Laemmli buffer. Eluted proteins were not
boiled; they were analyzed by immunoblotting with a GPR56
C-terminal (TM) antibody. This antibody was generated by
injection of the mouse GPR56 C-terminal synthetic peptide
(KNNSDSAKLPISSGSTSSSRI) conjugated to keyhole limpet
hemocyanin (KLH) as an antigen into rabbits.'” The antibody
was affinity purified using the peptide-coupled NHS-activated
Sepharose 4 Fast Flow (GE Healthcare).
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RESULTS

Functional Antibodies against Human GPRS56 Were
Generated Previously, we found that the polyclonal rab-
bit antibody against mouse GPRS6ECD acts as an agonistic
ligand.'” To obtain the functional monoclonal antibodies
against human GPR56, we immunized mice with the recom-
binant protein of human GPRS56ECD derived from baculo-
virus-infected Sf9 insect cells. We obtained 256 clones of
hybridomas detected by ELISA screening. Among them, we
selected 10 clones as the hybridomas producing the high-titer
antibodies. Next, we tried to test the function of these mono-
clonal antibodies. It has been reported that human U87-MG
glioma cells highly express GPR56."Y We investigated the
effect of antibodies on cell migration. Control mouse IgG
has no inhibitory effect on the migration of human U87-MG
cells (data not shown). This result coincided with the previous
results indicating that rabbit control polyclonal antibody did
not show any effect on the neuronal progenitor cell migration
and SRE-mediated transcriptional activity.'” Although several
monoclonal antibodies against mouse GPRS6ECD also had no
effect on the U87-MG cell migration, three antibodies, 17CC,
4C3, and 11E9, strongly inhibited the motility of U87-MG
cells (Fig. 1A). To confirm that the inhibition by these anti-
bodies is mediated through GPR56, we performed the migra-
tion assay using a GPRS6ECD recombinant protein (Fig. 1B).
The recombinant protein completely blocked the inhibitory
effect of 17CC and 4C3 on U87-MG cell migration. In addi-
tion, a knockdown experiment was performed with siRNA
against human GPR56 (sihGPR56) (Figs. 1C, D). Anti-GPR56
antibody-induced inhibition was canceled by sihGPR56, and
the knockdown of GPR56 did not affect cell migration. These
results clearly indicate that these monoclonal antibodies have
an inhibitory effect on glioma cell migration by binding to
GPRS56ECD.

Agonistic Antibodies Inhibit U87-MG Cell Migration
via Gq and Rho Activation Previous research reported
that CD81 forms a complex of human GPR56 with Gq, but it
did not show the Gg-mediated cellular response induced by
GPR56.” On the other hand, we showed that mouse GPR56
regulates cell migration via a G12/13 and Rho pathway.'”
Therefore, to investigate whether human GPRS56 couples to Gq
in U87-MG cells, we used YM-254890, a specific inhibitor of
Gq."” Although YM-254890 alone did not affect cell migra-
tion, anti-GPR56 antibody-induced inhibition was canceled
by treatment with YM-254890 (Fig. 2A). This result suggests
that GPR56 in U87-MG cells is coupled with Gq, which is in-
volved in cell migration inhibition.

In previous research of mouse neuronal progenitor cells, we
indicated that Rho activation is involved in GPR56-induced
action.!” To examine whether the Rho pathway contributes to
the inhibition of human glioma cell migration, we performed
a migration assay using a Rho kinase inhibitor Y27632 (Fig.
3). Treatment with Y27632 canceled the inhibitory effect of
agonistic antibodies, as with YM-254890. These results sug-
gested that GPR56 may activate the Rho pathway via Gq in
U87-MG cells.

Agonistic Antibodies Induce Calcium Response Next,
we measured the intracellular calcium response induced by
the antibodies (Fig. 2B). Endothelin-1, whose receptor is cou-
pled with Gq, was used as a positive control. The functional
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Fig. 1. Inhibitory Effects of Antibodies against Human GPRS6ECD on U87-MG Cell Migration

(A) U87-MG cells in a Boyden chamber were treated with antibodies against GPRS6ECD. The concentration of 17CC antibody was 10ug/mL, and others were 30 ug/
mL. The numbers of migrated cells on the lower surface of the filter were counted 4h after antibody treatments and were normalized to PBS treatment. The data from
three experiments are the mean*standard deviation (S.D.). (B) The competitive effect of recombinant antigen protein. Ten micrograms/milliliter 17CC antibody or 30 ug/
mL 4C3 antibody was pre-incubated with or without 10 ug/mL hGPRS6ECD recombinant protein and used for a cell migration assay. The data from three experiments are
the mean*S.D. ***p<<0.01, Student’s #-test. (C) The effect of GPR56 knockdown on the antibody-induced inhibition of cell migration. The migration assay with a 17CC or
4C3 antibody was performed 2d after transfection of siRNA against luciferase (siLuc) or human GPR56 (sihGPRS56). The data from three experiments are the mean*S.D.
*** p<0.01, Student’s ¢-test. (D) Immunoblotting of GPR56 using the GPR56 C-terminal (TM) antibody. The expression of endogenous GPR56 in U87-MG cells was de-
creased by sihGPR56.

antibodies, 4C3, 11E9, and 17CC, induced a calcium response, Moreover, these calcium responses were canceled by treatment
whereas the non-functional antibodies, 2F6 and 18F2, did not with YM-254890. These results indicated that the functional
show any calcium response as same as control mouse IgG. antibodies against hGPR56 induced Gq activation in human
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Fig. 2. Agonistic Antibodies Inhibited U87-MG Cell Migration via Gq

(A) The Gq inhibitor YM-254890 attenuated the inhibitory effect of agonistic antibodies on the migration. One micromolar YM-254890 was used for a U87-MG cell
migration assay. The data from three experiments are the mean=S.D. *** p<<0.01, Student’s t-test. (B) Agonistic antibodies induced Gq-mediated Ca*>* responses. Calcium
response by antibodies was measured in U87-MG cells using fluorometric Ca?* indicator Fura-2. Two micromolar endothelin-1 was used as the positive control. The
concentration of each antibody was 10 zg/mL. One micromolar YM-254890 was added just before Ca’>" measurement. Data are representative of at least three separate
experiments.
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Fig. 3. Rho Kinase Inhibitor Y27632 Canceled the Effect of Agonistic
Antibodies on the Migration

One micromolar Y27632 was added to the cell culture medium. S.D. of the mean
is shown as a bar. (n=3) ***p<0.01, Student’s ¢-test.
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Fig. 4. Interaction between Human GPR56ECD and TM

(A) HEK293T cells were transfected with human GPR56 (hGPR56). GPR56 in
cell lysate shown as input hGPR56 of left photograph was immunoprecipitated with
the antibodies against hGPRS6ECD (18F2, 4C3, and 11E9). Mouse IgG (Control)
was used as a negative control. The precipitated ECD and co-precipitated trans-
membrane (TM) domains were detected by the antibodies against hGPRS6ECD
(2F6) and hGPR56-TM domains, respectively. (B) Quantitative analysis of interac-
tion between human GPR56ECD and TM. Vertical axis means the precipitated TM
amount with anti-hGPRS6ECD antibodies. Three independent experiments were
performed. S.D. of the mean is shown as a bar.

glioma U89-MG cells.

Agonistic Antibodies Promote Interaction between ECD
and TM Adhesion GPCRs have a long ECD containing a
GPS domain, which was cleaved from the TM. It was reported
that the GPRS6ECD may have an inhibitory effect on GPR56
signaling.'® Therefore, there was one possibility that agonistic
antibodies weaken the interaction between the ECD and TM.
To investigate this possibility, we performed immunoprecipita-
tion experiments using agonistic or non-functional antibodies.
On the contrary, agonistic antibodies, 4C3 and 11E9, markedly
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potentiated the interaction between the ECD and TM (Fig. 4).
It is suggested that an agonistic antibody induces the confor-
mation change of GPRS6ECD to promote interaction with the
TM.

DISCUSSION

Orphan GPCR research has not progressed well, because
ligand screening and hunting is time-consuming and labori-
ous. Some agonistic antibodies against GPCRs have been
reported. The antibody against the f-adrenergic receptor in-
creased the stabilization of the receptor activating form,'” and
adrenergic or cholinergic autoantibody activity may be present
in the sera of patients with chronic heart failure.'® It is well
known that the autoantibody against the thyroid-stimulating
hormone receptor (TSHR) causes Basedow’s disease.'” In a
previous study, we showed that the rabbit polyclonal antibody
against mouse GPRS6ECD inhibited the migration of neuro-
nal progenitor cells via a G12/13 and Rho pathway.'” In this
study, the monoclonal antibodies against human GPR56 can
act as an agonist to induce cellular responses. Taken together
with previous experiments, the monoclonal antibodies against
GPCRs can be useful tools for investigating the function of
orphan GPCRs.

In this research using the functional antibodies, we first
showed direct evidence that human GPRS56 regulates cell
migration via Gq. It was reported that human GPR56 forms a
complex with Gq in the presence of CD81.” However, in that
report, there was no evidence that human GPRS56 activates
Gq.” We generated monoclonal antibodies against human
GPR56, and we obtained agonistic antibodies 4C3, 11E9, and
17CC. These antibodies induced the calcium response and
inhibited U87-MG cell migration, and a Gq-specific inhibitor,
YM-254890, canceled these effects of antibodies. Moreover,
a Rho kinase inhibitor, Y27632, also canceled the inhibi-
tory effect of antibodies on the migration. Generally, it is well
known that Gq induces a calcium response via phospholipase
Cp activation. Recently, it was found that Gq interacts with
p63RhoGEF and activates Rho and the Rho kinase.’” Our
results indicated that human GPR56 couples with Gq, and
GPR56 signaling regulates cell migration via the Rho kinase
in U87-MG cells. The result that Gq coupled with GPR56
in U87-MG cells is inconsistent with our previous result
in mouse neuronal progenitor cells. It is known that some
GPCRs are able to couple with distinct G proteins. For ex-
ample, the SI1P receptor couples with both G12/13 and Gq and
induces inhibition of migration in vascular smooth muscles in
a manner dependent on Rho.? GPR56 also might be coupled
with Gq and G12/13 in U87-MG cells. It is possible that the
coupling of the G protein with GPR56 may vary according
to cell types and/or dependent on the presence of a coupling
protein, such as CD81. However, in human glioma U87-MG
cells and mouse neuronal progenitor cells, it is common for
GPR56 signaling to inhibit cell migration via the Rho path-
way. Activated Rho promotes the actin stress fiber formation
and the cell attachment.?” It was reported that the Rho and/
or Rho kinase are involved in the cell migration inhibition
of macrophage,” B-cell lymphoma?? and vascular smooth
muscle.? The cell migration is controlled by the accurate spa-
tiotemporal regulation of the actin cytoskeleton in the balance
of Rho and Rac activities.
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The physiological significance and action of the ECD of the
adhesion GPCR on receptor activation are not clear. It was
thought that the ECD interacts with the 7 transmembrane at
the cell surface after cleavage. In the case of TSHR, which
is a member of the rhodopsin family of GPCR, it has been
suggested that the ECD inhibits TM signaling."” Recently,
the study using a deletion mutant suggested that the ECD of
GPR56 might inhibit TM signaling.'® In the recent report,
the ECD of Latrophilin 1, which is also a member of the ad-
hesion GPCR class, can move freely at the cell surface and
influence other GPCR signaling.?® In our immunoprecipita-
tion experiment using agonistic and non-functional antibodies,
the TM domain was preferentially precipitated by agonistic
antibodies 4C3 and 11E9, as compared to the non-functional
antibody 18F2. This result suggested that agonistic antibody
might enhance the interaction between the ECD and TM more
tightly to stimulate intracellular signaling. It was reported that
an ECD-deleted mutant of GPR56 shows higher activity.'?
However, that report did not show direct evidence that the
ECD inhibits GPCR signaling. Therefore, we first showed the
agonist-dependent interaction of the ECD and TM domains by
biochemical analysis. Epitope mapping analysis using several
monoclonal antibodies and deleted- or mutated-GPR56 is in
progress. It will be very interesting to determine the complex
structure of the monoclonal antibody and GPRS56ECD by
X-ray crystal structure analysis.

Classically, one GPCR is activated after ligand binding and
induces a guanosine 5'-diphosphate/guanosine 5'-triphosphate
(GDP/GTP) exchange of Ga. Recently, however, some research
indicates that the GPCR activation mechanism is more com-
plicated, including GPCR heterodimerization and the interac-
tion of other lipid proteins.”® Our research shows the possibil-
ity that an antibody is a very useful tool for orphan receptor
research to analyze the function and activation mechanism. It
means that the antibody is not only the substitute for the real
ligand but also makes it possible to discover the activation
mechanism. Furthermore, functional antibodies are invaluable
tools for GPCR research and should open a new avenue for
therapeutic treatment of tumors.
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