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The survival and growth of tumor cells in a foreign environment is
considered a rate-limiting step during metastasis. To identify genes
that may be essential for this process, we isolated highly metastatic
variants from a poorly metastatic human melanoma cell line and
performed expression analyses of metastases and primary tumors
from these cells. GPR56 is among the genes markedly down-
regulated in the metastatic variants. We show that overexpression
of GPR56 suppresses tumor growth and metastasis, whereas re-
duced expression of GPR56 enhances tumor progression. Levels of
GPR56 do not correlate with growth rate in vitro, suggesting that
GPR56 may mediate growth suppression by interaction with a
component in the tumor microenvironment in vivo. We show that
GPR56 binds specifically to tissue transglutaminase, TG2, a wide-
spread component of tissue and tumor stroma previously impli-
cated as an inhibitor of tumor progression. We discuss the mech-
anisms whereby GPR56-TG2 interactions may suppress tumor
growth and metastasis.

tumor microenvironment � extracellular matrix

Metastasis is the main cause of death in cancer patients and
is generally considered to be a multistep process (1): (i)

cells detach from their neighboring cells in the primary tumor;
(ii) some of the detached cells enter the circulation via blood
vessels or lymphatics (intravasation); (iii) a fraction of the cells
in the circulation arrest and transmigrate through blood vessels
or lymphatics and invade into a distant tissue or organ (extrav-
asation); (iv) some of the invading cells survive and proliferate
in the new environment as metastases. To produce any clinically
relevant metastases, a tumor cell must complete all these steps.

Abundant clinical and experimental data suggest that the
survival and growth step (step iv) is a rate-limiting step during
metastasis (1, 2). Frequently, tumor cells are able to enter the
circulation and settle in many organs but are not able to
proliferate or are only able to proliferate in certain organs.
Experimental metastasis assays have been developed to study
these steps of metastasis. In these assays, a pool of poorly
metastatic tumor cells is injected into the circulation of immu-
nodeficient mice and gives rise to metastases at low frequency.
Cells in these rare metastases can be selected from the original
pool as variants which, through genetic or epigenetic changes,
have gained the ability to invade, survive, and grow in a foreign
environment. When these cells are isolated and amplified in
vitro, they largely maintain their enhanced metastatic potential.
Genes involved in metastasis can then be identified by compar-
ing the gene expression profiles between the highly metastatic
variants and the poorly metastatic pool through microarray
analyses. With this method, RhoC has previously been discov-
ered to play important roles during melanoma metastasis to lung
(3), and a five-gene signature has been discovered to be essential
for breast cancer metastasis to bone (4).

In this article, we report that a member of a newly described
family of G protein-coupled receptors (GPCRs), GPR56, con-
tributes to suppression of melanoma metastasis and tumor
growth. This suppression is not cell-autonomous, because cells

with altered levels of GPR56 grow at similar rates in vitro.
Therefore, GPR56 may interact with a factor in the tissue or
tumor microenvironment to suppress metastases and tumor
growth. Indeed, using biochemical methods, we identified a
ubiquitously expressed extracellular matrix protein, transglu-
taminase (TG)2, as a ligand of GPR56, which may cooperate in
the suppressive role of GPR56.

Results
GPR56 Is Down-Regulated in Tumors Derived from Highly Metastatic
Melanoma Cell Lines. Several highly metastatic melanoma cell
lines were derived from pools of poorly metastatic cells
(A375eco) by using the experimental metastasis assay (for
details see Supporting Materials and Methods and Fig. 5A, which
are published as supporting information on the PNAS web site).
When 2 � 105 cells from each cell line were injected intrave-
nously into immunodeficient mice, the derived MA and MC cell
lines produced more lung metastases than did the parental line
at 1 month after injection (Fig. 5B), indicating that the selected
variants were progressively more metastatic. Expression levels of
genes in tumors derived from the highly metastatic variants and
the poorly metastatic parental line were compared by using
Affymetrix arrays and DCHIP software (5). In parallel, we also
compared the expression profiles between a previously described
highly metastatic melanoma variant (SM cells) and its parental
line (6) (Fig. 5A). GPR56 was among the genes that were
significantly down-regulated in samples from all of the highly
metastatic cells (Fig. 5C). Consistent with this finding, GPR56
mRNA has been reported to be reduced in several highly
metastatic melanoma cell lines compared with poorly metastatic
cells in vitro (7).

We confirmed by real-time PCR that GPR56 mRNA was
down-regulated in the tumors from highly metastatic cells
(ranging from �1.9- to �55.1-fold among different tumor
samples). To examine whether GPR56 is also down-regulated at
the protein level in tumor samples from highly metastatic cells,
we generated peptide antibodies against the C terminus of
GPR56 (denoted anti-GPRC). This antibody specifically recog-
nized a band of �25 kDa in total lysates from cells expressing
GPR56 (Fig. 6A, which is published as supporting information
on the PNAS web site). This �25-kDa band is much smaller than
the predicted molecular mass of unglycosylated protein (�76
kDa), suggesting that the protein might be processed upon
maturation. In support of this suggestion, the �25-kDa protein
also appeared as the predominant band when the total lysates

Conflict of interest statement: No conflicts declared.

Freely available online through the PNAS open access option.

Abbreviations: GPCR, G protein-coupled receptor; RNAi, RNA interference; TG, transglu-
taminase.

*Present address: Department of Chemistry and Chemical Biology, Harvard University,
12 Oxford Street, Cambridge, MA 02138.

†To whom correspondence should be addressed. E-mail: rohynes@mit.edu.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0602681103 PNAS � June 13, 2006 � vol. 103 � no. 24 � 9023–9028

CE
LL

BI
O

LO
G

Y



from cells expressing HA-tagged GPR56 were probed with
anti-HA antibody (Fig. 6B). We also generated antibodies
against a peptide at the N terminus of GPR56 (denoted anti-
GPRN). This antibody specifically recognized a group of bands
between 60 and 65 kDa in the total lysate of GPR56-expressing
cells that were not detected by the anti-GPRC antibody (Fig.
6A), suggesting that the N terminus and C terminus of GPR56
are separated.

GPR56 belongs to a newly described family of GPCRs.
Members of this family all contain a conserved proteolytic
cleavage domain [GPS (GPCR proteolytic site)] (8). Many of
them have been shown to be cleaved at this site upon maturation,
and the cleavage was suggested to be essential for the cell-surface
localization of the mature receptors (9). Our data strongly
suggest that GPR56 is also cleaved and functions as a two-
subunit receptor upon maturation. The two cleaved fragments

were found to associate with each other, because the antibody
against either one could specifically immunoprecipitate the
other from the radioimmunoprecipitation assay (RIPA) lysate of

Fig. 1. GPR56 is down-regulated in tumors from metastatic variants, and its
reexpression suppresses tumor growth and metastasis in MC-1 cells. (A) Ex-
pression of GPR56 was examined by immunoblotting lysates of tumors from all
of the cell lines by using anti-GPRC antibody. GAPDH was used as a loading
control. GPR56 protein levels were reduced in both s.c. tumors and lung
metastases derived from highly metastatic melanoma cells as compared with
s.c. tumors of the poorly metastatic parental line (P). (B) GPR56 was expressed
in MC-1 cells as determined by anti-GPR56 antibody on a Western blot. (C)
Experimental metastasis assays of MC-1 cells with empty vector (pMIG) or
expressing GPR56 (GPR) or FLAG-tagged GPR56 (GPRFL). Cells (5 � 105) were
injected intravenously, and lung metastases were counted 2 months later.
MC-1(pMIG-GPR) or MC-1(pMIG-GPRFL) cells produced significantly fewer
metastases (two independent experiments). *, P � 0.05. (D) MC-1 cells ex-
pressing high levels of GPR56 also show significantly reduced primary tumor
growth. Weights of s.c. tumors from MC-1(pMIG-GPR) or MC-1(pMIG) cells are
shown. *, P � 0.05.

Fig. 2. Reduction of GPR56 by RNAi promotes tumor growth and metastasis.
(A) Reduction of GPR56 resulted in increased s.c. tumor growth in vivo.
Weights of s.c. tumors from A375-RNAi cells are shown. Box plots of A375-
RNAi cells with significant reduction of GPR56 protein (see Fig. 8) are shaded.
Statistical significance is shown for all of these A375-RNAi lines versus controls.
(B) Reduction of GPR56 resulted in an enhancement of metastasis in vivo as
shown by experimental metastasis assays. A375eco-RNAi cells (5 � 105) or
controls were injected intravenously into immunodeficient nude mice (Upper)
and nonobese diabetic severe combined immunodeficient (NOD-SCID) mice
(Lower). Lung metastases were counted 2 months later. Box plots of A375eco-
RNAi cells with significant reduction of GPR56 protein (see Fig. 8) are shaded.
Statistical significance is shown for all of these A375-RNAi lines versus controls.
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GPR56-overexpressing cells (Fig. 6C). This association does not
appear to be via covalent linkage by disulfide bonds, because the
two fragments can be separated on an SDS�polyacrylamide gel
in the absence of DTT (Fig. 6B). By using the anti-GPRC
antibody we generated, GPR56 was confirmed to be down-
regulated at the protein level in tumors derived from highly
metastatic cell lines (Fig. 1A).

Expression of GPR56 Is Sufficient to Suppress Metastasis and Tumor
Growth in MC-1 Cells. To investigate whether expression of GPR56
in metastatic cells suppresses metastasis, we expressed GPR56 in
MC-1 cells (Fig. 1B). Expression of GPR56 does not affect MC-1
cell proliferation in vitro (Fig. 7 which is published as supporting
information on the PNAS web site), however, results from two
independent experiments showed that the cells with ectopically
expressed GPR56 [MC-1(pMIG-GPR)] resulted in significantly
fewer lung metastases when tested by tail-vein injection assays
(Fig. 1C). This reduction may be due, at least in part, to reduction
of metastatic tumor growth, because MC-1(pMIG-GPR) cells
grew significantly more slowly when injected s.c. (Fig. 1D). In
similar experiments, overexpression of GPR56 in highly meta-
static SM cells also reduced their metastasis (data not shown).
These results suggest that overexpression of GPR56 suppresses
both tumor growth and metastasis. This suppression must in-
volve a factor in the microenvironment in vivo, because high
levels of GPR56 do not affect cell proliferation in vitro.

Reduction of GPR56 Enhances Tumor Growth and Metastasis in
A375eco Cells. We next examined whether reduction of GPR56 is
sufficient to enhance metastasis in poorly metastatic cells. We
selected several sequences in human GPR56 cDNA and ex-
pressed them from a retroviral vector as short hairpin RNAs
(shRNAs). Several of these shRNAs (74, 20G, 22, 24, 25), when
expressed in A375eco cells [A375-RNAi (RNA interference)],
suppressed the expression of GPR56 significantly (Fig. 8A, which
is published as supporting information on the PNAS web site).
shRNAs targeting GFP (siGFP), firefly luciferase (GL2), and
renilla luciferase (RL) were used as controls. We also included
as controls vector only and two shRNAs (46 and 21) that contain
GPR56 sequences but have no suppressing effects. A375eco cells
with reduced levels of GPR56 grow slightly faster than the
controls in vitro, but there is also some variation in the growth
rate among the control RNAi lines (Fig. 8B). When these cells
were injected s.c. into immunodeficient mice, the A375-RNAi
cells grew faster than the controls (Fig. 2A). This increase of
growth cannot be attributed entirely to the increase of growth in
vitro, because some A375-RNAi lines (22 and 24) grew at similar
rates as the controls (siGFP and GL2) in vitro, but they grew
faster as tumors in vivo. When these cells were injected intra-
venously into immunodeficient mice, there was a statistically
significant increase in the number of metastases from the
A375-RNAi cells as compared with controls (Fig. 2B). These
data suggest that down-regulation of GPR56 leads to enhanced
tumor growth and metastasis. Consistent with the overexpres-
sion data, this enhancement of tumor growth and metastasis may
also reflect an influence of the microenvironment in vivo.

N Terminus of GPR56 Binds to TG2. The above results suggest that
a factor in the tumor microenvironment may cooperate with
GPR56 to suppress tumor growth and metastasis. We speculated
that this factor might be an extracellular binding partner or a
ligand of GPR56. To search for such a ligand, we fused the
portion of GPR56 N terminus that is predicted to be cleaved at
the GPS motif to human IgG Fc fragment and expressed it in
MC-1 cells as FcGPRN. FcGPRN was purified from the super-
natant of expressing cells and used as a probe for the potential
ligand of GPR56. On frozen sections from several tissues,
including lung, FcGPRN bound in a pattern characteristic of

extracellular matrix (Fig. 3A), suggesting that the ligand of
GPR56 may be an extracellular matrix protein. Because extra-
cellular matrix proteins tend to be insoluble in mild detergents,

Fig. 3. Identification of TG2 as a candidate GPR56-binding protein. (A) The N
terminus of GPR56 that was fused to human Fc fragment (FcGPRN) recognizes
extracellular matrix on tissue and tumor sections by immunohistochemistry. Blue,
DAPI; green, FcGPRN. (B) FcGPRN recognized a band of �80 kDa in the radioim-
munoprecipitation assay (RIPA)-insoluble fraction of lung lysate. The extraction
scheme is shown in Fig. 9. Human IgG was used as a negative control. (C) FcGPRN
recognizes an �28-kDa fragment after chymotryptic digestion of mouse lungs.
Lanes 1–4 are 1:100, 1:250, 1:500, and 1:1,000 dilutions of 2.5% chymotrypsin.
Lane 5 is a negative control with no chymotrypsin treatment. (D) The fractions
afterpurification (indicated inFig.10)wereprobedbyFcGPRNonaWesternblot.
(E) Some of the samples shown in D were stained with SimplyBlue stain and the
�28-kDa bands were excised for mass spectrometric analysis (arrow). (F) Identi-
fication of mouse TG2 as a candidate protein from mass spectrometric analysis.
The sequence of TG2 protein is shown. Bold lines indicate the sequences found in
the �28-kDa fragment, and the dotted lines indicate the sequences found in the
uncleaved �80-kDa protein. The �28-kDa fragment is located at the C terminus
of the protein.
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we fractionated mouse lungs using detergents of increasing
strength (Fig. 9, which is published as supporting information on
the PNAS web site), and found that FcGPRN used in an overlay
assay recognized a protein of �80 kDa in a Triton- and radio-

immunoprecipitation assay (RIPA)-insoluble fraction (Fig. 3B).
These data strongly suggested to us that GPR56 binds to an
extracellular matrix protein.

We designed a purification scheme to isolate this binding
partner of GPR56 (Fig. 10, which is published as supporting
information on the PNAS web site). It could be partially digested
by chymotrypsin to an �28-kDa fragment and still maintain its
binding capability for FcGPRN (Fig. 3C). The digested fragment
could then be further purified by ion exchange and gel-filtration
chromatography. Half of the fractions after purification were run
on a polyacrylamide gel and probed with FcGPRN (Fig. 3D).
The other half of those fractions that contained the target
protein were run again on a polyacrylamide gel and stained by
SimplyBlue stain (Fig. 3E). The protein bands at the correct
molecular mass (Fig. 3E, arrow) were excised and subjected to
mass spectrometric analysis. We also ran the RIPA-insoluble
fraction of mouse lungs on polyacrylamide gels before chymot-
ryptic digestion and excised the �80-kDa band for mass spec-
trometric analysis. TG2 appeared in both analyses as the top
candidate protein (Fig. 3F; and see Table 1, which is published
as supporting information on the PNAS web site). Therefore, we
investigated further whether TG2 is a true binding partner of
GPR56.

We first transiently expressed murine TG1 and -2 in 293T cells
by cDNA transfection. The lysates from transfected cells were
probed for FcGPRN binding in an overlay assay. We found that
GPR56-binding protein was present only in TG2-transfected
cells and not in TG1-transfected cells (Fig. 4A), strongly sug-
gesting that TG2 is a binding partner of GPR56. TG2 consists of
four protein domains: an N-terminal �-sandwich domain, a
catalytic core, and two C-terminal �-barrel domains. Mass
spectrometric analyses showed that the �28-kDa fragment rec-
ognized by FcGPRN is located at the C terminus of TG2 (Fig.
3F), so we tested whether the C-terminal domains of TG2 are
necessary or sufficient for its binding to FcGPRN. When the
C-terminal �-barrel domains of TG2 were deleted, ability to bind
FcGPRN was lost, indicating that the C terminus of TG2 is
necessary for its binding to FcGPRN (Fig. 4B). To investigate
whether the C-terminal �-barrel domains are also sufficient to
mediate the binding of TG2 to FcGPRN, we fused them to GST
and expressed and purified the fusion protein from Escherichia
coli. This fusion protein could still bind to FcGPRN in the
overlay assay (Fig. 4B), suggesting that the C-terminal �-barrel
domains are sufficient for the binding of TG2 to FcGPRN.
Furthermore, on tissue sections, FcGPRN showed overlapping
expression patterns with the extracellular form of TG2 (Fig. 4C),
supporting again the conclusion that TG2 is a true binding
partner of GPR56 in the extracellular matrix.

Discussion
GPR56, an Orphan GPCR, Suppresses Metastasis. We report that a
GPCR, GPR56, is down-regulated in tumors from several highly
metastatic melanoma cell lines compared with the poorly met-
astatic parental cells. We also show that GPR56 plays important
roles in suppressing tumor growth and metastasis in our exper-
imental model: overexpression of GPR56 leads to suppression of
tumor growth and metastasis of melanoma, and reduction of
GPR56 leads to an enhancement of tumor growth and metas-
tasis. Because cells with altered levels of GPR56 grow at similar
rates in vitro, the suppression by GPR56 must be mediated by
factors in the tissue or tumor microenvironment. Indeed,
through a series of biochemical purifications, we discovered that
the extracellular portion of GPR56 binds to TG2, an extracel-
lular matrix protein ubiquitously expressed in tissues and organs.
These results provide a starting point for investigating the
crosstalk between tumor cells and stroma and its effects on
tumor progression.

GPCRs play important roles in a wide range of biological

Fig. 4. TG2 is a binding partner of GPR56. (A) FcGPRN recognizes murine TG2,
but not TG1, from transfected 293T cells. The 293T cells were transiently
transfected with murine TG1 or TG2 in pCMV-SPORT6 vector for 48 h, and total
cell lysates were run on polyacrylamide gels and probed with anti-TG1 anti-
body, anti-TG2 antibody, or FcGPRN. (B) The C-terminal TG2 domains are both
necessary and sufficient for the binding of GPR56. The TG2 protein and its
fragments tested for FcGPRN binding are schematically shown. The four
conserved domains are presented as four black boxes and numbered as 1–4.
Domain 1, N-terminal �-sandwich domain; domain 2, catalytic core; domains
3 and 4, the two C-terminal �-barrel domains. The sequences between do-
mains are shown as white boxes. TG2-FL, full-length TG2; TG2-Ct1, TG2 protein
lacking the last �-barrel domain; TG2-Ct2, TG2 protein lacking the last two
�-barrel domains; and GST-TG2Ct, the last two �-barrel domains were ex-
pressed in E. coli as a GST fusion protein. FcGPRN binds to the C terminus of TG2
as well as the full-length TG2 but not to TG1 or truncated TG2 lacking
C-terminal domain(s). The C terminus of TG2 is also sufficient to mediate the
binding between TG2 and FcGPRN. (C) FcGPRN and anti-TG2 antibody show
overlapping staining patterns on lung sections. In the merged picture, green
is from FcGPRN staining, and red is from anti-TG2 staining.
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processes, which render them the main therapeutic targets in
various diseases (10). Their roles during tumor progression have
also been reported. For example, chemokine receptors, such as
CXCR4 and CXCR7 (11), and protease-activated receptors
(12–14), were both reported to enhance metastasis. In contrast,
we found that GPR56 plays an inhibitory role during tumor
progression. Consistent with our results, GPR56 was discovered
recently to be up-regulated by the tumor suppressor gene, VHL,
in renal carcinoma cell lines (15). We are currently testing
whether GPR56 suppresses metastasis in naturally occurring
melanoma by using spontaneous melanoma models. It should
also be noted that the function of GPR56 might be different in
different cancer types or stages. In two recent publications,
GPR56 has been reported to be up-regulated in gliomas and
esophageal squamous cell carcinoma (16, 17), although the
effects of malignant progression were not examined.

GPR56 Is a GPCR Implicated in Multiple Biological Processes. GPR56
belongs to a recently described family of �30 GPCRs called long
N-terminal class B, 7-transmembrane proteins (LNB-7TM) (8,
18, 19). The LNB-7TM proteins are hypothesized to function in
cell–cell or cell–matrix adhesion and in G protein-coupled
signaling, because their long N termini often contain motifs or
domains involved in cell adhesion. LNB-7TM proteins are
thought to function in a range of biological processes, such as
leukocyte trafficking (20), angiogenesis (21), and establishment
of cell polarity (22). Their functions and mechanisms of action,
however, remain largely unknown.

GPR56 has also been shown to be involved in brain develop-
ment. Mutations at the N terminus of GPR56 cause a brain
cortical malformation called bilateral frontoparietal polymicro-
gyria in human patients (23). The patients have abnormally
numerous and small gyri in their cerebral cortex and are
mentally retarded. GPR56 mRNA is preferentially expressed in
the neuronal progenitor cells (23) as well as in hematopoietic
stem cells (24, 25). Therefore, GPR56 may function to control
the proliferation of pluripotent cells of different origins. Such a
function could be similar to its role in melanoma progression.

These possibilities raise questions as to how GPR56 might
affect cell proliferation and tumor progression. As a GPCR,
GPR56 is likely to activate signal transduction pathways. GPR56
has been reported to interact with G�q/11 and with tetraspanins
CD9 and CD81 (26). However, little is known about the signal
transduction properties of GPR56 and other LNB-7TM proteins
(19), and significant work will be required to explore this issue.
Key to any such future investigations will be identification of a
ligand of GPR56.

GPR56 Interacts with TG2 in the Extracellular Matrix. Our data show
that the N terminus of GPR56 interacts with the C terminus of
TG2 in the extracellular space. TG2, tissue TG, was the first TG
recognized, based on its ability to catalyze the incorporation of
primary amines into proteins in a Ca2�-dependent manner (27,
28). TG2 is localized both intracellularly and extracellularly. In
the cytosol, it reportedly functions as a GTP-binding protein
(29). Upon secretion, TG2 is activated by the high level of Ca2�

in the extracellular space and functions as a cross-linking enzyme
in the matrix (28). There are numerous reports of down-
regulation of TG2 in aggressive tumors and metastases (30–33).
Recombinant TG2 applied to rat mammary adenocarcinomas
implanted in dorsal skin window chambers produced significant
growth delay in the tumors (34), and transfection of TG2 into a
highly malignant hamster fibrosarcoma cell line led to significant
reduction of tumor incidence (35). A recent report showed that
exogenous TG2 inhibited angiogenesis and tumor growth, and
tumor growth in TG2 knockout mice was enhanced (36). These
results implicate TG2, like GPR56, as a suppressor of tumor
growth.

TG2 has a number of properties that could contribute to its
tumor-suppressive role. It acts to cross-link a wide variety of
extracellular matrix proteins (28), it is up-regulated during
wound healing (37–40), and has been implicated in several steps
of wound healing (39). Levels of active TG2 are up-regulated at
the tumor–stroma interface (34). TG2 promotes incorporation
of TGF� into matrix and its activation (41) and is, itself,
up-regulated by TGF� (42). TGF� also up-regulates levels of
extracellular matrix and integrins (43), and TGF� is a well known
suppressor of tumor growth and progression (44). TG2 is also
known to bind to both matrix proteins such as fibronectin (45, 46)
and integrins (47), independent of its enzymatic activities. These
interactions promote cell adhesion and spreading as well as
fibronectin fibril formation (42) and focal contact assembly (47).
There is, therefore, a complex network of interactions among
TG2, TGF�, integrins, fibronectin, and other matrix proteins
that has the net result of promoting normalization of cell
behavior that could well contribute to suppression of tumor
growth and metastasis.

Materials and Methods
For a detailed discussion, see Supporting Materials and Methods.

Cell Lines. The A375 cell line (#CRL-1619; American Type
Culture Collection) and derivatives and HEK293T cells were
maintained in DMEM with 10% FBS and 2 mM glutamine.
A375eco cells were generated by stable transfection of A375 cells
with a plasmid containing the ecotropic receptor and selected for
neomycin-resistance in the presence of 1.4 mg�ml G418.

Proliferation Assay. MC-1, MC-1(pMIG), or MC-1(pMIG-GPR)
cells were plated at 12,500 cells per well on 6-well plates, and the
A375-RNAi series were plated at 20,000 cells per well on 12-well
plates. The cells were trypsinized and counted every 24 h. Each
time point was done in triplicate, and data were presented as the
mean � SD by using Microsoft EXCEL software.

Transfection and Retroviral Infection. Retrovirus was produced by
transfecting the Phoenix packaging cell line with the correspond-
ing plasmid DNA. The infected cells were selected 48 h later by
either FACS for GFP-positive cells (for pMIG- or pLIPE-based
virus) or by resistance to puromycin (2.5–7.5 �g�ml for
pSIRISP-based virus) (see Supporting Materials and Methods for
details of vectors). The selected cells were then pooled and
amplified for subsequent analyses. To study the suppressive role
of GPR56 in metastatic growth, two independent GPR56-
overexpression lines (and the respective control cells) generated
by separate viral infections were used. For transient transfec-
tions, HEK293T cells were transfected with 0.4 �g of plasmid
DNA by using Effectene transfection reagent (Qiagen, Valencia,
CA). Cells were directly lysed with Laemmli sample buffer 48 h
later for Western blot analyses.

Anti-GPR56 Antibodies and FcGPRN Protein Production. The C-
terminal peptide of GPR56 (CGGPSPLKSNSDSARLPISSG-
STSSSRI) and the N-terminal peptide of GPR56 (RSSL-
HYKPTPDLRISIENSEEALTVC) were synthesized, conjug-
ated to keyhole limpet hemocyanin, and injected into rabbits for
antiserum production (Covance Research Products, Denver,
PA). The antisera were purified through columns with peptide
cross-linked to Sulfolink coupling gel (Pierce) and eluted with
0.2 M glycine (pH 2.5), 0.5 M NaCl, and 0.01% BSA. FcGPRN
was expressed in MC-1 cells from the pLIPE retroviral vector.
Supernatant was collected 2 days after the cells became conflu-
ent and purified through a protein G column.
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