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Abstract Melanoma is the aberrant proliferation of me-
lanocytes, the cells in the skin responsible for pigment
production. In the United States the current lifetime risk
of melanoma development is 1 in 57 in males and 1 in 81
in females [1]. In its early stages melanoma can be sur-
gically removed with great success; however, advanced

stages of melanoma have a high mortality rate due to
the lack of responsiveness to currently available thera-
pies. The development of animal models to be used in
the studies of melanoma will provide the means for
developing improved and targeted treatments for this
disease. This review focuses on the recent report of a
mouse melanoma model, TG-3, which has implicated the
ectopic expression of the metabotropic glutamate recep-
tor 1 (Grm1), a G protein coupled receptor (GPCR), in
melanomagenesis and metastasis [2]. The involvement
of other GPCRs in cellular transformation, particularly
GPCRs in melanoma biology, and signaling of Grm1 are
also discussed.
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Introduction

General melanoma mouse models

Animal models for the studies of human disease are an
invaluable tool for understanding the nature of the disease
and devising better, more advanced treatments. Several
mouse models developed for the studies of melanoma
have been reported. Transgenic mouse lines constructed
with known oncogenes such as SV40 T antigen, Ret (a
receptor tyrosine kinase, RTK), or a mutant form of Ras,
under the regulation of ubiquitous or tissue-specific pro-
moters, develop melanocytic hyperplasia, retinal pig-
mented epithelial tumors, and melanoma, which in some
cases can metastasize to a variety of organs [3, 4, 5].
Hepatocyte growth factor/scatter factor, a melanocyte mi-
togen which stimulates the RTK Met, has also been used
to construct a transgenic mouse line that develops tumors
in the mammary glands and among other tumor types,
melanomas [6, 7]. Transgenics made with an activated
mutant Ras (G12V) under the control of a melano-
cyte-specific promoter, bred into a p16INK4A/Arf defi-
cient background, develop cutaneous and ocular melano-
mas; however, no metastasis is observed [8]. Many of
these transgenic animals require different combinations of
chemical carcinogens and extensive UV irradiation or
expression of known oncogenes to develop melanomas at
low rates and with long latencies. These animals may also
display other primary tumors such as fibrosarcomas, pa-
pillomas, and squamous cell carcinomas [9]. Although
these models are useful for the studies of melanoma, these
properties make them more complex to study. Therefore
the generation of a model system that develops melanoma
tumors in the absence of any other tumor type, with short
latency, high penetrance, and metastatic potential, is of
great importance for the studies of melanoma.

TG-3 mouse model

Melanomagenesis

In our laboratory several transgenic mouse lines were
made with a genomic clone (clone B). This DNA frag-
ment was shown earlier to commit fibroblast cells to
adipogenesis in culture [10, 11]. Although all five inde-
pendent lines of transgenic founder mice (TG-1 to TG-5)
bear insertion of five to seven copies of rearranged clone
B DNA, the expected obese phenotype was never ob-
served [12]. Instead, in one of the five transgenic lines,
TG-3, the founder developed pigmented lesions at about
8 months. Mice from TG-1, TG-2, TG-4, and TG-5 lines
were normal even past 2 years of age. Characterization
was carried out with respect to the distribution, histology,

and clinical progression of the pigmented lesions in TG-3.
Lesions were detected in skin, eyes, lymph nodes, lung,
inner ear, brain, and muscle. Additional studies showed
that primary tumors initiate in tissues in which normal
neural-crest derived melanocytes reside, and that the de-
velopment of pigmented lesions in additional tissues was
likely due to metastasis [13, 14]. The integration of the
transgene, clone B, resulted in the deletion of approxi-
mately 70 kb of the host DNA (see below for details). The
appearance of the initial pigmented lesions and tumor
progression among TG-3 mice depends on the zygosity of
the inserted transgene/deleted host region. Homozygosity
at this region results in the onset of the tumor at 2–
4 months of age; if heterozygous, the lesions are first
detectable at 6–8 months. Regardless of the difference in
ages at which the first pigmented lesions are detected in
the animals the final melanoma phenotype remains the
same.

In order to determine the origin and early timepoints in
the development of melanoma in TG-3 transgenics his-
tological analyses were performed in mice ranging in age
from postnatal day (PND) 1 to 30 [14]. Tissue sections
were stained with l-dopa to enhance the identification of
melanocytes. In control wild-type littermates the number
of melanocytes increased during the first few days after
birth in all tissues normally containing melanocytes. At
around PND 15 most of the melanocytes in the trunk skin
migrated to and remained in the hair follicles. By PND 30
very few melanocytes could be detected in the dermis.
These findings are very similar to those reported earlier
for mouse melanocyte location in the skin [15]. In TG-3
transgenic mice the overall tissue distribution of mela-
nocytes was similar to that of the control mice described
above. However, the number of melanocytes in TG-3
mice was significantly greater than that of the control
mice at all time points examined. These differences be-
came more pronounced as the animals matured. At PND 1
the number of nonfollicular melanocytes in the dorsal skin
of the transgenic mice was twice that of controls. By PND
15 the number of melanocytes in the transgenic mice was
11 times that of controls. Until PND 7 the morphology of
the melanocytes of transgenic and nontransgenic litter-
mates was very similar except that the melanocytes in
TG-3 mice stained more darkly with both L-dopa and
hematoxylin and eosin. At PND15 clusters of melano-
cytes were noted in TG-3. These clusters likely repre-
sented clonal expansion of “transformed melanocytes.”
By PND 30 large, round, heavily pigmented dopa-positive
cells could be detected in the ear, eyelid, and perianal
regions. These cells were indistinguishable from the large,
round, and heavily pigmented cells in tumors of adult
transgenic mice [13]. No abnormality was found in hair-
follicular melanocytes from transgenic mice at any age.

As early as PND 3 the melanocytic cell layer of the
choroid in TG-3 was two to three times thicker than that
of nontransgenic mice. By PND 30 rounded, heavily
pigmented cells with morphology indistinguishable to the
previously described tumor cells in adult mice were
present in both the Harderian gland and choroid of TG-3.
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In contrast to the thickened choroid, no abnormalities
were noted in the retinal pigmented epithelium in any
transgenic mouse at any age. Based on these studies we
concluded that melanoma in TG-3 originated in all sites
where normal neural-crest derived melanocytes are pop-
ulated, and that optic-cup derived melanocytes remained
normal [14].

Characterization of molecular alterations in TG-3

In TG-3 the integration of the transgene resulted in a
deletion of host DNA. This 70 kb deleted host region was
identified to be part of intron 3 of the gene that encodes
the metabotropic glutamate receptor 1 (Grm1, formerly
known as mGluR1 or Gprc1a). Grm1 is a seven-trans-
membrane domain G protein coupled receptor (GPCR)
normally expressed in the brain and is stimulated by
glutamate.

In order to assess whether the disruption of intron 3 of
Grm1 had resulted in changes in Grm1 protein expression
the following experiments were performed. Considering
that we had shown earlier the ear to be one of the sites
of primary tumor formation [13, 14], RNA and protein
for molecular and biochemical analyses were isolated
from control and tumor ears. Based on histopathologi-
cal analyses, and western blots of various melanocyte
markers (tyrosinase-related protein 1, Tyrp-1; dopa-
chrome tautomerase, Dct; tyrosinase) these tumors were
shown to contain significantly more melanocytes than the
normal tissue. Under these conditions in order to fairly
examine and compare Grm1 transcript levels between
normal and tumor tissues reverse transcriptase polymer-
ase chain reaction (RT-PCR) templates were normalized
in tumor and control ear tissue samples to melanocyte-
specific (Tyrp-1) transcripts, instead of the usual actin or
GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
Expression of Tyrp-1 was detected in both normal and
tumor ears; however, Grm1 was only detected in ear
tumors (Fig. 1). These observations were confirmed by
western blots using anti-Grm1 antibodies on protein ex-
tracts from normal brain (positive control) and normal or

tumor ears. Expression of Grm1 protein was detected
only in the ear tumor extracts, not in the control ear
extracts [2].

To evaluate whether the observed phenotype was due
to the expression of a mutated form of Grm1 in mela-
nocytes Grm1 was cloned from several tumor tissue
samples by RT-PCR, sequenced and compared to the
sequence of the endogenous wild-type brain Grm1. No
mutations in the cDNA of tumor Grm1 were found.
Taken together these results showed that expression of
wild-type Grm1 is detectable only in tumors, not normal
tissues.

A new line of transgenics with Grm1 expression targeted
to melanocytes (E line). In order to definitely demonstrate
that Grm1 has a direct etiological role in melanoma de-
velopment in our model we generated a new line of
transgenic mice. These transgenic animals were con-
structed with wild-type mouse Grm1 cDNA under the
melanocyte-specific Dct promoter [2]. Three transmitting
founder lines (A, C, and E lines) from 53 live offspring
were obtained. In one of the founder mice, E line, de-
velopment of pigmented tumors on the tail was observed
by 6–7 months of age, and later tumors appeared on the
ears. Subsequent offspring developed tumors on the tails
and ears as well. Expression of Grm1 in tumor but not
normal tails was first demonstrated by RT-PCR and then
confirmed by western blots of Grm1 in tail and ear tumors
[2]. Histopathological analysis of ear and tail biopsy
specimens showed tumors to be very similar to those of
TG-3 (Fig. 2) [2, 12, 13]. The other two transgenic lines A
and C did not show expression of Grm1 protein and did
not develop melanoma [2]. These results confirmed that
in our system the ectopic expression of Grm1 is sufficient
to transform melanocytes and give rise to malignant
melanoma in vivo. The notion that perhaps aberrant ex-
pression of Grm1 also occurs in human melanomas was
tested. As we had done in the mouse system, the differ-
ences in melanocyte numbers between normal and tumor
human tissues were normalized using Dct transcripts in
RT-PCR reactions. Expression of Grm1 was detected in 7
of 19 melanoma biopsy samples examined, but not in

Fig. 1 Expression of Grm1 is detected only in tumor ears. RT-PCR
using Grm1 specific interexon primers on ear tumor RNAs from
five different TG-3 mice and normal C57BL/6 ear. These RT-PCR

reactions were normalized to Tyrp-1 transcripts. Brain RNA from
C57BL/6 was used as positive control for Grm1. M marker
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normal skin samples or nevi [2]. In addition, Grm1 pro-
tein expression was detected by western blot in 12 of
18 human melanoma cell lines tested [2] and was con-
firmed by fluorescent immunostaining with Grm1 anti-
bodies (unpublished results).

Amelanotic melanoma model. We had shown earlier that
the pigment in TG-3 tumor cells is melanin [12]. The
presence of excessive melanin in these tumor cells ham-
pered our ability to establish cell cultures. For this rea-
son an albino version of TG-3 was engineered. F1 and
backcrosses between TG-3 and various albino strains
were performed, and only albinos were selected for fur-
ther studies. Spontaneous cutaneous amelanotic melano-
mas developed in these albino transgenic mice [16]. The
onset and progression of these amelanotic melanoma tu-
mors is very similar to that reported for TG-3. Protein
extracts from tumor ears of these mice has also shown
aberrant expression of the Grm1 protein as compared to
normal ears (unpublished results). These tumors provided
an excellent source for the derivation of melanoma cell
cultures without melanin.

GPCRs as oncoproteins

GPCRs are routinely functional in fully differentiated
cells, as is the case for Grm1 expression and function in
neurons or MC1R (melanocortin receptor-1) in melano-
cytes (see below for more details). Interestingly, a grow-
ing number of GPCR family members have been impli-
cated in the regulation of cell proliferation. The finding
that GPCRs can act as proto-oncogenes is not recent. In
1986 Young and coworkers [17] demonstrated that mas, a
GPCR, is able to transform mouse fibroblasts in the ab-
sence of any activating mutations. The ectopic expression
or overexpression of other wild-type receptors, such as
serotonin 1C receptor, muscarinic acetylcholine receptor,
and thrombin (PAR-1) receptor in the presence of their
respective ligands can transform cells [18, 19, 20]. Sev-
eral neuropeptides including gastrin-releasing peptide,
neuromedin, bombesin, and galanin, which act through
their cognate GPCRs, have been shown to play a role in
cell proliferation and transformation [21, 22]. In small-
cell lung cancer gastrin-releasing peptide and neuromedin
are secreted by the cells, leading to the activation of
growth-stimulatory autocrine loops [23, 24]. Treatment of
small-cell lung cancer cells with antagonists or neutral-
izing antibodies to bombesin receptors, results in a partial
reduction in cell growth [23, 25, 26]. Furthermore, an-
other neuropeptide, neurotensin, has also been shown to
promote the growth of prostate cancer cells [27]. Taken
together, results from these studies suggest that many of
these receptors mediate their effects on cell proliferation
by an increase in the number of receptors per cell or an
increase in ligand production leading to amplified or
sustained growth-promoting signaling in these cells with-
out the need for any activating mutations [22].

Fig. 2 Similar histopathology of ear biopsy specimens in TG-3 and
E lines. A Normal pinnae. B, C Early lesions in the pinnae of TG-3
(B) and E line (C) transgenic mice. All animals were 1 month of
age. Arrow Example of melanocyte staining. Scale bar 100 �m.
Hematoxylin and eosin
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Naturally occurring mutations in GPCRs were later
described in human tumors. For example, mutations in
the thyroid-stimulating hormone receptors were found in
about 30% of human thyroid adenomas [21]. Activating
mutations have also been detected in the G proteins of
several tumor types, including thyroid adenomas and
carcinomas, ovarian sex cord tumors, ovarian small-cell
carcinomas, and colorectal cancers [28, 29]. Moreover,
expression of a dominant negative Gai2 protein slowed
the growth of melanoma cells in vitro and in vivo. In-
jection of nude mice with melanoma cells transfected
with this mutant G protein resulted in a delayed appear-
ance of smaller tumors and a longer survival period than
in controls [30]. Some virally encoded GPCRs can also
lead to cellular transformation; for example, Kaposi’s
sarcoma-associated herpesvirus is the causal agent for
Kaposi’s sarcoma. Transformation of fibroblasts by Ka-
posi’s sarcoma-associated herpesvirus is mediated by the
ectopic expression of vGPCR, a virally encoded GPCR
with an activating mutation [31]. In vivo expression of
vGPCR in a cell-specific manner induced Kaposi-like
lesions in endothelial cells of transgenic mice that greatly
resembled human Kaposi’s sarcomas, whereas transgenic
mice with an inactive mutant of the vGPCR were unaf-
fected [32]. Adding to the growing evidence implicating
GPCRs in cellular transformation, we provided unequiv-
ocal evidence from in vivo studies that a GPCR, Grm1,
normally expressed in the central nervous system, gives
rise to melanoma when expressed ectopically in mela-
nocytes [2]. Therefore the idea that activating mutations,
ectopic expression, or overexpression of a GPCR, or
components in its signaling network may lead to trans-
formation is an exciting concept that demands further
investigation.

GPCRs and their signaling in melanoma

Normal human melanocytes in culture require a combi-
nation of at least two chemical reagents or growth fac-
tors that act synergistically to promote cell proliferation.
These growth-stimulating agents include the phorbol ester
12-o-tetradecanoyl phorbol-13-acetate (TPA) and cholera
toxin. Potent melanocyte growth factors include fibro-
blast growth factor (FGF), stem cell factor (SCF), and
endothelins (ET) [33]. Interestingly, the requirement for
growth factors by normal human melanocytes is lost when
they are cocultured with keratinocytes. These cells pro-
vide basic FGF and ET to melanocytes, suggesting that
keratinocytes also feed these types of synergistic growth
factors in vivo to melanocytes [34]. In the case of mouse
melanocytes in culture, complementation of serum with
TPA in the media is enough to promote proliferation [33].
One of the characteristics of transformed melanocytes is
the loss of their requirement for additional TPA or growth
factors in the culture media [35]. The gain of autonomous
cell growth by transformed melanocytes may be mediated
by anomalous extracellular signals exerted by autocrine
loops, and/or alterations in intracellular signaling path-
ways. Ultimately, the sustained activation of certain sig-
naling pathways may lead to uncontrolled cell prolifera-
tion. Selected GPCRs that may mediate extracellular
signals that control different aspects of melanoma tumor
biology, including transformation, proliferation, migra-
tion, invasion, and angiogenesis are discussed below (see
Table 1).

Grm1

Our studies showed that alterations in the expression of
Grm1 are sufficient to promote mouse melanocyte trans-

Table 1 Role of GPCRs in melanoma and potential therapies

Selected GPCRs
in melanoma

Signaling
molecule(s)

Role(s) in melanoma biology Potential therapies against several molecular
targets

Grm1 (glutamate
receptor)

Receptor Ectopic expression is sufficient for
melanoma development in vivo [2]

Specific antagonists, siRNA, and antisense
oligonucleotides against Grm1 may be tested

MC1R (melanocortin
receptor)

Receptor Possible correlation of variants of the
receptor with increased melanoma risk [36],
and melanoma susceptible phenotypes such
as red hair and poor tanning ability [37]

Possibility of therapy has not yet been
investigated

ETRB (endothelin
receptor)

Receptors and
ligands

Required for the proliferation of normal
melanocytes, as well as the proliferation,
adhesion, migration and invasion of
melanoma cells [38, 39, 40]

Specific antagonists affect melanoma tumor
growth [40, 41]

Frizzled receptor Ligand (Wnts) Involved in neural-crest derived melanocyte
differentiation [42], and the invasiveness of
melanoma cells [43]

Antibodies against the receptor decrease
melanoma cell invasiveness [43]

CXCR2 (chemokine
receptor)

Ligand
(MGSA/
GROa)

Ability of the ligand to transform melano-
cytes [44, 45]; possible role in the metastatic
phenotype of melanoma [46]

Antibodies against CXCR2 limit tumor
development in nude mice [47]; NF-kB has

been identified as a molecular target of CXCR2
activation and may be a candidate for therapy
[68]; mutant MGSA/GROa peptide may serve
as a partial antagonist to the receptor [49]

PAR-1 (thrombin
receptor)

Receptor Involved in the metastatic potential and
angiogenesis of melanoma [50]

Thrombin inhibitors show encouraging results
in clinical trials [51, 52]
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formation in vivo [2]. Grm5, but not Grm1, is normally
expressed in melanocytes (see below for more details)
[53]. Grm1 and Grm5 knock-out mouse lines have been
described. These mice showed reduced long-term poten-
tiation, impaired context specific associative learning, and
mild ataxia, but no melanocyte-related abnormalities have
been reported [54, 55, 56].

MC1R

MC1R is a melanocortin receptor, a member of the GPCR
family of receptors. MC1R couples to adenylate cyclase
(AC) upon activation by its ligand a-melanocyte stimu-
lating hormone. Activation of MC1R ultimately leads to
the synthesis of eumelanin (black-brown pigment). The
human MC1R gene is highly polymorphic, and some of
the variability in this gene is in part responsible for the
phenotypes of red hair, and poor tanning ability [57, 58].
Abdel-Malek’s group [59] have studied the consequences
of MC1R polymorphisms on cell viability. They reported
that UV irradiation was highly toxic to human melanocyte
cultures that harbored loss of function mutations in the
MC1R gene. In contrast, cells with functional MC1R can
better survive UV irradiation. It is well known that UV
irradiation can induce cells to undergo apoptosis, and
melanocytes that escape cell death could initiate tumor
development by alteration of genes in the apoptotic path-
way [60, 61]. Studies on MC1R variants as possible in-
dicators for skin cancer susceptibility are therefore of great
relevance in the studies of melanoma.

Endothelin receptors

Endothelin receptors are also members of the GPCR
family. These receptors have been shown to be of critical
importance in many tumor types. Antagonists to endo-
thelin receptor A (ETR) A are in phase I clinical trials for
patients with refractory adenocarcinomas, including pros-
tate, colorectal, and lung cancer [62]. Many of these tu-
mor tissues have increased expression of ETRA. More-
over, its preferred ligand, ET-1, serves as a mitogen for
normal melanocytes and colorectal, ovarian, and pros-
tate tumor cells [33, 38]. In humans mutations in ETRB,
result in Hirschsprung’s disease, which is characterized
by failed development of melanocyte precursors. Further
evidence that ETRs and another of their ligands, ET-3, are
involved in melanocyte differentiation came from studies
by Lahav and colleagues [39]. In their studies the pres-
ence of ET-3 in cultures established from quail neural
crest cells resulted in an increase in melanocyte–early-
marker positive cells (premelanocytes). Treatment of the
neural crest cells with ET-3 for 16 days resulted in 90% of
them labeled as premelanocytes as compared to 5% in
control cultures. These results suggested critical roles for
ET signaling in melanocyte differentiation and prolifera-
tion [39]. The same group also demonstrated a reduced
viability of human melanoma cell lines upon treatment

with antagonist to ETRB, but not to ETRA [41]. In order
to validate in vivo these in vitro results, human melanoma
cells were injected into nude mice and tumors were al-
lowed to form. Approximately 2 weeks later mice were
treated with ETRB antagonist, either intratumorally or
intraperitoneally; slower tumor progression or tumor re-
gression was observed. Even though many normal cell
types express ETRB, when receptor-expressing 293 kid-
ney cells were treated with ETRB antagonist, no toxic
response was detected [41]. These results suggest differ-
ent roles for the same receptor in different cell types. The
potential for therapeutic application of ETRB antagonists
in the treatment of melanoma is therefore promising and
requires further evaluation.

Frizzled

Wnt/Frizzled is another interesting example of GPCR
signaling in melanocytes and melanoma. Wnt is a family
of secreted peptides that activate the Frizzled receptors,
members of the family of GPCRs. Wnt/Frizzled signaling
has been extensively studied in embryogenesis and de-
velopment of vertebrates and invertebrates. In mammalian
cells the induced pathways in many instances lead to the
stabilization of b-catenin, ultimately resulting in altered
gene expression [63]. In mouse embryos deficient for
Wnt1 and Wnt3a a decrease in neural-crest derived mel-
anocytes was detected [64]. Wnt1 itself has been shown to
affect the expansion of neural-crest derived melanocytes
in an ET-3 dependent manner [42]. Moreover, mutations
that lead to the stabilization of b-catenin have been doc-
umented in melanoma cell lines and may be implicated in
tumor progression [65]. The nuclear/cytoplasmic local-
ization of b-catenin, rather than at the cellular membrane,
is another indicator of possible activation of Wnt/Frizzled
pathways in melanoma tumors [66]. Upregulation in the
expression of Wnt5a in carcinomas of the lung, breast,
prostate, and melanoma has also been documented [67].
Weeraratna et al. [43] reported that melanoma cells with
both low Wnt5a expression and low in vitro invasion
show increased protein kinase C (PKC) phosphoryla-
tion and increased invasiveness in vitro upon transfection
with exogenous Wnt5a. Furthermore, treatment of the
cells with an antibody to Frizzled-5 inhibited the binding
of Wnt5a to the receptor, resulting in decreased PKC
phosphorylation and decreased invasiveness. Taken to-
gether these results suggest a possible role for Wnt/
Frizzled signaling in human melanomas.

CXCR2

Another GPCR involved in melanoma biology is
CXCR2. CXCR2 may be stimulated by several chemo-
kines, including MGSA/GROa (melanoma growth stim-
ulatory activity/growth-regulated protein). Transfection
of the chemokine MGSA/GROa into mouse melanocytes
resulted in transformation of these cells in vitro, as evi-
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dent by their ability to form colonies in soft-agar and
tumors in nude mice [44, 45]. Exogenous addition or
continuous expression of this chemokine in mouse mel-
anocytes resulted in stimulation of the receptor CXCR2
and activation of the downstream transcription factor,
nuclear factor kB (NF-kB). When the mouse melanocyte
clones expressing MGSA/GROa were transfected with
the inhibitor of NF-kB (IkBa), their ability to form co-
lonies on soft-agar was severely impaired. These results
suggest that transformation of melanocytes by MGSA/
GROa (likely mediated by the activation of CXCR2),
leads to the activation of NF-kB, ultimately resulting in
the transcription of genes that control cell proliferation
[69]. Moreover, human melanoma cells have been shown
to secrete high levels of MGSA/GROa and have consti-
tutively active NF-kB [70, 71]. Constitutive expression
of MGSA/GROa appears to be at least in part regulated
by an NF-kB element in the 50 regulatory region of the
gene [72]. Taken together these data suggest a major role
in melanocyte transformation for the activation of a
GPCR, CXCR2.

PAR-1

The thrombin receptor, PAR-1, has been identified as a
transforming gene in NIH3T3 fibroblasts [20]. PAR-1 is a
protease-activated GPCR, which is involved in blood
coagulation [73]. PAR-1 overexpression has been de-
tected in colon, breast, and pancreatic tumor cell lines,
among others. Elevated PAR-1 expression is detected in
metastatic melanoma cells, as compared to nonmetastatic
cells [74]. This overexpression is correlated with the loss
of expression of the transcription factor AP-2. In fact, it
has been shown that the promoter region of PAR-1 con-
tains binding sites for AP-2 and Sp1. Binding of AP-2
results in negative regulation of gene expression, whereas
binding of Sp1 leads to the stimulation of PAR-1 tran-
scription. These two transcription factors compete for
their binding to overlapping consensus sequences on the
PAR-1 promoter region, and the ratio of the two deter-
mines the level of PAR-1 transcription [74]. Accordingly,
in metastatic melanoma cells a decrease in AP-2 expres-
sion allows for increased PAR-1 expression. Stimulation
of the thrombin receptor is then proposed to mediate the
alteration in expression of genes necessary for tumor cell
invasion and angiogenesis [50]. Therapies that target
thrombin pathways are being considered for the treatment
of certain tumors, including melanoma [51].

There are other GPCRs whose expression has been
reported in melanoma cells but require further investiga-
tion, for example, the SLC-1 and S1P2 receptors [75, 76].
The vast amount of information provided by the com-
pletion of the sequencing of the human genome suggests
that there are hundreds of orphan GPCRs (receptors with
unknown ligand). The possibility that some of these re-
ceptors have a major role in tumor biology, and their
implications on drug development must be further con-
sidered.

Grm1 functions in the brain

Physiology and pathophysiology

Functional studies of Grm1 have been conducted in the
normal neuronal system and in animal models of various
human diseases. Results obtained from these earlier
studies can assist us in our understanding and study of
Grm1 in melanoma.

In the mammalian central nervous system glutamate is
considered to be the major neurotransmitter. Glutamate
excites neurons through the activation of its receptors
in the synapse. Glutamate receptors belong either to the
ionotropic or metabotropic families of receptors. Iono-
tropic glutamate receptors include ligand-gated cation
channels: N-methyl-d-aspartate (NMDA), a-amino-3-
hydroxy-5-methyl-isoxazole-4-propionate (AMPA), and
kainate receptors, whereas metabotropic glutamate re-
ceptors (mGluRs) are part of family 3 of GPCRs, which
also contains the calcium sensing receptor [77]. Eight
mGluRs have been identified to date, and they are divided
into three groups based on sequence homology, agonist
selectivity, and effector coupling. Grm5 together with
Grm1 comprise group I mGluRs. Expression of Grm1 is
normally detected in the central nervous system, most
abundantly in hippocampal neurons and cerebellar Pur-
kinje cells. Grm1 is also expressed in the olfactory bulb,
amygdala, thalamus, and basal ganglia. The receptor is
found in the cell bodies and dendrites of neurons. Grm1
has been suggested to be involved only in excitatory re-
sponses induced by strong presynaptic stimulation. In
general, agonists of group I mGluRs cause depolarization
and neuron excitation, in part by modulating voltage-
dependent and voltage-independent ion channels. Grm1
modulates synaptic transmission not only postsynaptically
but also by mediating the modulation of neurotransmitter
release from presynaptic terminals [78]. Grm1 is also
implicated in the synaptic plasticity of neurons in long-
term potentiation and long-term depression; both of these
events can last for hours in vitro and up to weeks in vivo.
These phenomena are taken as models for the studies of
learning and memory formation [79]. In addition, over-
stimulation of glutamate receptors potentiates neuronal
death as observed after brain ischemia (glucose and oxy-
gen deprivation), traumatic brain injury, or anoxia. This
type of toxicity has also been implicated in epilepsy,
Parkinson’s, Huntington’s or Alzheimer’s disease [78, 79,
80]. For these reasons Grm1 has been a major focus of
studies on the processes of learning and memory forma-
tion as well as glutamatergic-induced neuronal cell death
(neurotoxicity). Since group I mGluRs are potentially
implicated in so many diseases, it is not surprising that
agents which act specifically on these receptors are con-
sidered potential targets for therapies for neuronal cell
damage after stroke, neurodegenerative disorders, epi-
lepsy, pain, and even hypertension [80, 81].
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Glutamate receptor antagonists

Antagonists of Grm1 have been shown to have neuro-
protective activities against neurotoxicity mediated by
overstimulation of the receptor in different disease mod-
els, including ischemia [82, 83]. In terms of seizures,
although still somewhat unclear, it is generally considered
that the activation of group I mGluRs enhances neuronal
excitability; thus agonists to these receptors have con-
vulsant activity, whereas antagonists have anticonvulsant
activity [80, 84].

Based on several studies it has been suggested that
antagonists to ionotropic glutamate receptors may be a
previously unrecognized tool for cancer therapy [85].
Antagonists to NMDA and AMPA have been shown to
exert concentration dependent antiproliferative effects on
human tumor cell lines including astrocytomas, neurob-
lastomas, thyroid, breast, and lung carcinomas, and colon
adenocarcinomas. Human skin fibroblasts and bone mar-
row stromal cells are not affected by these compounds
[86]. Another team reported that gliomas with high glu-
tamate release show growth advantage in vivo, and that
treatment of implanted gliomas with an NMDA antago-
nist limits the growth of the tumor significantly [87]. With
respect to mGluRs one group reported that injection of
black mice with monosodium glutamate produces depig-
mentation in the injected region. This effect was linked
to the expression of Grm5 in normal melanocytes. The
possible role of Grm5 in normal melanocyte proliferation
was suggested [53]. In our model system the potential for
using antagonists as a possible therapeutic treatment for
melanoma is being investigated in Grm1-positive tumor
bearing mice. We are particularly interested in recently
developed antagonists which have been shown to be high-
ly specific for Grm1 and have no effect on neuronal cell
viability [88].

Grm1 signaling

Endogenous signaling of Grm1

Grm1 possesses the characteristic seven-transmembrane
domain structure of GPCRs. Upon stimulation of the re-
ceptor by its ligand a G protein couples the activated
receptor to its effector leading to intracellular signaling. G
proteins are heterotrimeric proteins which consist of a
and b/g subunits. These subunits are associated with one
another only when bound to GDP (inactive state). Acti-
vation of the receptor by its ligand leads to the exchange
of GDP for GTP, allowing the dissociation of the Ga-GTP
subunit from the Gb/g dimer, both of which can act as
independent signaling molecules [89]. Group I mGluRs
are positively coupled to phosphoinositide hydrolysis
through preferential coupling to Gaq/11, and in exoge-
nously transfected systems Grm1 may also activate AC
through coupling with Gas [90]. In contrast, group II
mGluRs (which includes Grm2 and Grm3) and group III

(including Grm4, Grm6, Grm7, and Grm8), are negatively
coupled to forskolin-induced AC [78, 79, 90].

The coding region of Grm1 has multiple splice sites
which give rise to receptors with different C terminal
domains. Grm1a is the full/length receptor, and several
shorter splice variants have been reported [90]. As is the
case for many other GPCRs, Grm1 can be phosphorylated
on sites of its carboxy terminal domain. The longer splice
variant Grm1a has been shown to have constitutive ac-
tivity by activation of the G protein in the absence of
ligand in heterologous model systems [91]. In the case of
the endogenously expressed Grm1 in mouse cerebellar
granule cells constitutive activity of the receptor has been
shown to be controlled by interactions with Homer pro-
teins, which contain PDZ domains that allow their inter-
action with the receptors C terminal domain [92]. This
regulation of mGluRs by Homer proteins can also affect
the receptor location, clustering, and cell surface expres-
sion [93, 94].

Grm1, PKC, and MAPK activation

Activation of the mitogen-activated protein kinase
(MAPK) cascade has been shown to be an early event in
melanoma progression, observed in radial growth but not
in atypical nevi [95]. Upon activation Grm1 may lead to
the activation of the MAPK cascade [96, 97]. In the
extracellular-regulated kinase (ERK) 1/2 signaling path-
way, Raf proteins are MAPK kinase (MEK) kinases
which phosphorylate and activate MEK1/2 which in turn
activates ERK1/2 (MAPK) [98].

The cascade of events triggered by Grm1 stimulation,
which leads to the activation of the MAPK signaling
proteins, has been described for both the endogenous re-
ceptors in neurons and the transfected receptors in het-
erologous systems. It has been shown that Grm1 prefer-
entially couples to the heterotrimeric Gaq/11 and may also
couple to Gas proteins. Coupling of Grm1 to Gaq/11 leads
to the activation of phospholipase C (PLC). Upon acti-
vation of PLC, inositol triphosphate (IP3) and diacylgly-
cerol (DAG) are produced from the hydrolysis of phos-
phoinositol bisphosphate (PIP2). This results in the acti-
vation of PKC and release of calcium from intracellular
stores in the endoplasmic reticulum (ER). Consequences
of these events are many: calcium release leads to the
activation of calcium responsive kinases, including cal-
cium-calmodulin dependent protein kinases (CAMKs),
and Pyk2. CAMKII can activate the MAPK cascade re-
sulting in the activation of transcription factors (TF) such
as cAMP-responsive element binding protein (CREB) and
Elk-1 (Fig. 3) [99, 100, 101]. Pyk2, on the other hand, is a
nonreceptor tyrosine kinase which has been shown to
mediate the activation of MAPK upon its activation by
GPCRs [102].

In many cases the pathways of GPCRs and RTKs that
lead to ERK activation are convergent. It has been pos-
tulated that GPCR stimulation may lead to tyrosine
phosphorylation of RTKs, a phenomenon which is termed
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transactivation [103, 104, 105]. Transactivation of RTKs
can be achieved by various G proteins that couple to
GPCRs depending on the cellular system [106]. In fact,
Grm1 activation of ERK is attenuated by inhibitors to the
platelet-derived growth factor (PDGF) receptor, which is
a RTK. It has been suggested that one of the mechanisms
of Grm1 transactivation of the PDGF receptor, which
leads to ERK phosphorylation, may be the activation of
the Src family of tyrosine kinases. These results suggest a
cascade in which Grm1 activation leads to the transacti-
vation of the PDGF receptor, which then stimulates Src,
leading to the activation of MAPKs (Fig. 3) [96]. Whether
any of the discussed pathways are activated in melanoma
by Grm1 stimulation remains to be studied.

The signaling exerted by PKC has been extensively
studied. In neuronal cells PKC activation is required for
the depolarization of nerve terminals and increases glu-
tamate release [79]. In addition, in striatal neurons PKC
has been shown to play a key role in the Grm1-mediated
activation of ERK in ischemic long-term potentiation
[107]. In Chinese hamster ovary (CHO) cells transfected
with Grm1 glutamate is able to activate ERK2, and in-
hibitors to PKC could abolish this activation. Glutamate-
induced Grm1 activation of ERK2 was also shown to be
dependent on MEK1/2 [97]. In contrast, in studies by
Thandi et al. [96] using CHO–Grm1 transfected cells as
well, ERK activation by Grm1 was shown to be inde-

pendent of both PKC and phosphatidylinositol 30 kinase.
Activation of ERK in this case was shown to be sensitive
to Src-specific inhibitors and also to pertussis toxin, im-
plying that ERK activation is mediated through Grm1
coupling to Gai/o. Taken together these data imply that in
neuronal cells the endogenously expressed Grm1 receptor
can activate PKC leading to ERK activation; however, in
heterologous systems with Grm1 expression the involve-
ment of PKC in the activation of ERK remains unclear.

PKC itself is a molecule of great interest in the study
of melanoma, as PKC inhibitors have been shown to
decrease the angiogenic and metastatic potential of mel-
anoma cell lines [108], and in phase I clinical trials using
PKC inhibitors a partial response of a melanoma patient
has been reported [109].

In transfected cells, when Grm1 is coupled to Gas, AC
is activated leading to the accumulation of the second
messenger cAMP [110]. In melanoma cells activation
of MC1R, another GPCR, leads to the accumulation of
cAMP and the activation of the Ras-B-Raf-MEK1/2-
ERK1/2 signaling cascade, in a protein kinase A (PKA)
independent manner (Fig. 3) [111]. Recently, activating
mutations of B-RAF in many human malignant melano-
mas have been reported [112, 113]. Somatic missense
mutations within the kinase domain of B-RAF have been
detected in 66% of malignant melanomas. A single sub-
stitution (V599E) accounted for 80% of the mutations.

Fig. 3 Schematic view of simplified Grm1-stimulated signaling.
Upon stimulation by glutamate (Glu), Grm1 can couple to multiple
signaling pathways through different G proteins, including PLC
activation via Gaq/11. This in turn leads to the hydrolysis of PIP2 to
IP3 and DAG. DAG activates PKC, leading to the activation of the
MAPK cascade. On the other hand, IP3 promotes the release of
calcium from the ER. Calcium-dependent kinases such as CAMKs
and Pyk2 can then be activated leading to the activation of MAPK.
If Grm1 is coupled to Gas, its activation leads to the accumulation

of cAMP, mediated by AC. This in turn, leads to the activation of
the Ras-B-Raf-MAPK signaling cascade. In addition, Grm1 stim-
ulation can transactivate PDGF receptor, a RTK, potentially by
coupling to Gai/o. The transactivation of PDGF-R leads to the ac-
tivation of c-Src and MAPK. Finally, upon activation MAPKs can
transmit the stimulatory signals to the nucleus where TF that reg-
ulate the expression of genes that promote cell proliferation are
activated (see text for details)
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Interestingly, mutated B-RAF proteins were shown to
have higher basal kinase activity than the wild-type B-
RAF and were also able to transform NIH3T3 cells [112].
The high frequency of the V599E substitution in primary
melanomas and melanoma metastases was confirmed in
an independent study, but surprisingly this mutation was
also found in 82% of nevi [113]. Whether activation of
Grm1 mediates its transforming capabilities in melano-
cytes through B-Raf activation in our system is a subject
we are currently investigating.

Grm1 desensitization

PKC activation has also been described to desensitize
Grm1 by phosphorylating its C-terminal domain at thre-
onine 695, which is within its Gaq/11 coupling site. De-
sensitization of Grm1 by PKC phosphorylation selec-
tively inhibits the IP3–Ca+2 pathway but not the Gas
mediated cAMP accumulation pathway [114]. The dif-
ferential effects of PKC desensitization may be of great
importance in the modulation of neuronal signaling by
Grm1. In fact it has been proposed that group I mGluRs
may have a dual role in the agonist induced facilitation or
inhibition of glutamate release. The pathway leading to
facilitation of glutamate release may be desensitized after
the initial treatment with agonist, while the inhibition of
glutamate release may not. This dual control of glutamate
recycling is PKC dependent and is probably a mechanism
to prevent neurotoxic accumulation of glutamate in the
synapse, implying a critical role for receptor desensiti-
zation in physiological conditions [115].

G protein coupled receptor kinases (GRKs) are a
family of proteins comprised of six members, some of
which have been shown to be involved in Grm1 phos-
phorylation leading to receptor desensitization [116, 117].
Recently Iacovelli and coworkers [118] showed that de-
sensitization of Grm1 in their system is mediated by
GRK4 phosphorylation of the receptor. This phosphory-
lation event leads to the recruitment of b-arrestin to the
plasma membrane. b-Arrestin itself may serve as a sig-
naling protein for the activation of c-Src and MAPK
[119]. In cerebellar Purkinje cells antisense oligonucleo-
tides to GRK4 inhibit Grm1 internalization but not re-
ceptor induced MAPK activation. Conversely, b-arrestin
dominant negative mutants reduce Grm1-induced MAPK
activation but not receptor internalization [118]. Phos-
phorylation of Grm1 is not only involved in receptor
desensitization, but can also limit which partner G protein
is able to couple to the receptor and mediate its intra-
cellular signaling [114]. Thus receptor phosphorylation
plays a critical role in the balance between activation and
inhibition of agonist-induced signaling.

Possible transcription factors mediating
cell proliferation

GPCRs can activate a variety of different transcription
factors and downstream target genes, of which only two
are discussed here as an illustration of how extracellular
signals mediated through GPCRs may ultimately lead to
an increase in cell proliferation.

CREB and related proteins

GPCR activation can lead to transcriptional activity of the
downstream nuclear target CREB. For example, activa-
tion of muscarinic acetylcholine receptors, as well as
group I mGluRs, can lead to the activation of CREB, and
these activations are in part dependent on PKA and PKC
activity [120, 121]. Specifically, Grm5 itself has been
shown to be linked to the activation of CREB in primary
cultures of striatal neurons [122]. CREB was initially
identified as a target of the cAMP-signaling pathway
through its activation by PKA. In addition to PKA, acti-
vation of CAMKs or PKC has also been linked to the
phosphorylation of the transcription factor CREB at re-
sidues critical for its activation (Ser133) [100]. Expres-
sion of CREB and its related family member AP-1 is
correlated with the malignant progression of melanoma
cells [123]. Importantly, earlier studies demonstrated that
CREB and related proteins act as survival factors allow-
ing human melanoma cells to escape apoptosis [124, 125].
Cyclin D1 is one of the possible transcriptional targets of
activated CREB [126, 127]. The increased synthesis or
reduced degradation of cyclins has been postulated to be
in part responsible for the dysregulated growth of mela-
noma cells [128, 129]. Persistent levels of cyclins lead to
the inactivation of the retinoblastoma tumor-suppressor
pathway and E2F-mediated upregulation of cell cycle
progression genes [129]. Amplification of the cyclin D1
gene in some cases of human melanoma has also been
reported [130]. Taken together CREB and its associated
proteins are of great importance in the development and
progression phenotypes of malignant melanoma and may
mediate some of the extracellular signals that lead to the
aberrant proliferation of melanocytes.

NF-kB and family of proteins

The NF-kB/Rel family of proteins consists of several
related members. In unstimulated cells NF-kB is se-
questered in the cytoplasm by IkB. Upon stimulation of
the cells upstream kinases can phosphorylate the IkB ki-
nase complex, which phosphorylates IkBs and targets
them for proteasomal degradation. Free NF-kB is then
translocated to the nucleus where it binds to specific
target DNA sequences and activates transcription [131].
In neuronal cells glutamate specifically activates NF-kB
through the activation of the NMDA receptor, another
member of the glutamate family of receptors [132]. More
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specifically, Richmond’s group [69, 133] showed that
NF-kB is constitutively activated in human melanoma
cell lines. In mouse melanocyte cell lines NF-kB can be
activated by incubating the cells with MGSA/GROa, a
chemokine which activates CXCR2, a receptor of the
GPCR family. NF-kB is deregulated in many human
cancers, including Hodgkin’s lymphoma, head and neck
squamous cell carcinoma, non-small-cell lung cancer,
colorectal cancer, thyroid cancer, pancreatic carcinoma,
leukemia, multiple myeloma, prostate cancer, breast can-
cer, and melanoma [134]. Genes regulated by NF-kB
include regulators of apoptosis, and cell proliferation
[135], thus making NF-kB a key regulator in the prolif-
eration of many human cancers and an attractive tran-
scription factor to study in melanoma.

Future studies

Transformation and signaling studies

We are currently interested in interfering with the trans-
forming abilities of Grm1 in melanoma cell lines by
impairing its expression with antisense oligonucleotides,
dominant-negative Grm1, and siRNA. These types of
studies will allow us to determine whether melanomas
that show Grm1 require the expression of the receptor for
their uncontrolled proliferation and survival in vitro. The
possible application of these techniques, which negatively
affect Grm1 expression, or the use of antagonists, which
inhibit the receptors function, are also being assessed in
melanoma tumors in vivo. In terms of signaling we have
started to examine the possible transduction pathways
based on previously reported signaling by Grm1 in neu-
ronal and heterologous systems. These studies will pro-
vide evidence as to what signaling mechanisms are used
by the receptor to ultimately stimulate cell proliferation.

The human/mouse melanoma model

Normally melanocytes are present in the epidermis of the
human skin. The progression of melanoma in humans has
been divided into three classes. Class I is represented by
nevi whose growth is restricted to the epidermis; class II
is that of intermediate lesions with microinvasion into the
dermis, which includes in situ and radial growth phase
melanomas. Finally, class III melanomas are the vertical
growth phase tumors with potential for metastasis [136].
In contrast, melanocytes in the mouse are located mostly
in hair follicles. An exception to this is the epidermal
location of murine melanocytes in the ear, tail, perianal
region, and footpads [137, 138]. The differences in the
distribution of melanocytes in the skin of humans and
mice hamper our efforts to use mouse models to study
human melanoma as a disease that progresses by micro-
invasion of cells from the epidermis into the dermis.
Given these differences it is of importance to consider the
relevance of mouse models of melanoma in terms of their

application to the human system. Interestingly, some of
the most prominent sites of tumor development in our
transgenic animals, TG-3 and E line, are the ears, perianal
region, and tail, where melanocytes reside in the epider-
mis, although in our animals the tumor melanocytes did
not breach the overlying epidermis [12, 13]. As time
progresses, other sites such as the eyes, snout, legs, and
other parts of the skin where melanocytes are located in
the dermis also develop primary tumors [2, 13].

A transgenic mouse model with melanocytes present in
the epidermis has been described. These mice were con-
structed with the cDNA of SCF (also known as steel
factor). SCF is the ligand for the c-Kit RTK, which
controls the migration, development, and survival of
melanocytes. In order to maintain SCF is in its membrane
bound state rather than in the soluble form, the cDNA of
SCF used to engineer these transgenic mice was modified
to prevent cleavage. Using a keratinocyte-specific pro-
moter to regulate SCF expression, Kunisada and co-
workers [139] were able to construct a transgenic mouse
line with melanocytes in the epiderm which resembles the
human phenotype, yet no melanoma development was
observed.

Crossing TG-3 with a mouse such as the one just de-
scribed is one of our current goals and could open the
door to the study of a spontaneous melanoma-developing
mouse model with melanocytes in the epidermis. A true
mouse model of the human disease.
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