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Abstract
G-protein coupled receptors (GPCR) represent a class of therapeutic targets that have been widely
exploited for drug designs and development. Metabotropic glutamate receptors (mGluRs) belong
to Class C GPCRs and are predominantly involved in maintaining cellular homeostasis in the
central nervous system (CNS). The surprising accumulating evidence suggesting other functional
roles of mGluRs in human malignancies in addition to synaptic transmission has presented
intriguing possibilities to make mGluRs putative novel targets for human cancers. Since our group
first described the aberrant expression of mGluR1 as the driving force in melanomagenesis in
transgenic mouse models, other subtypes of mGluRs have been implicated in the pathogenesis of
various cancer types such as malignant gliomas and medulloblastomas. As such, increased efforts
have been generated to elucidate the mechanisms by which mGluRs confer oncogenic potentials.
Current knowledge on the participation of various mGluRs in several human cancers suggests that
mGluRs are “druggable” members of the GPCR superfamily and their oncogenic implications in
cancer, so further understanding on anti-mGluR strategies will be beneficial.

The amino acid L-glutamate is a predominant excitatory neurotransmitter responsible for
regulating signaling in normal brain function 1. While most studies on glutamate signaling
have been restricted to the central nervous system (CNS), emerging investigations in the
past decade have highlighted their functional role in peripheral tissues2-9. The notion that
glutamate can have dual functions in maintaining cellular homeostasis in the CNS and as an
external stimulatory signal in non-neuronal peripheral cells has given rise to a host of studies
implicating the glutamatergic system in the pathophysiology of human diseases.

Glutamate exerts its signaling abilities by acting on glutamate receptors, which are located
on the cell surface. Glutamate receptors exist as either ionotropic receptors (iGluRs) or
metabotropic glutamate receptors (mGluRs). Members of the iGluR family were the first
components of the glutamatergic system to be identified10. iGluRs are classical ligand-gated
ion channels, which include N-methyl-D-aspartate (NMDA) receptors and non-NMDA
receptors α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors
(iGluR1-4) and kainite (KA) subfamilies (iGluR5-7, KA1 and KA2)11. Unlike their iGluR
counterparts, mGluRs are seven transmembrane domain receptors that mediate their signal
by coupling to GTP-binding proteins (G-proteins) and stimulate second messengers such as
inositol 1,4,5-triphosphate (IP3), diacylglycerol (DAG) and cyclic adenosine
monophosphate (cAMP) 12-14.

In contrast to iGluRs, which only mediate synaptic transmission, mGluRs are considered
better drug targets due to their ability to modulate cellular signaling cascades. mGluR1 was
the first mGluR discovered over twenty years ago by the formation of inositol phosphate in
cultured striatal neurons upon glutamate stimulation and was subsequently cloned from rat
brain 15,16. mGluR1 was shown not to have sequence similarity with other known G-protein
coupled receptors (GPCRs) at the time and hence gave rise to a brand new subfamily of
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GPCRs. Since then, eight mGluR subtypes have been identified and grouped according to
their sequence homology, pharmacologic response, and intracellular second messengers17.
Upon binding of the ligand, Group I receptors, which is comprised of mGluR1 and mGluR5,
couple via Gq to phospholipase C (PLC) leading to the formation of IP3 and DAG. Group II,
comprises mGluR2 and mGluR3 and Group III comprises mGluR4, mGluR6, mGluR7 and
mGluR8. Both Group II and III are negatively coupled via Gi/o to adenyl cyclase leading to
cAMP formation.

The functional roles of mGluRs have been extensively characterized in the CNS. The
distribution of mGluRs expression is widespread in neurons with certain groups also located
in astrocytes17. At the synapse, Group I mGluRs are generally found in postsynaptic
locations hence, possessing excitatory properties whereas Group II and Group III mGluRs
are localized mostly in presynaptic locations lending to their inhibitory effect. Early efforts
described the role of mGluR1 in synaptic plasticity such as long-term potentiation (LTP) and
long-term depression (LDP), mechanisms that underlie long-term memory formation and
learning18,19. In addition, mGluR2 activation has been linked to cognitive impairment while
mGluR3 may confer neuroprotective properties20,21. In the mid-1980s, Yoneda and
colleagues reported a significant activity of L-[3H] glutamic acid binding in rat adrenal
glands and pituitary suggesting the functional expression of glutamate receptors in
peripheral cells 22,23. More than a decade after this initial report, other investigations
describing the expression of mGluRs in non-neuronal cell types emerged within a few years
of each other. Gill and colleagues showed that all three subtypes, mGluR1, mGluR2/3 and
mGluR5 were expressed in rat heart but with a specific distribution within the cardiac
structures 5. Around the same time, the sporadic expression of mGluR1 and mGluR2/3 in
basal keratinocytes with both subtypes displaying distinct patterning was published4. This
was followed by several reports on mGluR1 expression in primary osteoblasts and mGluR5
expression in melanocytes and hepatocytes3,9,24. The preferential localization of different
mGluR subclasses in specific cell types strongly suggests that each of them may participate
in a particular physiological role beyond just the regulation of synaptic transmission.

mGluRs in human malignancies
Increasing evidence points to the pathophysiology of mGluRs in cancer (Table 1). Recently,
an evaluation of various glutamate receptor subunit expressions was carried out in cancer
cell lines from both neuronal and non-neuronal origin25. In this report, expression of
mGluRs was demonstrated at the mRNA level in a variety of human cancer cell lines. The
same research group also probed for mGluR expression in pediatric tumors of the CNS such
as glioblastomas and medulloblastomas26. mGluR1 and mGluR4-6 were found to be over-
expressed in higher grade tumors. Furthermore, Seidlitz and colleagues examined several
cancer cell lines with a propensity for bone metastasis and found them to secrete excessive
glutamate into the extracellular environment through the cysteine/glutamate antiporter27,28.
Since glutamate signaling is involved in bone homeostasis the authors postulate that
metastatic cancer cells may utilize this to their advantage29. In this review, we will
summarize the evidence for roles of functional mGluRs in cancer cell growth and
progression also highlighting the potential therapeutic applications of these preclinical
findings.

mGluR1
Our group was the first to report that the aberrant expression of mGluR1 is the driving force
of melanomagenesis in transgenic mouse models. Melanoma is the most deadly form of skin
cancer. With early detection, melanoma patients have a very good chance for survival when
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treated by surgical resection. However, advanced melanoma is a fatal disease with poor
prognosis and chemoresistance to most current therapeutic modalities.

A transgenic mouse line, TG-3 was constructed with a 2kb genomic DNA clone (clone B)
that was shown to induce adipocyte differentiation in somatic cells in vitro30. However,
none of the five transgenic founder mice attained the expected obese phenotype but one of
them, transgenic mouse number 3 (TG-3), at 8 month of age, showed heavily pigmented
lesions in the ear (pinnae), eyelid, perianal region and snout. Histological analysis
determined the pigmented lesions as melanoma. Subsequent progeny of TG-3 displayed
identical melanoma-prone phenotype31,32. Molecular studies identified that the 2kb
transgene DNA fragment was inserted in intron 3 of the gene encoding for mGluR1 with
concomitant deletion of about 70kb of host sequence33. Comparison of mGluR1 expression
between normal and tumor pinnae revealed that mGluR1 expression was only detectable in
tumor but not normal samples. To distinguish between cause and consequence in ectopic
mGluR1 expression in tumor samples a second transgenic line was made using mouse
mGluR1 cDNA under the regulation of a melanocyte specific promoter, dopachrome
tautomerase (Dct). This second transgenic line, Tg(Grm1)EPv (E), developed pigmented
tumors with very similar onset and progression as TG-3. These results verified that ectopic
expression of mGluR1 in melanocytes was indeed sufficient to induce spontaneous
melanoma development in vivo.

mGluR5 is the other member of the Group I mGluRs and its expression is normally detected
in melanocytes. Possible involvement of mGluR5 in the development of spontaneous
melanoma was investigated using an mGluR5 null transgenic line34. Progeny that were
derived from crosses between TG-3 and mGluR5 null mice exhibit indistinguishable
melanoma prone phenotype as the original TG-3. Taken together, these results demonstrated
that aberrant mGluR1 expression in melanocytes is sufficient to generate melanoma prone
mice with 100% penetrance in the absence of other tumor types. Recently, Ohtani and
colleagues described a melanoma-prone mGluR1 transgenic model driven by a conditional
neuron-specific enolase (NSE) promoter in melanocytes. These results were consistent with
our findings that ectopic expression of mGluR1 induced melanoma formation35. Earlier
studies by others have shown that GPCRs can become tumorigenic when exposed to an
excess of locally produced or circulating ligands and agonists 36,37 while other GPCRs
harboring mutations in key conserved residues can have transforming activity even in the
absence of their ligands 13,37-42. It has also been found that the level of expression of
GPCRs is not as important to oncogenesis as the fact that the receptor is expressed42 which
supposes our speculation that ectopically expressed mGluR1 in melanocytes is sufficient to
yield melanoma-prone phenotype in vivo.

Our finding that mGluR1 played a role in melanomagenesis in mice prompted us to examine
human melanoma for expression of the human form of mGluR1. We first examined human
melanoma cell lines and found that 23 of 25 lines tested expressed hGRM133,43. We next
examined 175 melanoma biopsies from primary to metastatic lesions and found
approximately 60% of these samples express hGRM1 mRNA and protein, which was further
confirmed by a melanoma tissue array33,43 In addition, a recent meeting report by Nishigori
and colleagues showed mGluR1 expression in 80% (49/61) of melanoma tissue samples
tested including superficial spreading, nodular, lentigo, maligna, acral lentiginous, and
metastatic melanomas. mGluR1 expression was also detected in 33% (6/18) of common,
blue and Spitz nevi. Positive mGluR1 was observed in 75% (6/8) of human melanoma cell
lines and 50% (2/4) of nevus lines while normal melanocytes were negative for mGluR1
expression44. These additional data strongly point toward a role for mGluR1 deregulation in
human melanoma. A better understanding of the regulation of mGluR1 expression in
melanocytes at the molecular level will likely identify the functional role of mGluR1 and the
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mGluR1 pathway, which will be important for the development of new therapeutic
strategies.

To study the underlying mechanisms in mGluR1-mediated melanocyte transformation, we
generated several stable mGluR1-mouse melanocytic clones (MASS clones) when
introduced into the non-tumorigeneic immortalized C57BL6-derived Melan-a
melanocytes 45. These clones exhibited common transformed characteristics and were found
to be aggressively tumorigenic when allografted into both nude and syngeneic mice with
short latency. Furthermore, it was demonstrated that persistent mGluR1 expression was
required to maintain the tumorigenic phenotypes in vivo as evidenced by an inducible
siRNA construct to mGluR145. Ohtani and co-workers confirmed these results where
inhibition of mGluR1 alone was sufficient to suppress tumor growth and ERK signaling in
vivo 35.

Through previous studies using TG-3 tumor-derived cells we demonstrated the activation of
two major signaling cascades that have been shown by many investigators to be critical in
melanoma pathogenesis. These two signaling pathways are Mitogen-Activated Protein
Kinase (MAPK) and phosphatidylinositol 3-kinase/Protein Kinase B (PI3K/AKT). The
specificity of mGluR1-mediated activation of MAPK and PI3K/AKT in our system was
provided by the responsiveness of cells to stimuli and inhibitors of mGluR1 using the
components of these signaling pathways as read-outs. Furthermore, we identified AKT2 as
the predominant AKT isoform that is involved in mGluR1-mediated oncogenesis46. While
earlier studies by others established the role of deregulated AKT3 in melanoma
development47, we have since demonstrated that AKT2 but not AKT3 is the predominant
isoform activated in human melanoma biopsies in addition to mGluR1 mouse melanocytic
tumor allografts. Moreover, Nogueira and colleagues also highlighted AKT2 in melanoma
metastasis when they showed that loss of PTEN promoted invasion and migration via
activation of AKT248.

While an mGluR1 specific antagonist is not yet available for therapeutic purposes, our group
has translated our findings into the clinic with Riluzole (2-amino-6-trifluoro-
methobenzothiazole), an FDA approved drug for the treatment of amyotrophic lateral
sclerosis (ALS). Riluzole has been reported to indirectly antagonize glutamate receptors by
inhibiting glutamate release as well as the inactivation of voltage-gated Na+ channels 49.
Previously, we have shown that human melanoma cells release elevated levels of glutamate
suggesting the existence of an autocrine loop in these cells43. We hypothesize that the
presence of Riluzole should decrease the availability of the ligand, glutamate, for the
mGluR1 receptor thus leading to a reduction in mGluR1 stimulation. This notion was tested
in several human melanoma cell lines. We showed that mGluR1-expressing human
melanoma cells were much more sensitive to Riluzole than mGluR1-negative human
melanoma cells43. mGluR1-expressing human melanoma cells accumulated in the G2-M
phase at 24 hrs post-Riluzole treatment and proceeded to the subG1 phase of the cell cycle
by 48 hrs. Several well-known apoptosis markers confirmed the apoptotic responses of these
cells43. These preclinical studies led to a Phase 0 trial of Riluzole in patients with stage III
and IV melanoma, in which about one third of the patients exhibited remarkable clinical and
metabolic responses. Comparisons using biochemical markers between pre- and post-
treatment samples showed suppression of components of two of the major signaling
pathways important in melanoma pathogenesis, MAPK and PI3K/AKT, and an increase in
the number of apoptotic cells in post-treatment tumor samples50. Currently, a Phase I/II trial
of escalating single agent Riluzole is underway. A recent report by Biechele and colleagues
described the enhancement of the Wnt/β catenin pathway by Riluzole in melanoma cells51.
The activation of Wnt/β catenin signaling has been shown to correlate with better prognosis
in melanoma patients and forced expression of Wnt3A has led to decreased cell

Teh and Chen Page 4

Wiley Interdiscip Rev Membr Transp Signal. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proliferation52. Depletion of the ligand, glutamate, by Riluzole or suppression of mGluR1
signaling by genetic means led to Wnt mediated activation of β catenin. These results
present an intriguing inverse relationship between the glutamatergic and Wnt/β catenin
pathways.

As most human cancers are carcinomas and derive from epithelial origins, we were
interested to know if mGluR1 also plays a role in the pathogenesis of tumors other than
melanoma. In an ongoing study, our laboratory has shown that ectopic expression of
mGluR1 can indeed transform immortalized baby mouse kidney epithelial cells (iBMK).
These iBMK cells are immortalized through E1A and dominant negative p53 (p53DD)53.
When allografted into immunodeficient mice, the stable mGluR1 clones were found to be
tumorigenic with a shorter latency as compared to the parental cells. Downregulation of
mGluR1 with a tetracycline-inducible siRNA was sufficient to suppress tumor formation,
similar findings as to what we have shown previously in the melanocytic system45. A recent
report from Gorski and colleagues confirmed our observation that the oncogenic properties
of mGluR1 also extend to epithelial cancers. MDA-231, a triple-negative metastatic breast
cancer cell line when treated with either mGluR1 specific antagonist, Bay 36-7620 or a
decrease in the levels of available ligand, glutamate by Riluzole or a reduction in mGluR1
expression by shRNA led to decline in the number of viable cells in vitro and tumor
progression in vivo. Taken together, these results strongly suggest mGluR1 may contribute
to epithelial tumorigenesis including mammary tissue and the potential of mGluR1 as a
novel therapeutic target in the treatment of triple-negative subtype of breast cancer.

mGluR2/3
Malignant gliomas derived from glial cells are a type of tumor that starts within the brain or
CNS. Glioblastoma multiform (GBM) is an example of high-grade (III & IV) glioma
representing a disease with extremely poor prognosis and only a 12 month survival rate after
diagnosis 54. One of the hallmarks of glioma cells is their ability to invade surrounding
tissues in promoting their own growth. This is where glutamate mediates its effects. The
excessive secretion of glutamate by glioma cells leads to the death of surrounding brain cells
hence creating more area for the malignant tumor cells to grow in addition to an autocrine/
paracrine glutamate signaling loop 55. D’onofrio and colleagues have shown that mGluR3
has a functional role in supporting the growth of U87MG human glioma cells both in vitro
and in vivo. Using an mGluR2/3 antagonist, LY341495, they showed that it was effective in
reducing the tumor growth of U87MG cells that were inoculated subcutaneously or
intracranially in nude mice56,57. In their most recent study, mGluR3 (not mGluR2)-
expressing glioma initiating cells (GICs) were isolated from human GBMs58. GICs share the
same surface markers, self-renewal and anti-differentiation properties with neural stem cells
(NSCs) and are thought to fuel therapy resistance in GBM 59. LY341495 was successful in
limiting the growth of GIC xenografts and promoted an astroglial differentiation phenotype
mediated by type IV-bone morphogenic protein receptor (BMP4)58. There is substantial
evidence for a crucial role of BMP4 receptors in promoting astrocytic differentiation in
NSCs and GICs58,60. These results highlight a novel crosstalk network between mGluR3
and BMP4. Our group has done some preliminary in vitro and in vivo studies addressing the
effect of Riluzole on human glioma cells. We found that Riluzole was able to suppress the in
vivo growth of U87MG xenografts. However, more studies are warranted to determine
Riluzole’s potential use in malignant glioma therapy.

mGluR4
So far, we have discussed the advantages of antagonizing two separate groups of mGluRs to
suppress tumor cell growth. In the case of medulloblastomas, the activation of mGluR4 may
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actually prove beneficial. Medulloblastomas are a common pediatric malignant brain tumor
and similar to gliomas, current views support the presence of stem-like progenitor cells
within these tumors61. It is thought that transformation of cerebellar granule cell
neuroprogenitors (GNPs) give rise to medulloblastomas. These GNPs exist in the external
granular layer of the cerebellar cortex and migrate inward to the granular layer where they
finally differentiate into mature granule cells6. It was hypothesized that the tendency
towards a differentiated phenotype is supported by glutamate that is released by surrounding
cells. Interestingly, mGluR4 receptor expression was detected in cultured cerebellar granule
cells enriched with GNPs62. Canudas and colleagues took advantage of a specific mGluR4
enhancer, PHCCC (N-phenyl-7-(hydroxyimino)/cyclopropa[b]chromen-1a-carboxamide),
which interacts with a site within the seven transmembrane region in mGluR4. They found
that amplified activity of mGluR4 receptors with PHCCC could effectively reduce GNP
proliferation and promote them to differentiate into mature granule cells. These results
suggested that mGluR4 is crucial for maintaining a mature differentiated phenotype. These
observations were reinforced when it was found that the over-expression of mGluR4 in
cultured cells also promoted neuritogenesis. Therefore, it is not surprising that these findings
prompted the same group to investigate the role of mGluR4 in medulloblastoma, a clinically
relevant malignant disease. Approximately 75% of the biopsied human medulloblastoma
samples stained positive for mGluR4 and was found to correlate with improved
prognosis 63. PHCCC treatment of mGluR4-expressing medulloblastoma cell lines resulted
in decreased PI3K signaling, DNA synthesis and cell proliferation. These observations were
found to be independent of other signaling pathways such as Insulin-like Growth Factor
(IGF-1), canonical Wnt and Sonic hedgehog (SHH) all of which are known to contribute to
GNP proliferation and play crucial roles in the development of medulloblastomas 64-67.
Further evidence for the benefit of enhancing mGluR4 expression/function in
medulloblastoma was shown with an in vivo irradiated transgenic mouse model lacking Shh
receptor Patched 1 (Ptc neo67/+). When Ptc neo67/+ mice are irradiated one day after birth
they are predisposed to developing medulloblastomas with an incidence of >80% 68.
However, PHCCC treatment during the first eight days of life of irradiated mice led to
inhibition of medulloblastoma development63. Taken together, results from these studies
suggest an inverse correlation of mGluR4 with the progression of the disease. While the data
is exciting, further investigation is warranted to examine whether later stages of
medulloblastoma are sensitive to mGluR4 activation especially in metastatic stage, which
was shown to have lower expression levels of the receptor. In addition to this promising new
approach for medulloblastoma, stimulation of mGluR4 expression is also a potential
treatment for Parkinson’s disease 69.

On the opposite end of the spectrum, Chang and colleagues have found a link between
mGluR4 and the pathogenesis of colorectal cancer. 5-fluorouracil (5-FU) is a standard
chemotherapeutic agent for patients with colorectal cancer and resistance toward this drug is
a major hurdle. Chang and co-workers first generated a 5-FU resistant colorectal cancer cell
line and identified over-expression mGluR4 mediated the 5-FU resistance phenotype in
these cells70. In a follow up study, expression of mGluR4 was found in 54% of the
malignant tissues of colorectal carcinomas, which correlated with poor prognosis 71. In
addition, the same group also showed that several mGluR4-expressing colon cancer cell
lines treated with mGluR4 antagonist resulted in suppression of cell proliferation.

These studies suggest that mGluR4 may be involved in neuronal as well as non-neuronal
neoplasia in humans.
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mGluR5
It has been shown by others that this particular subclass of mGluRs is expressed in a variety
of non-neuronal cells such as melanocytes, hepatocytes, myocytes and embryonic stem
cells 72. In embryonic stem cells, pharmacological blockade of mGluR5 with MPEP
(methylphenylethynylpyridine) was able to drive the cells toward differentiation even
though the cells were grown in vitro with leukaemia inhibitory factor (LIF), a cytokine
known to sustain ES cells in their self-renewal stage73. It was later found that mGluR5
synergizes with LIF to sustain the increase of c-Myc expression in ES74. Over-expression of
c-Myc is the hallmark of many human cancers. It will be interesting to determine how
inhibition of mGluR5 activity/function by its antagonist, MPEP, promote ES cells towards
differentiation even in the presence of LIF and break down the synergy between LIF and
mGluR5 to relinquish the enhanced expression of c-Myc.

A recent study also implicated mGluR5 in oral squamous cell carcinoma (SCC). Of the 131
cases of oral cancer tissues probed for mGluR5 expression, 72% were either weakly or
strongly positive75. Most importantly, mGluR5 expression correlated with the advancement
of the disease. In cultured cell studies, group I agonist, DHPG (3,5-dihydroxyphenylglycine)
was found to support the migration, invasion and adhesion of HSC3 oral cancer cells
whereas mGluR5 specific antagonist, MPEP abolished this effect. Further experiments need
to be done to establish if mGluR5 can be used as a prognostic marker of oral SCC.

Finally, there is evidence of the regulation of the glutamatergic system in MG63, an
osteoblast-like osteosarcoma cell line76. Dexamethasone, a synthetic glucocorticoid was
found to upregulate mGluR5 and a few other glutamate signaling components in MG63,
suggesting possible roles of the glutamatergic system in bone pathophysiology77.

mGluR6-8
The implication of mGluR6-8 in tumor formation has yet to be characterized. However,
mGluR6 expression was recently shown to correlate with higher-grade pediatric CNS
tumors26. Considerable attention has been given to the role of glutamatergic signaling in a
host of homeostatic functions in the bone. In particular, mGluR8 has been suggested to play
a role in bone homeostasis due to their expression in osteoclasts, cells responsible for bone
resorption7. Previous studies have also identified other mGluR subtypes expression in
osteoblasts, which are bone-forming cells78. Morimoto and colleagues showed that
stimulation of mGluR8 with specific agonist inhibits glutamate release and the secretion of
bone degradation products whereas treatment with specific antagonist promoted bone
resorption. Given the recent report that highly metastatic cancer cells are capable of
secreting extracellular glutamate into the environment, it is conceivable to investigate
whether tumor-released glutamate can impact bone homeostasis mediated by mGluR8 or
other mGluRs in bone metastasis.

Concluding remarks
Since the etiologic role of mGluR1 in melanomagenesis was identified and demonstrated,
we have made significant progress not only in characterizing the oncogenic properties of
mGluR1in other cell types but also by translating our laboratory findings into the clinic.
Riluzole is an FDA approved drug for ALS and other neuronal disease patients. Although
the precise mode of action of Riluzole has been somewhat controversial, it is clear that
Riluzole indirectly antagonizes the stimulation of glutamate receptors through its
suppressive effect on the release of glutamate, the ligand for the mGluRs. So far our findings
support mGluR1 as a valid therapeutic target in melanoma patients as shown by the results
of the Phase 0 clinical trial of Riluzole50. Notably, a recent study involving whole-exome
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sequencing of 14 matched normal and metastatic melanoma tumor DNA has uncovered a
previously unidentified gene, GRIN2A. GRIN2A encodes for ionotropic glutamate (NMDA)
receptor subunit ε-179 and was mutated in 33% of the melanoma samples. While the
mechanism by which GRIN2A exerts its tumorigenic effect is not yet known, the frequency
of its mutation combined with the establishment of mGluR1 in melanomagenesis has clear
implications for the benefit of targeting the glutamate pathway. With the realization that
most human tumors are heterogeneous, we have also initiated several combinatorial studies
of Riluzole and other known inhibitors to the downsteam pathways in melanoma. Clearly,
more work will be required to define the value of Riluzole in other cancers with
dysregulated glutamate signaling such as gliomas.

It is becoming apparent that mGluRs participate in the tumor progression of more cancer
types than we anticipated. However, the involvement of mGluRs is not always a causal
relationship indicating that mGluR ligands or positive allosteric modulators may also have
clinical applications. For example, we described the advantage of mGluR4 activation in
early stage of medulloblastoma development to prevent tumor progression. Thus, it will be
imperative to investigate the fine line between the time period where the tumor is most
susceptible to mGluR4 enhancers and the significance of mGluR antagonists for malignant
stages of medulloblastoma. On the flipside, we now know that expression of other mGluRs
such as mGluR1, mGluR5, mGluR6 and even mGluR4 are correlated with higher-grade
tumors of the same disease. Taken together, it is clear that glutamatergic signaling plays
critical roles in a diverse group of human disorders.
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