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Abstract

Metabotropic glutamate receptors (mGIluRs) are widely known for their roles in synaptic
signaling. However, accumulating evidence suggests roles of mGIuRs in human malignancies in
addition to synaptic transmission. Somatic cell homeostasis presents intriguing possibilities of
mGIuRs and glutamate signaling as novel targets for human cancers. More recently, aberrant
glutamate signaling has been shown to participate in the transformation and maintenance of
various cancer types, including glioma, melanoma skin cancer, breast cancer, and prostate cancer,
indicating that genes encoding mGIuRs, GRMs, can function as oncogenes. Here, we provide a
review on the interactions of mGIuRs and their ligand, glutamate, in processes that promote the
growth of tumors of neuronal and non-neuronal origins. Further, we discuss the evolution of
riluzole, a glutamate release inhibitor approved for amyotrophic lateral sclerosis (ALS), but now
fashioned as an mGIuR1 inhibitor for melanoma therapy and as a radiosensitizer for tumors that
have metastasized to the brain. With the success of riluzole, it is not far-fetched to believe that
other drugs that may act directly or indirectly on other mGIuRs can be beneficial for multiple
applications.

Glutamine and Glutamate

Glutamate plays an innate role in the human central nervous system as an excitatory
neurotransmitter in processes such as learning and memory formation (Alix and Domingues,
2011; Fairman and Amara, 1999). Its role in cellular homeostasis is related to both its
function in nitrogen metabolism and disposal, as well as its use as a metabolic fuel for
energy-producing pathways (Dimski et al., 2008; Kelly and Stanley, 2001; Spanaki and
Plaitakis, 2012). In addition, it has long been established that excess glutamate causes
neuronal excitotoxicity; more recent findings have also implicated functional glutamate
signaling in transformation and progression of various cancers (Prickett and Samuels, 2012;
Ribeiro et al., 2010; Willard and Koochekpour, 2013). Glutamine is preferred as fuel in
tumor cells over glucose because of its properties enabling it to act to both fulfill energy
requirements as well as serve as an intermediate for macromolecule synthesis (Deberardinis
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et al., 2008; Moreadith and Lehninger, 1984; Wall et al., 2013). The dual role of glutamine
derives from its structure. Reactions such as nucleotide synthesis may directly use its -
nitrogen, whereas the a.-nitrogen and its carbon skeleton can be used indirectly in reactions
for energy production and biosynthesis (Gaglio et al., 2009). Cell growth requires these
metabolic intermediates, and is propagated by the conversion of glutamine to glutamate by
phosphate-dependent glutaminase (GLS) in the inner mitochondrial membrane (Figure 1)
(Cairns et al., 2011; Marie and Shinjo, 2011). This enzyme is overexpressed in many tumor
types, and is a primary driver of glutamine consumption in cancer cells, leading to large
intracellular pools of glutamate and subsequent glutamate release, the implications of which
will be discussed later in this chapter (Cairns et al., 2011; Marie and Shinjo, 2011; Wall et
al., 2013).

The conversion of glutamine to glutamate and ammonia constitutes the first and rate-limiting
step of glutaminolysis. The resulting glutamate is used as a primary source of energy for
proliferating cells, but can then be further metabolized to a— ketoglutarate in the
mitochondrial matrix. Subsequent breakdown generates NADPH for use as an electron
donor, which is also used to maintain glutathione (GSH), a key antioxidant, in its reduced
state, thus keeping oxidative stress in check in rapidly growing cells (DeBerardinis et al.,
2007; Estrela et al., 2006; Wall et al., 2013). Recently, several groups identified reductively
metabolized glutamine as the major carbon source during hypoxia and limited respiration.
Reductive metabolism is known to be preferred within the hypoxic conditions of most tumor
environments, the result of a tumor’s outpacing the development of an effective blood
supply, among other conditions, and is due to the stabilization of a transcription factor,
hypoxia-induced factor 1a (HIF-1a). Notably, HIF-1a induction and reductive metabolism
occur in tumor cells growing in normoxic conditions as well, pointing to a more general role
in sustaining tumor growth (Fendt et al., 2013; Filipp et al., 2012; Gameiro et al., 2013; Gao
et al., 2009; Karakas et al., 2015; Niklas and Heinzle, 2012; Sun and Denko, 2014; Wise et
al., 2008; Wise et al., 2011; Zamboni, 2011).

mMGIuRs in cancer

Overexpression or aberrant expression of GPCRs has been detected in many cancer cell
types, and contributes to tumor cell growth by paracrine or autocrine signaling, maintaining
an activated state that leads to enhanced cellular proliferation via downstream effector
proteins (Table 2) (Bhowmick et al., 2004; Burger et al., 1999; Cheng et al., 2008; Takayama
et al., 1997). In particular, mGluRs have been shown empirically to be the predominant
mediators of glutamatergic signaling in many cancers (Khan et al., 2011; Koochekpour,
2013; Martino et al., 2013; Speyer et al., 2014; Teh and Chen, 2012; Zhang et al., 2015). The
mechanisms by which mGIuRs modulate peripheral cell transformation and tumor growth
are postulated to be either ectopic expression of wild type mGIuRs, increased proliferative
signals arising from receptor overexpression, mutations, or expression of polymorphic
variants (Ali et al., 2014; Brocke et al., 2010; Mehta et al., 2013; Namkoong et al., 2007;
Wall et al., 2014; Zhang et al., 2015).
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MGIuRs in primary brain tumors

The first observations of mGIuRs in human malignancies were in neuronal tumors including
neuroblastomas, medulloblastomas, and gliomas (lacovelli et al., 2006; Naarala et al., 1993;
Shin et al., 2008; Takano et al., 2001). In normal brain, astrocytes primarily express
mGIuR3, whereas glial cells express mGIuR1 and mGIuRS5 (Balazs et al., 1997; Petralia et
al., 1996; Wroblewska et al., 1998). In a comprehensive study of pediatric brain tumors,
mGIuR1, mGIluR2, and mGIuR6 display elevated expression levels in malignant
medulloblastomas, ependymomas, and glioblastomas, compared to low-grade astrocytomas
(Brocke et al., 2010). Additionally, these overexpression patterns were similar among
different tumor cell types, despite distinct histological origins, possibly pointing to common
glutamatergic signaling as a key player in these cancers and could be aimed as a therapeutic
target in childhood brain tumors (Brocke et al., 2010). Both groups | and Il mGIuRs have
been implicated in glioma. Inhibition of mGIuR1 significantly decreases cell viability in
U87 glioma cells, resulting in apoptosis via mitigated activation of the PI3K/Akt/mTOR
pathway (Zhang et al., 2015). These results also translated to a U87 xenograft glioma model,
indicating possible clinical relevance for the use of mGIuR1 inhibitors in glioma treatment
(Zhang et al., 2015). Another group showed that group Il mGIuRs, mGIuR2/3, are expressed
in a majority of human glioblastoma specimens. /n7 vitro cultured cell studies showed
suppression of cell growth in the presence of an mGIluR2/3 antagonist; removal of the
antagonist restored cell growth (D’Onofrio et al., 2003). Additionally in U87 glioma cells,
use of mGIuR2/3 antagonist abrogated cyclin D1/D2 expression and activated both MAPK
and PI3K pathways (Arcella et al., 2005). Aronica and colleagues showed that mGIluR3 and
mGIuRS5 agonists modulate the expression of the glutamate transport proteins, GLAST,
GLT-1 and EAAT. Selective group | agonists downregulated expression of GLAST and
GLT-1 in astrocytes, while group 11 agonist positively induced the expression of the
transporters. Similar observations were noted with the EAAT transporter when glioblastoma
cells were treated with group | or Il agonists. Selective antagonists of group | and Il mGIuRs
prevented the induction of these receptors and further, inhibition of MAPK and PI3K
signaling had a negative effect on the expression of the GLAST and GLT-1 induced by the
agonists. Taken together, these results point to complex interactions between various
modulators of mGIuRs and also suggest the potential use of glutamate receptor agonists to
manipulate glutamate levels in brain tumor environments by targeting glutamate transporter
expression (Aronica et al., 2003). In malignant gliomas, mGIuR3 can regulate
chemoresistance to the alkalizing agent, temozolomide, and the level of mGIuR3 from
human glioblastoma multiforme samples is inversely related to survival following surgery
and adjuvant chemotherapy (Ciceroni et al., 2013). On the contrary, activation of the group
Il mGIuR, mGIuR4, has been demonstrated to inhibit growth of medulloblastoma. Sixty
samples of human medulloblastoma were examined, and approximately 77% expressed
mGIuR4, which was inversely correlated with tumor severity, spread, and recurrence
(lacovelli et al., 2006). In addition, in medulloblastoma cell lines, mGIluR4 activated with a
selective enhancer led to inhibition of adenylate cyclase and PI3K pathways, reduced DNA
synthesis and cell proliferation (lacovelli et al., 2006). Further /n vivo studies identified that
stimulated mGIluR4 inhibits medulloblastoma cell xenografts progression in nude mice, and
treatment with an mGIuR4 enhancer in the first week of life is able to prevent the
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development of medulloblastoma in an irradiated, heterozygous Patched-1 mouse model
(lacovelli et al., 2006). These data suggest that disrupted glutamate signaling is involved in
primary CNS tumors.

mGIuRs in non-neuronal cancers

Among Group | mGluRs, mGIuR1 has been shown to induce the neoplastic transformation
of immortalized baby mouse kidney epithelial cells (iBMK) /n vitro and promote tumor cell
progression /n vivo (Degenhardt and White, 2006; Martino et al., 2013). It was shown that
full-length wild-type mGIuR1 is oncogenic when exogenously introduced in epithelial cells
that led to stimulated MAPK and AKT signaling pathways. In addition, mutations and single
nucleotide polymorphisms (SNPs) of GRM1 have also been described in prostate cancer
(Ali et al., 2014). These mutations may serve to modulate mGIuR1 by altering gene splicing,
ligand binding, and downstream signaling. Eight somatic variations of GRM1 have been
identified in cancers, including lung adenocarcinoma where GRM1 mutations have been
demonstrated to result in functional downstream signaling with variable modulation of cell
proliferation pathways including MAPK/ERK (Esseltine and Ferguson, 2013). mGIuR5
overexpression has been shown to induce melanoma development in transgenic mice as well
(Choi et al., 2011). Increased expression of mGIUR5 in the mouse melanocytes was
correlated with enhanced levels of MAPK activation, suggesting that glutamatergic signaling
plays a significant role not only in the initiation and progression, but also in the
maintenance, of tumorigenesis. mGIuR5 has also been implicated in oral squamous cell
carcinoma as well as laryngeal cancers. Park and colleagues showed that differential levels
of mGIuR5 are expressed in human oral squamous cell carcinomas with increased mGIuR5
immunoreactivity associated with improved overall survival (Park et al., 2007). Additionally,
a mGIuR5 agonist promoted tumor cell migration, invasion, and adhesion in human tongue
cancer cells, which was reversed by an mGIuR5 antagonist (Park et al., 2007). Subsequent
studies showed that inhibition of mGIuR5 with specific antagonist reduces metastasis in
CXCRd4/stromal-derived factor-1 (SDF-1)-dependent oral cancers (Kuribayashi et al., 2013).
In laryngeal cancer, the mGIuR5 antagonist, MPEP, inhibits cell proliferation, although its
expression is much lower than that in the brain, which may account for the relatively weak
response of laryngeal cancer cells to mGIuR antagonists (Stepulak et al., 2011). In addition
to mGIuR5, mGluR4 NMDA and AMPA mediated glutamate signaling have also been
observed in laryngeal cancers (Chang et al., 2005; Stepulak et al., 2011).

Group Il mGluRs have also been implicated in a variety of cancer types, including
melanoma. Notably, through exon capture sequencing of GPCRs in malignant melanoma,
the Samuels group identified hot spots in GRM3 that are frequently mutated in human
melanoma and selectively regulate phosphorylation of MEK, leading to anchorage-
independent growth and migratory capabilities in cultured cells (Prickett et al., 2011). The
mutations were found throughout the coding region and affected the extracellular domains as
well as the seven-transmembrane domain, with two mini-hotspots located proximal to the
transmembrane domain. Four somatic mutations (mGIuR3E767K mGluR3S610L,
mMGIUR3C%%1E and mGIuR3E870K) were found to selectively regulate phosphorylation of
MEKZ1/2 kinase /n vitro and induce micro metastasis /17 vivo. These studies suggest a subset
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of melanomas in which activating mutations in mGIuR3 lead to hypersensitivity to agonist
stimulation of the MEK-MAPK pathway without involvement of RAF/RAS genotypes.

Finally, Group 11l mGIuRs have been implicated in colorectal, laryngeal squamous cell,
breast cancers, and osteosarcoma, as well as malignant melanoma. Chang and colleagues
have reported that mGIuR4 is overexpressed in more than 40% of colorectal
adenocarcinomas, malignant melanomas, laryngeal squamous cell carcinomas, and breast
carcinomas, and that overexpression of the receptor was correlated with increased mortality
in colorectal carcinoma (Chang et al., 2005). The same group had previously demonstrated
that human colon cancer cells resistant to 5-FU overexpress mGIuR4, and that mGIluR4
agonists enhanced 5-FU resistance while mGIluR4 antagonists ablated 5-FU resistance (Yoo
et al., 2004). Savage and colleagues also identified two susceptibility loci for osteosarcoma
in the gene encoding mGIuR4 (Savage et al., 2013). More recently, increased expression of
mGIuR4 and mGIuRS8 in a lung carcinoma cell line and human lung adenocarcinoma
samples was reported. Further studies revealed that an mGIuR8 agonist (S)-3,4-DCPG
reduced cell growth and increased apoptosis, indicating that mGIuR8 could be a potential
target in future lung cancer therapies (Li et al., 2015).

In the next few sections, the role of MGIuR1 in melanoma and breast cancer is discussed in
detail. Extensive studies on the involvement of mGIuR1 in melanoma and triple negative
breasts have been performed and resulted in clinically tested treatments that target the
receptor.

mMGIuR1 in melanoma

Our group has previously described an unknown mechanism of melanoma pathogenesis in
which the aberrant expression of mGIuR1 in melanocytes is sufficient to transform
melanocytes /n vitro and promote melanoma tumor development 7n vivo (Chen et al., 1996;
Zhu et al., 1998). Chen and colleagues established a transgenic mouse line, TG-3, that
harbors a 2-kb genomic fragment, clone B, which had previously been shown to commit
fibroblasts to undergo adipocyte differentiation /n vitro (Chen et al., 1996; Zhu et al., 1998).
Instead of the expected obese phenotype, one founder, TG-3, developed pigmented lesions
on the ears, around the eyes, and in the perianal region, identified as melanoma by
histological means. Molecular and biochemical analyses revealed that melanoma
development in the TG-3 mouse model was a result of a classic case of insertional
mutagenesis that led to ectopic expression of mGIuR1 in melanocytes. Insertion of clone B
resulted in concurrent deletion of approximately 70 kb of host sequence in intron 3 of the
gene encoding mGIuR1, GRM1 (Pollock et al., 2003; Wall et al., 2013). Further analysis of
the pigmented lesions on TG-3 revealed that murine mGIuR1 was expressed both on the
protein and mRNA levels, but appeared to be low/absent in the normal skin of the animal
(Pollock et al., 2003; Wall et al., 2013). A new transgenic mouse line, TG(Grm1)EPyv, or
“E”, was created, using wild-type murine GRM1 cDNA under the control of a melanocyte-
specific promoter dopachrome tautomerase (Dct) (Pollock et al., 2003). This new mouse line
displays a melanoma susceptibility profile similar to that of the original TG-3 founder. We
concluded that ectopic expression of mGIuR1 in melanocytes is sufficient to induce
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melanoma development in mice /n vivo with 100% penetrance in the absence of any
additional known exogenous carcinogens (Pollock et al., 2003; Wall et al., 2013).

Further studies demonstrated that constitutive expression of mGIuR1 is required to maintain
the transformed phenotype /n vitroand in vivo. Using an inducible mouse model, Ohtani et
al., showed that conditionally induced mGIuR1 expression stimulated melanocyte growth
leading to melanoma, while silencing mGIuR1 expression resulted in tumor abrogation /n
vivo (Ohtani et al., 2008). In melanomas, stimulation of mGIuR1 by glutamate results in
near-identical formation of second messengers as previously described for the CNS.
Through the second messenger, DAG, PKC is stimulated resulting in activation of the RAS-
RAF-MEK-ERK module of the MAPK signaling cascade and the PI3K/AKT pathway, thus
up-regulating cell proliferation and inhibiting apoptosis (Busca et al., 2000; Choe and Wang,
2002; Ferraguti et al., 1999; Marin and Chen, 2004; Marin et al., 2006; Thandi et al., 2002).

Furthermore, we demonstrated elevated levels of extracellular glutamate only in mGIluR1-
expressing melanoma cells, suggesting the existence of autocrine loops, a characteristic of
oncogenic GPCRs (Gutkind et al., 1991; Julius et al., 1989; Namkoong et al., 2007). We also
demonstrated that MAPK is a downstream target of mGIuR1 signaling. Receptor stimulation
with the agonist L-quisqualate resulted in increased levels of phosphorylated ERK,
indicating active MAPK downstream signaling. Pretreatment of melanoma cells with
mGIuR1 antagonist, LY 367385, followed by agonist treatment did not activate the MAPK
pathway suggesting that MAPK activation is dependent upon functional mGIluR1
(Namkoong et al., 2007). Other groups have shown that approximately 80% of melanoma
tissue samples including 33% of common, blue and Spitz nevi, 75% of human melanoma
cell lines, and 50% of nevus lines are mGIluR1-positive, while normal melanocytes are
mGIuR1-negative (Funasaka et al., 1996). These findings point to mGIuR1 involvement in
the oncogenesis of a subset of human melanomas (Namkoong et al., 2007; Pollock et al.,
2003).

Additional recent studies from Gelb and colleagues confirm that mGIuR1 expression in
melanoma cells confers glutamate dependence for cell viability and DNA synthesis in
human melanoma cells SK-MEL-2 and SK-MEL-5. Using both shRNA against mGIluR1 and
a non-competitive mGIuR1 antagonist that had previously never been used in an oncologic
setting, JNJ16259685, downregulation of mGluR1-expression decreased cell viability of
human melanoma cells /n vitro and tumor growth /n7 vivo in a xenograft model (Gelb et al.,
2015b). Other new experiments demonstrate that other pathways in addition to MAPK likely
mediate mGluR1-mediated cell viability in melanoma cells. They showed that the mGIluR1
agonist quisqualate does not always modulate phosphoinositol hydrolysis and promote cell
viability as does the native ligand glutamate, indicating that future studies of melanoma cell
viability in mGluR1-positive cell lines should not use agonists synonymously with glutamate
for stimulation studies. In addition, a novel mGluR1-mediated but G-protein independent
signaling cascade involving dynamin was found to upregulate MAPK signaling with
sustained phosphorylation of ERK. A dynamin inhibitor, dynasore, dose-dependently
decreased glutamate dependent cell viability of mGIuR1-positive human melanoma cells
SK-MEL-2 and SK-MEL-5, but had no effect on viability in mGluR1-negative human
melanoma cells UACC930. These results suggest that internalization of mGIuR1 receptors
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via dynamin activity may play an additional role in the cell viability of a subset of mGIuR-1
positive melanomas (Gelb et al., 2015a).

MGIuR1 as a therapeutic target in treating melanoma

Results from cultured cell studies suggest that ectopic expression of mGIuR1 in cells led to
the establishment of autocrine loop with high levels of extracellular glutamate to ensure
constitutive activated receptor and up-regulated glutamate signaling to participate in
neoplastic transformation /n vitro and tumorigenesis 7n vivo. Because decreasing the levels
of available glutamate would most likely dampen the glutamatergic signaling and reduce the
oncogenic activity of mGIuR1. We tested this notion by using riluzole, an inhibitor of
glutamate release, in mGluR1-expressing melanoma cells.

Riluzole, marketed by Sanofi-Aventis as Rilutek®, is classified as an anti-excitotoxic,
neuroprotective drug that blocks cellular release of glutamate. It is FDA-approved for the
treatment of amyotrophic lateral sclerosis (ALS). Riluzole has an absolute bioavailability of
approximately 60%, which is relatively high, and is also able to cross the blood-brain
barrier. Its mechanism of glutamate blockade is thought to be in part due to inactivation of
voltage-gated sodium channels on glutamatergic nerve terminals and/or activation of a G-
protein dependent signaling cascade (Doble, 1996). Similarly, riluzole has also been shown
to block some postsynaptic glutamatergic effects by noncompetitive inhibition of NMDA
receptors (Doble, 1996).

In vitroriluzole treatment of mGIluR1-expressing human melanoma cells reduces cell
proliferation and decreases levels of extracellular glutamate, functionally much like the
mGIuR1 antagonists LY 367385 and BAY 36-7620 (Figure 2). /n vivo human melanoma cell
xenograft studies also showed a 50% inhibition of tumor growth compared to controls.
Furthermore, cell cycle analysis on riluzole-treated mGIluR1-expressing human melanoma
cells showed accumulation in the G2-M phase and subsequent buildup in the sub-G1 phase
of the cell cycle, consistent with apoptosis, which was confirmed in Westerns with elevated
cleaved PARP, an apoptosis marker (Namkoong et al., 2007).

Results from these preclinical studies prompted us to translate into the clinic with a phase 0,
first-in-human trial using riluzole in stage 111 and 1V melanoma patients (Yip et al., 2009).
The drug was well tolerated and yielded an unexpected significant short-term response rate
in 34% of patients. The tumors that shrank in human subjects showed an inhibition of
signaling through both the MAPK and PI3K/AKT pathways, correlating with results from
preclinical studies (Namkoong et al., 2007; Yip et al., 2009). Additionally, Positron
Emission Tomography (PET) documented complete resolution of multiple nodal and
cutaneous metastases in several patients. Out of eleven patients that completed the study,
only two had disease progression post-treatment. While all patients were positive for
mGIuR1 expression, the tumor samples also harbored a composite of most common
mutations in melanoma, including BRAF V600E as well as NRAS Q61K. From this
observation, a possible corollary is that more advanced tumors, as in those found in stage 111
and IV metastases, have a higher frequency of ectopic mGIuR1 expression. A Phase 2 trial
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of riluzole as a single agent for melanoma treatment yielded similar results, with initial
stable disease in 30% of patients (Mehnert et al., 2013).

Although radiosensitizers have previously not been shown to provide survival benefit in
human melanoma, Khan and colleagues (Khan et al., 2011) hypothesized that riluzole may
be different, as cells in the G2/M phase rendered by riluzole treatment would be extremely
sensitive to radiation (Ballo and Ang, 2004; Ballo et al., 2006; Eichler et al., 2007;
Habermalz and Fischer, 1976). /n vitro studies showed that mGluR1-positive human
melanoma cells were significantly less likely to survive following ionizing radiation
treatment at the 2 and 4Gy dose levels when pre-treated with riluzole at 25uM concentration,
while there was negligible effect in mGIluR1- negative human melanoma cells even at
100uM of riluzole treatment. Furthermore, riluzole with irradiation in mGIluR1-positive
human melanoma cells induced G2/M synchronization in a sequence-dependent manner, and
rendering the receptor non-functional with the non-competitive antagonist of mGIuR1,
BAY36-7620, prior to riluzole treatment abrogated these effects. These findings reveal that
the mechanism of riluzole is more complex than merely diminish available glutamate. /n
vivo, mGluR1- positive human melanoma xenografts treated with riluzole plus irradiation
resulted in smaller tumor volume and significant increase in apoptotic tumor cells that
stained positive for cleaved caspase-3, a marker of apoptosis, and -y-H2AX foci, a marker of
DNA-double stranded breaks (Khan et al., 2011). These results suggest that riluzole may be
used as a radiosensitizer in a subset of mGIuR1 expressing human melanomas.

Further research led to the unexpected discovery that riluzole by itself led to DNA damage
and that riluzole in association with irradiation produced additive DNA double-strand breaks
in mGIuR1-postive human melanoma cells /n vitro and in vivo, as evident by the histological
detection of y-H2AX foci and phosphorylation of histone H2AX on Western immunoblots
(Wall et al., 2014). These findings only manifest in mGIluR1-positive human melanoma cells
but not mGluR1-negative cells. Additional experiments showed co-localization of both -
H2AX and 53BP1. 53BP1, a checkpoint regulator that binds to p53 and translocates to sites
of DNA breaks in response to DNA damage (Wall et al., 2015). Similar results were
observed in isogenic vector control or mGIuR1 clones derived from immortalized, non-
tumorigenic human melanocytes (Wall et al., 2014).

Using a genetic inducible siRNA (si-GRM1) approach in C8161 human melanoma cells,
DNA damage was reduced in riluzole-treated induced si-GRM1 clones, compared to the
same clones not subject to the induction of si-GRM1 (Wall et al., 2014). These results
support mGluR1-dependent riluzole-mediated DNA damage as the mode of action. In the
same report, we proposed that in the presence of riluzole, synthesis of the antioxidant
glutathione (GSH), may be interrupted by increased intracellular glutamate that could
disrupt the bidirectional transport of glutamate and cysteine required for GSH synthesis
(Wall et al., 2014). A decrease in GSH causes increased oxidative stress and reactive oxygen
species (ROS) detectible by the ROS-specific marker dihydrorhodamine 123 (DHR123). We
confirmed an increase in ROS only in riluzole-treated mGIluR1-positive cells but not
mGIluR1-negative cells (Wall et al., 2014). We also retroactively assessed pre- and post-
treatment specimens from the phase 0 and 2 clinical trials of riluzole for DNA damage. A
significant number of y-H2AX staining cells in post-treatment samples of stable disease
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patients with biologic responses compared to pre-treatment samples from the same patients
were observed. In comparison, samples from non-responding patients with disease
progression showed low and similar numbers of y-H2AX foci in pre- and post-treatment
specimens (Mehnert et al., 2013; Wall et al., 2014; Yip et al., 2009).

As melanoma is a heterogenous disease and clinical trials utilizing riluzole have shown
positive response in only a subset of mGIluR1-positive melanomas, we suspect involvement
and even crosstalk with other pathways. We showed with mouse melanoma cells that
IGF-1R transactivation is involved in mGIluR1-mediated melanocyte transformation (Teh et
al., 2014) mGIluR1 receptor functionality was assessed with the mGIluR1 agonist, L-
quisqualate [Q], in stable mGIluR1-clones derived from a normal mouse melanocytic cell
line. AKT activation was observed, but the addition of an IGF-1R inhibitor, PPP, resulted in
lack of alterations in AKT activity above baseline, even in the presence of mGIluR1-agonist
Q, suggesting that functional IGF-1R is necessary for mGluR1-mediated stimulation of the
AKT cascade (Shin et al., 2008; Teh et al., 2014). Treatment of human melanoma cells with
riluzole and OSI- 906, a potent inhibitor of IGF-1R, suppressed cell growth more than either
agent alone (Fassnacht et al., 2011; Mulvihill et al., 2009; Teh et al., 2014; Zhao et al.,
2012). This synergistic response was reproducible in an /7 vivo xenograft model, suggesting
that IGF signaling is involved in crosstalk with mGIuR1 in human melanoma. To validate
this hypothesis, we again turned to tumor biopsies from five patients with advanced
metastatic melanoma treated with monotherapy riluzole from the completed phase 0 and 2
trials. Notably, responders showed decreased phospho-IGF- 1R and phospho-AKT levels,
and non-responders showed increased phospho-1GF-1R and phospho-AKT. While limited by
sample size, these results point to a role of the IGF-1R/AKT pathway in single agent riluzole
response in melanoma patients (Teh et al., 2014). Additionally, simultaneous targeting of
both MAPK and PI3K signaling pathways in human melanoma brain metastasis-derived
cells /n vitro can decrease cell survival and invasion (Daphu et al., 2014). As mGIluR1 affects
both MAPK and PI3K, therapies like riluzole may play a role in overcoming resistance that
develops after targeted MAPK and PI3K inhibitor treatment.

Our laboratory has also studied the inhibitors sorafenib or PLX4720/PLX4032 in
combination with riluzole. Sorafenib is a small-molecule, multi-kinase inhibitor, and
PLX4720/PLX4032 is a small molecule inhibitor specific to mutated BRAF V600E kinase.
We showed that mGIluR1-positive cells containing a BRAF V600E mutation were less
sensitive to riluzole because both mGIluR1 and BRAF V600E stimulate MAPK signaling
(Lee et al., 2011a). Furthermore, using a combination of riluzole and sorafenib
synergistically reduces growth of wild type or BRAF V600E human melanoma cells in vitro
and /n vivo and the combination of riluzole and PLX4720/PLX4032 also has additive effects
on the suppression of melanoma cell growth (Lee et al., 2011b). These results have been
formulated into an ongoing Phase I clinical trial to assess the safety and efficacy of riluzole
with sorafenib in stage 111/IV melanoma patients.

MGIuR1 in brain metastasis

Excessive glutamate induces excitotoxicity in surrounding neuronal tissue, and in brain
tumors this creates space for the expansion of the growing tumor (Van den Bosch, 2006; Yu
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et al., 2015). Melanoma is one of the most common cancers metastasizing to the brain after
lung and breast carcinomas, interesting, as melanocytes originate from the neural crest.
Recently, our group reviewed brain metastasis from melanoma and current treatments (Yu et
al., 2015). In short, these metastases tend to be small, multiple, and hemorrhagic (Chaichana
and Chaichana, 2011; Ewend et al., 1996; Graus et al., 1985; Wronski and Arbit, 2000).
Treatment modalities include anti-epileptic drugs for symptomatic relief versus definitive
treatment with surgical resection, whole brain radiation treatment, stereotactic radiosurgery,
targeted therapies, immunotherapies, or a combination of the above (Yu et al., 2015).
However, there remains a dearth of effective treatment options for melanoma brain
metastasis. Radiation is still one of the mainstays of treatment for primary brain tumors and
brain metastases, but efficacy in metastases from melanoma is low compared to that from
other primary tumor types (Habermalz and Fischer, 1976; McKay and Kefford, 1995;
Nicholas et al., 2013). Among cancers that commonly metastasize to the brain, lung cancers,
especially small cell lung carcinomas, are most susceptible to radiation, while breast cancers
are less sensitive; melanoma and renal cell carcinomas are least sensitive (Barranco et al.,
1971).

mGIuRs, including those in group | and group I, have been shown to be involved in brain
specific metastasis and proliferation of melanoma. Nygaard and colleagues have shown that
a brain-adaptive phenotype of melanoma is found prominently in early metastatic growth
phases and occurs via activation of the glutamate receptor mediated Ca2*-dependent
signaling that regulates transcription and neuron-like plasticity (Nygaard et al., 2014). They
also reported that elevated levels of extracellular glutamate was detected in the conditioned
medium of the MM1 melanoma cells after 72 hours in culture; these cells are not as
proliferative but more invasive when compared to the MM5 melanoma cell line, which is
rapidly proliferating, but noninvasive (Nygaard et al., 2014). Further studies showed that
blockade of upregulated glutamate receptors GRIAL, GRIA2, mGIuR3 and mGIluR4 by
specific antagonists decreased cell viability, establishing a system of functional glutamate
signaling in these cells /n vitro (Nygaard et al., 2014).

Incidentally, we also speculate that melanoma is one of the most common primary tumors
that lead to hemorrhagic intracranial metastases (Lieu et al., 1999; Mandybur et al., 1977).
Goydos and colleagues recently showed that melanoma cells with enhanced mGIluR1
expression produced not only large tumors 7 vivo, but also more vascular tumors than their
lower mGluR1-expressing counterparts. Cultured mGluR1-positive human melanoma cells
produced more interleukin-8 (IL-8) and VEGF likely via mGluR1-mediated activation of the
AKT-mTOR-HIF1 pathway. Moreover, in clinical post-treatment specimens from patients
treated with single agent riluzole not only showed inhibition of MAPK and PI3K/AKT
activities, but also decreased density of blood vessels, indicating that suppression of
glutamate signaling downstream from mGIuR1 could promote anti-angiogenic effects,
suggesting inhibition of MGIuR1 as a potential target in treatment of melanoma and other
cancers with high likelihood of hemorrhagic brain metastases, including renal cell
carcinoma (RCC) and hepatocellular carcinoma (HCC) (Lieu et al., 1999; Ti, 1977; Wen et
al., 2014).

Neuropharmacology. Author manuscript; available in PMC 2018 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 11

Recently, our laboratory utilized orthotopically-implanted mGIluR1 expressing human
melanoma xenografts in mice as a model for intracranial melanoma metastases. Based on
preclinical studies and riluzole’s ability to cross the blood-brain barrier, we predicted that
riluzole would elicit anti-proliferative effects on human melanoma cells in the brain, and
would act cooperatively with ionizing radiation therapy. We used a bioluminescence enzyme
firefly luciferase (Fluc) reporter introduced into the mGIluR1-positive human melanoma cell
line C8161 to produce several stable clones (C8161-luc), creating a monitoring approach
using VIS, a small animal imaging system for /n vivo assessment of tumor burden without
having to sacrifice animals at different time intervals. Intraperitoneal (IP) injection of
luciferin substrate into animals allowed for oxidation by luciferase, resulting in photon
emission/bioluminescence signal intensity acquisition and quantification by IVIS. These
signal intensities were first demonstrated to correlate with tumor volume measured by a
Vernier caliper in a xenograft tumor experiment using C8161-luc cells injected into the
dorsal flanks of athymic nude mice. To model brain metastases, we injected C8161-luc cells
intracranially into a new set of mice and monitored for tumor establishment using
luminescent imaging. Following tumor detection, the mice were randomized into four
treatment groups: vehicle (Veh, DMSQ), vehicle and a weekly dose of 4 Gy irradiation (IR),
riluzole daily via oral gavage (Ril), and a combination of irradiation and riluzole (Ril+IR).
We showed that riluzole or irradiation alone was able to reduce melanoma tumor cell growth
in the brain over time as compared to vehicle-treatment. However, combination treatment of
Ril+IR yielded even smaller tumor burden as demonstrated by the decreased luminescent
signal after four weeks of treatment compared with vehicle-treated or either treatment
modality alone (Korangath et al., 2015). From these results, we propose that riluzole could
be used as a radiosensitizer for the treatment of intracranial metastasis in combination with
irradiation in mGIluR1-positive human melanomas (Yu et al., 2015).

mMGIuR1 in breast cancer

mGIuR1 expression has been widely explored in breast cancer. Speyer et al., reported the
expression of mGIuR1 in five triple negative breast cancer (TNBC) cell lines, as well as
normal mammary epithelial cells with varied expression levels. Silencing of the receptor
with GRM1 shRNA resulted in inhibition of cell proliferation. Pharmacologically, treatment
of mGluR1-expressing TNBC cell lines with riluzole, decreased the available ligand to
sustain the activated receptor, therefore functioning as an antagonist. In a series of in vitro
and /n vivo experiments, inclusion of riluzole in the growing media or administration via
oral gavage to xenograft tumor-bearing mice resulted in reduced cell proliferation, tumor
progression, and induced apoptosis /n vitroand in vivo (Speyer et al., 2012). Additionally,
isogenic breast cancer cell lines constructed to mirror the progression of breast cancer
demonstrate higher expression of mMGIuR1 mRNA and protein in premalignant and
malignant cells than in normal mammary epithelial cells (Banda et al., 2014). Interestingly,
lentiviral mediated overexpression of mGIuR1 in premalignant MCF10A cells showed no
significant effects on proliferation, invasion, or soft agar colony formation /in vitro,
suggesting that the receptor may be involved in later steps during progression. To evaluate
this hypothesis, mGIuR1 was overexpressed in MCF10AT1 cells, which represent atypical
ductal hyperplasia. In this case, a significant increase in the proliferation of the cells was

Neuropharmacology. Author manuscript; available in PMC 2018 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 12

observed. Inhibition of receptor activity using the non-competitive antagonist, BAY 36-7620,
or GRM1 shRNA negatively impacted proliferation. With these data, it was hypothesized
that mGIluR1 may also influence other oncogenic functions that support tumor growth. As
such, investigation of the effects of mGIluR1 on the migration and invasion of the cell lines
was performed. Overexpression of mGIuR1 in the MCF10AT1 atypical ductal hyperplasia
cells resulted in increased migration and invasion through a reconstructed basement
membrane as well as anchorage independent growth. These alterations were diminished
when mGIuR1 expression was disrupted using shRNA. /17 vivo, the mGIuR1 overexpressing
cells formed multiple invasive carcinomas compared to parental or vector control cells,
suggesting a role for mGIuR1 in malignant breast cancer phenotypes. Triple negative breast
cancers identified by their lack of expression of progesterone, estrogen and Her2/Neu
receptors, remain an important challenge in breast cancer management that impacts on
thousands of women because this class of breast cancer does snot respond to targeted
therapies. For this reason, identification of mGIuR1 as a contributor to proliferation,
invasion, and malignant progression in TNBC offers a potential therapeutic target.

In addition to the reported roles of mGIuR1 in promoting cell proliferation, invasion,
anchorage independent growth and /7 vivo carcinoma formation (Banda et al., 2014; Speyer
etal., 2012), mGIluR1 has also been linked in supporting angiogenesis in breast cancer
(Speyer et al., 2014). /n vitro studies using primary endothelial cells showed that cells
expressing elevated levels of mGIuR1 had greater sensitivity to BAY36-7620 and riluzole.
Tube formation on matrigel, an ex vivo model of angiogenesis, was suppressed in cells
treated with BAY36-7620 or riluzole, suggesting participation of mGIuR1 in the angiogenic
process. In an /n vivo murine mammary tumor model with a strong vascular component,
when treated with riluzole or Sunitinib (Roskoski, 2007), a similar inhibition in tumor
growth was observed as earlier reports (Banda et al., 2014; Speyer et al., 2012), and a
reduction in microvessel density was also demonstrated for riluzole at 60% and Sunitinib at
80%, suggesting that mGIuR1 may mediate its effect on tumor cell growth and invasion
partly by enhancing angiogenesis.

While the contributions of mMGIuR1 overexpression in breast cancer were explored, a
correlation between the polymorphic variants of GRM1 and breast cancer subtypes was
demonstrated (Mehta et al., 2013). Earlier, in a genetic association study examining
correlation of 3 single nucleotide polymorphisms in GRM1 and melanoma susceptibility
showed higher frequency of one of the polymorphisms in GRM1-positive melanoma patients
compared to controls. It was also reported that the frequency of this polymorphism was
greater in subgroup of patients with low level of sun exposure and tumors located on the
trunk and extremities (Ortiz et al., 2007). Mehta et al., examined GRM1 polymorphisms in
breast cancer. Genotyping of over 1000 breast cancer specimens showed that 2
polymorphisms were associated with age at diagnosis and either estrogen or progesterone
receptor positive disease. /n vitro validation of these observations using estrogen and
progesterone positive (MFC7) or TNBC (MDA-MB-231) cell lines treated with either 17p-
estradiol or with the combination of 17p-estradiol and progesterone assessed possible
modulation in mGIUuR1 expression. In MCF7 cells, mGIuR1 expression increased 2.7 fold
after 17p-estradiol treatment and 2.1-fold after 17p-estradiol plus progesterone treatment.
These effects were blocked when the cells were pretreated with tamoxifen. mGIluR1
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expression was not affected by 17p-estradiol and progesterone in the receptor negative
MDA-MB-231 cells. This study also showed that estrogen receptor positive tumors were
more likely to express mGIuR1 in comparison to estrogen negative tumors. Additionally, it
revealed that patients with low mGIuR1 expressing tumors were associated with longer
periods of distant metastasis-free survival as compared to those with higher mGIluR1
expression. These results show that mGIuR1 may not only be involved in the disease
progression, but that it might also affect response to hormone based therapy in breast cancer.
Given that mGIuR1 appears to influence triple negative breast cancer, estrogen and
progesterone positive subtypes, riluzole and other drugs that target this receptor might prove
useful in a clinical setting.

Conclusions

Our knowledge of the functions of metabotropic glutamate receptors is constantly evolving.
This evolution has changed the perception that these receptors are mainly involved in
neuronal signaling, neurodevelopmental disorders and neuronal malignancies. A tremendous
amount of work has emerged on the role of mGIuRs in the biology of melanoma, breast,
prostate cancers, and in tumors that originate in the brain or those that metastasize to the
brain. The evidence for mGIuR1 involvement in melanoma has led to the application of
riluzole, a drug used to inhibit glutamate release in ALS, as an anti-melanoma drug and as a
radiosensitizer that can be used to treat other tumors that involve mGluR1-mediated
glutamate signaling that commonly metastasize to the brain. Further understanding of how
other glutamate receptors affect human cancers, as well as development of other receptor
modulators will result in multiple applications that extend far beyond the traditional roles
associated with the glutamate receptors.
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Highlights
. Tumor cells consume excessive glutamine for energy and macromolecule
synthesis
. mGIuRs play a role in progression and maintenance of brain and nonneuronal
tumors
. Riluzole, a glutamate release inhibitor, can be a radiosensitizer in some
cancers

. mGIuR1 participates in crosstalk with the PI3BK/AKT/mTOR and the IGF-1R
pathways

. Functional mGIluR1 may enhance angiogenesis in melanoma and breast
cancer
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Glutamine (GIn) is converted to glutamate (Glu) by the enzyme glutaminase (GLS) releasing

both Glu and ammonia into the cytosolic compartment of the inner mitochondrial
membrane. Glu is then metabolized to a-ketoglutarate (a-KG) either by oxidative

deamination by glutamate dehydrogenase (GIDH) or alanine transaminase (ALT). a-KG is
metabolized in the tricarboxylic acid (TCA) cycle to oxaloacetate through the production of
malate. Malate oxidation to pyruvate in the cytosol generates NADPH which is used to

maintain glutathione in its reduced state.
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Overall working hypothesis of the mechanisms involved in melanoma development through
GRML1 activation.
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