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Summary

Our lab previously described the oncogenic properties of metabotropic glutamate receptor 1

(mGluR1) in melanocytes. mGluR1 transformed immortalized mouse melanocytes in vitro and

induced vigorous tumor formation in vivo. Subsequently, we observed the activation of PI3K/AKT

in mGluR1-mediated melanocytic tumorigenesis in vivo. In particular, we identified AKT2 being

the predominant isoform contributing to the activation of AKT. Suppression of Grm1 or AKT2

using an inducible Tet-R siRNA system resulted in a 60% or 30% reduction respectively in in vivo

tumorigenesis. We show that simultaneous down-regulation of Grm1 plus AKT2 results in a

reduction of approximately 80% in tumor volumes suggesting that both mGluR1 and AKT2

contribute to the tumorigenic phenotype in vivo. The discrepancy between the mild in vitro

transformation characteristics and the aggressive in vivo tumorigenic phenotypes of these stable

mGluR1-melanocytic clones led us to investigate the possible involvement of other growth

factors. Here, we highlight a potential crosstalk network between mGluR1 and tyrosine kinase,

Insulin-like Growth Factor 1 receptor (IGF-1R).

Introduction

Metabotropic glutamate receptor 1 (gene:Grm1;mouse,GRM1;human,protein:mGluR1) is a

seven transmembrane receptor that belongs to the superfamily of G-protein coupled

receptors (GPCRs). Although previously thought to be functionally relevant only in the

central nervous system (CNS), our group has since implicated the role of Grm1 in in vivo

mouse models of melanomagenesis (Chen et al., 1996; Pollock et al., 2003; Schiffner et al.,

2012). The incidence of melanoma has steadily increased over the past 30 years with an

estimation of over 76,000 cases diagnosed in the United States in 2014. Although recent
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targeted therapy efforts have proven effective, responses are often limited to 6–12 months

putting forth the need for new clinically relevant targets or treatment strategies to delay the

onset of drug resistance(Flaherty et al., 2010). To date, we have screened over 25 human

melanoma cell lines and 170 melanoma biopsies and found approximately 80% of the cell

lines and 60% of biopsy samples to express mGluR1 but not in benign nevi or normal

melanocytes. Moreover, we have successfully generated several stable mGluR1-expressing

mouse melanocytic clones (MASS clones), which exhibited tumorigenic characteristics in

vivo (Shin et al., 2008b).

We identified two major signaling pathways that underlie Grm1-mediated melanocytic

transformation. The first pathway is MAP Kinase, which is specifically activated in response

to L-Quisqualate (Q), a Group I mGluR agonist and suppressed by Bay 36–7620, a specific

antagonist of mGluR1. Furthermore, we observed elevated levels of phosphorylated AKT/

Protein Kinase B in allografts of MASS clones (Shin et al., 2010). In particular, the AKT2

isoform was differentially activated in excised allografted tumors. Other groups have

previously established the role of PI3K/AKT signaling cascade in melanoma development.

Stahl and colleagues showed upregulation of AKT3 in melanoma cell lines established from

various phases of primary melanoma tumors (Stahl et al., 2004). The targeting of AKT3 by

siRNA was sufficient to inhibit human melanoma xenograft tumor progression. However, a

recent report demonstrated that loss of PTEN promotes the invasion and migration of

melanoma cells via the activation of the AKT2 isoform (Nogueira et al., 2010).

Interestingly, we also showed AKT2 and not AKT3 to be the predominant isoform activated

in human melanoma biopsy samples (Shin et al., 2010).

While MASS clones exhibit aggressive in vivo phenotype, which included short latency,

strong angiogenic activities and invasiveness, the in vitro transformation properties were

only modestly altered. As a clue of the discrepancy in aggressiveness between the in vivo

and in vitro phenotypes, we observed the hyperactivation of AKT in MASS tumor allografts

but not in cultured cells except by stimulation of the receptor with its agonist, L-

Quisqualate. As such, we hypothesize that the in vivo microenvironment may contribute in

part to promote the tumorigenic phenotype via activation of the PI3K/AKT signaling

cascade. It is possible that in vivo, there exist an excessive supply of mGluR’s natural

ligand, glutamate, which leads to the constitutive activation of the receptor. Alternatively,

we propose the existence of a paracrine supply of growth factors from neighboring stromal

cells that feeds into the PI3K/AKT pathway. We screened various exogenous growth

factors/ligands including those that activate receptor tyrosine kinases for the ability of one or

more of these factors to modulate the activation of ERK and/or AKT. Insulin-like growth

factor (IGF-1), a known upstream regulator of AKT, was the only growth factor among

those tested that was able to stimulate AKT in cultured MASS clones (Shin et al., 2010). In

this report, we set out to determine whether IGF-1 Receptor (IGF-1R) indeed participates in

mGluR1-mediated transformation of melan-a cells.

Results

First, we evaluated whether AKT activation is solely contributed by mGluR1 in vivo. To test

this, we generated stable inducible siGrm1 siAKT2 MASS clones utilizing a tetracycline-
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inducible siRNA system. TetO-siAKT2 recombinant DNA was transfected into inducible

siGrm1-MASS20 clones from previous studies (Shin et al., 2008b) and several stable clones

harboring both siGrm1 and siAKT2 were isolated. Modulation of levels of mGluR1 and

AKT2 expression in the presence of doxycyline (analog of tetracycline) was assessed by

Western immunoblots (Figure 1A). Previously, suppression of mGluR1 expression in

siGrm1-MASS clones led to a 60% reduction in allografted tumors in the presence of the

inducer, doxycycline. These in vivo studies suggest that mGluR1 is required in part for the

maintenance of tumorigenicity but also points to the involvement of additional factors in

promoting melan-a transformation. Suppression of AKT2 isoform in MASS allografts

resulted in a decrease in tumor volume in vivo of approximately 30% (Shin et al., 2008a;

Shin et al., 2010). Here, we show that simultaneous down-regulation of Grm1 plus AKT2

leads to approximately 80–90% suppression of allografted tumors, these results strongly

suggesting that both mGluR1 and AKT2 are involved in the tumorigenic phenotype in vivo

(Figure 1B). Furthermore, these findings support our hypothesis that there exists at least one

additional factor contributing to AKT2 activation in vivo.

Receptor tyrosine kinases (RTKs) are well-known key constituents of GPCR signaling

which facilitates tumor progression in various malignancies by enhancing proliferative

and/or cell survival signals (Almendro et al., 2010; Bhola and Grandis, 2008). Previously we

identified IGF-1 as being able to activate AKT in cultured MASS20, suggesting the

expression and functionality of IGF-1R (or related receptor) in MASS cells (Shin et al.,

2010). Now we confirmed the expression of IGF-1R in MASS20 allografts. Interestingly,

not only was IGF-1R expressed in MASS20 allografts, the activation of the receptor

occurred in a time-dependent manner peaking at Day 10 post initial appearance of tumor

(Figure 1C).

Furthermore, induction of mGluR1 with a Group I mGluR agonist, L-Quisqualate (10μM) in

cultured cells caused a rapid transient activation of IGF-1R, which is abolished by pre-

incubation with mGluR1-specific antagonist, Bay 36–7620 (10μM) (Figure 2A).

Phosphorylation of IGF-1R was not observed in non-tumorigenic melan-a vector cells even

when induced by L-Quisqualate. A similar result was achieved with a second stable

mGluR1-expressing melanocyte clone, B10BR-SS#14 (Supplementary Figure 1). Because

the antibody used to assess IGF-1R phosphorylation cross-reacts with insulin receptor, an

immunoprecipitation approach was employed to verify that the 95kD band is indeed

IGF-1R. MASS20 cells were induced with L-Quisqualate (10μM) for 30 minutes and

extracts were prepared and first immunoprecipitated with IGF-1R antibody followed by

immunoblotting using p-IGF-R antibody (Figure 2B). We also found that the

phosphorylated form of IGF-1R could be coimmunoprecipitated with mGluR1 only in the

presence of L-Quisqualate suggesting that the activation of mGluR1 may allow the

recruitment of IGF-1R to the same signaling complex (Figure 2C).

Next, we examine whether transactivation of IGF-1R contributes to mGluR1-mediated

transformation of mouse melanocytes. First we confirmed our earlier observation that

incubation of MASS20 cells with a Group I mGluR agonist, L-Quisqualate (Q) for 30 min

led to activation of AKT (Figure 2D). Inclusion of IGF-1R specific inhibitor, PPP, resulted

in the absence of AKT phosphorylation above basal levels even in the presence of mGluR1
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agonist (Q), suggesting that both mGluR1 and IGF-1R contribute to stimulation of AKT

(Figure 2D). Several earlier studies have postulated that Src-family tyrosine kinases serve as

intermediates between GPCR and RTKs (Luttrell and Luttrell, 2004). Src is a well-

established player in EGFR signaling, directly phosphorylating two key tyrosine residues

and allowing mitogenic signals. We assessed the possibility that intracellular tyrosine kinase

Src participates as a signaling intermediate for mGluR1-induced IGF-1R tyrosine

phosphorylation. Pretreatment of MASS20 with a Src inhibitor, PP2 for 15 minutes (10μM),

or the inclusion of a silencing RNA specific for Src followed by stimulation with Q for 15

minutes resulted in the ablation of IGF-1R tyrosine phosphorylation (Figure 2E,

Supplementary Figure 2), suggesting that Src is upstream of IGF-1R transactivation. As

expected, mGluR1-induced AKT phosphorylation was suppressed with PP2 pre-treatment.

Interestingly, MAPK signaling was also disrupted suggesting a divergent pathway following

Src kinase activation before reaching IGF-1R (Figure 2E).

We further confirm the involvement of IGF-1R signaling, by taking advantage of a Myc-

tagged dominant-negative IGF-1R construct. MASS20 cells were stably transfected with

either empty vector or the truncated IGF-1R mutant. The truncated receptor retains the

ligand-binding site but lacks the autophosphorylation domain (Sachdev et al., 2004). Several

IGF-1RDN-MASS20 clones were isolated (Figure 3A) and the consequences of the mutated

IGF-1R on AKT signaling were assessed. In contrast to the parental MASS20 cells, IGF-1

(5ng/ml) was unable to activate AKT in IGF-1RDN-MASS20 cells (Figure 3B).

To verify that IGF-1R participates in the tumorigenic phenotype of MASS clones, we

subcutaneously injected one vector control-MASS20 and two IGF-1RDN-MASS20 clones

into immunodeficient nude mice. Although tumors were detectable in both Vector-MASS20

and IGF-1RDN-MASS20 clones, there was a significant reduction (approximately 40%) in

IGF-1RDN-MASS20 tumor volumes by day 21 in comparison to Vector-MASS20 (Figure

3C). The percent inhibition of tumor volume was similar to what we previously observed in

MASS20 xenografts following suppression of only AKT2 (6). Taken together, our in vivo

data put forth the notion that functional IGF-1/AKT signaling is indeed required for

mGluR1-mediated tumorigenesis potentially via the functional transactivation of IGF-1R.

Finally, to evaluate the potential clinical implications in our findings, we explored the

efficacy by combining riluzole, an inhibitor of glutamate release and an inhibitor of IGF-1R,

Linsitinib (OSI-906) using human melanoma cell lines. B-RAF and N-RAS are among the

most common mutations in cutaneous melanoma encompassing 75% and 15% of malignant

melanoma cases respectively (Davies et al., 2002; Gorden et al., 2003). The constitutive

activation of MAPK pathway in tumors harboring B-RAF and N-RAS mutations are thought

to render tumor cells refractory to targeting upstream signaling elements such as mGluR1 or

receptor tyrosine kinases. However, we have shown in completed Phase 0 and II trials of

single-agent riluzole, an FDA-approved drug for amyotrophic lateral sclerosis, to have anti-

tumor activity in patients with advanced melanoma regardless of their BRAF/NRAS status

(Yip et al., 2009). We selected a potent inhibitor of IGF-1R that is orally efficacious in pre-

clinical models, OSI-906, currently in clinical development for advanced solid tumors

(Fassnacht et al., 2011; Mulvihill et al., 2009; Zhao et al., 2012). In in vitro MTT assays all

three GRM1-expressing human melanoma cell lines, C8161 (B-RAF wild-type), 1205Lu (B-
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RAFV600E mutant) and WM239A (B-RAFV600D mutant) displayed enhanced efficacy in

suppressing cell growth in the presence of both riluzole and OSI-906 as compared with

single agent alone regardless of their B-RAF genotypes (Figure 4A). Previously, we showed

a reduction in MAPK signaling in riluzole treated human melanoma cells. Here, we

demonstrate enhanced suppression of both phospho-AKT and phospho-ERK with the

combination of riluzole and OSI-906 compared to either agent alone (Figure 4B). Given

these encouraging in vitro findings, we next assessed the combined efficacy of riluzole and

OSI-906 on established xenografted tumors in vivo. Remarkably, the in vivo combinatorial

application using only half the optimal dose for single agents showed a synergistic reduction

of tumor progression as evident by the decrease in tumor volumes in both B-RAF-wild type

and B-RAF-mutant xenografts as compared with vehicle controls (Figure 4C).

Additionally, we examined tumor biopsies from five patients with advanced metastatic

melanoma from both completed Phase 0 and II trials treated with riluzole (Yip et al., 2009).

The tumors of all five responders and non-responders were positive for mGluR1 expression.

Five sets of paired tumor samples (pre-treatment and post-treatment) were analyzed for

phospho-IGF-1R and phospho-AKT levels. Interestingly, reduced phospho-IGF-1R and

phospho-AKT levels were detected in responder from both Phase 0 and stable disease in

Phase II trials (Patient 9 and Patient 1 respectively) (Figure 5A). In contrast, increased levels

of phospho-IGF-1R were detected in tumor biopsies of non-responders, Patient 6 and 12

from Phase 0 and Patient 3 from Phase II (Figure 5A). Correspondingly, Phospho-AKT

levels were also increased in non-responders (Patient 12 from Phase 0 and Patient 3 from

Phase II). Patient 6 from Phase 0 trial displayed unchanged phospho-AKT levels but

elevated phospho-IGF-1R. From these limited results, we speculate that activation of the

IGF-1R/PI3K/AKT axis may be associated with resistance to riluzole.

Discussion

Several recent reports by other groups implicate both ionotropic and metabotropic glutamate

receptors in oncogenesis; overexpression of mGluR5 and activating mutations in GRIN2A

and GRM3 in melanoma (Choi et al., 2011; Prickett et al., 2011). Other noteworthy findings

include the identification of over 20 missense mutations in GRM1 in various tumor types,

some of which has been characterized to have multiple downstream consequences (Esseltine

et al., 2013). Our group was the first to show through insertional mutagenesis resulting in

the disruption of intron 3 of Grm1 and the ectopic expression of mGluR1 in melanocytes,

which ultimately produced spontaneous metastatic melanomas with 100% penetrance

(Pollock et al., 2003).

Conventionally, GPCRS and RTKs were thought to represent distinct signaling units

converging only further downstream in the signaling cascade (Natarajan and Berk, 2006).

Recently, it is becoming more apparent that they do not operate exclusively but rather cross-

communicate with G protein activity occurring either upstream or downstream of RTKs

(Delcourt et al., 2007; Natarajan and Berk, 2006). Although crosstalk between GPCRs and

RTKs are not novel, this is the first report, which demonstrates the functional transactivation

of IGF-1R by mGluR1 in mGluR1 transformed mouse melanocytic cells (Figure 5B). Some

other well-characterized examples demonstrating IGF-1R transactivation by GPCRs include
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angiotensin II type 1(AT1) receptor in smooth muscle cells and GABAB receptor in

neuronal cells (Tu et al., 2010; Zahradka et al., 2004). Results from our studies suggest that

the mechanism involved is more similar to that exerted by AT1 receptor which is dependent

on Src kinase activation (Zahradka et al., 2004). In addition, we also present evidence that

activation of the PI3K/AKT pathway occurs via IGF-1R, which in turn contributes to

mGluR1-mediated tumorigenesis. This substantiates earlier reports on the cross-coupled

signaling between mGluRs and epidermal growth factor receptors (EGFR) with significant

implications in glial cell physiology and pathogenesis (Peavy et al., 2001; Sitcheran et al.,

2008).

Whether or not melanoma cells produce IGF-1 is controversial. It has been speculated that

IGF-1R expressing melanoma cells receive signal from paracrine sources of IGF-1 such as

neighboring keratinocytes and fibroblasts because IGF-1R expression correlates with

melanoma progression (Kanter-Lewensohn et al., 2000; Satyamoorthy et al., 2001).

However, Molhoek and colleagues recently showed the expression of IGF-1 mRNA in

melanoma cells (Molhoek et al., 2011) thus, the possibility that melanoma cells produce

IGF-1 and create autocrine loops cannot be ruled out. Human relevance of our current

studies was put forth in the in vivo tumorigenesis studies with reduced tumor progression by

inhibitors to glutamate and IGF-1R signaling. Interestingly, we also observed that biopsies

from our completed Phase 0 and II trials, non-responders showed elevated levels of

phosphorylated IGF-1R in post-treatment samples in comparison to pre-treatment biopsies

(Figure 5A). In contrast, samples from one responder in the Phase 0 trial and one patient

with stable disease in the Phase II trial did not show amplified P-IGF-1R in post-treatment

samples. Despite the small sample size, these promising results suggest the merit of

combining riluzole and OSI-906 to circumvent the challenge of drug resistance. This is in

line with our previous observation of patients who did not show clinical or radiologic

response in the Phase 0 trial but exhibit high or similar levels of phosphorylated AKT in

their post-treatment tumor biopsies (Yip et al., 2009). Similarly, enhanced IGF-1R/PI3K

signaling was detected in B-RAF-inhibitor resistant melanomas (Villanueva et al., 2010).

Presence of IGF-1 ligand has also been shown to override the suppression of AKT activity

by B-RAF inhibitor, PLX4720 (Straussman et al., 2012). Taken together, we propose that

IGF-1R activation represents a previously overlooked key pathway involved in the

mechanisms by which mGluR1 exerts its transformative properties and warrants further

investigation.

Materials and methods

Antibodies and reagents

Anti-phosphorylated AKT (Thr308, Ser473), anti-AKT2 (5B5), anti-phosphorylated

ERK1/2 (Thr202/Tyr204), anti-AKT, anti-ERK1/2, anti-Src and anti-IGF-1R antibodies

were purchased from Cell Signaling (Davers, MA, USA); IGF-1 (Recombinant Human

Insulin Like Growth Factor-1) and anti-phosphorylated IGF-1R antibody were purchased

from Invitrogen (Carsbad, CA, USA); anti-mGluR1 was purchased from BD Biosciences

(Franklin Lakes, NJ, USA), monoclonal anti-α-tubulin antibody was purchased from Sigma

(St. Louis, MO, USA). C-myc tag antibody, L-Quisqualate [(L)-(+)-α-amino-3,5-dioxo-1,2,
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4-oxadiazolidine-2-propanoic acid] and Bay 36–7620 [(3aS,6aS)-6anaphtalen-2-ylmethyl-5-

methyliden-hexahydro-cyclopental[c]-furan-1-on] were purchased from Tocris (Ellisville,

MO, USA). PPP (Picropodophyllin) and PP-2 (4-Amino-5-(4-chlorophenyl)-7-(t-

butyl)pyrazolo[3,4-d]pyrimidine) were purchased from Calbiochem (San Diego, CA, USA).

Riluzole was obtained from Sigma and OSI-906 (Linsitinib) was generously provided by

OSI Pharmaceuticals Inc. and the National Cancer Institute, National Institutes of Health.

Cell culture conditions

Stable Grm1-melanocytic transfectants (MASS and B10SS clones) were produced from

introduction of exogenous Grm1 cDNA into immortalized, normal murine melanocytes,

melan-a and B10.BR respectively that were provided by Dr. Dorothy Bennett (St. George’s,

University of London, UK) and Dr. Ruth Halaban (Yale University, New Haven, CT).

UACC903 cells were provided by Dr. Jeffrey Trent (The Translational Genomics Research

Center, Phoenix, AZ). 1205Lu cells and WM239A cells were provided by Dr. Meenhard

Herlyn (Wistar Institute, Philadelphia, PA). All cells were maintained in RPMI plus 10%

FBS.

A total of 1.25μg siAKT2-Tet° and 1.25μg Zeocin™ plasmid DNA were co-transfected into

siGrm1-MASS20-TetR cells(Shin et al., 2008b). Selection of siGrm1-siAKT2-MASS20

stable clones was performed with 400μg/ml of Zeocin™.

Truncated IGF-1R cDNA tagged with the c-myc epitope was kindly provided by Dr.

Douglas Yee (Minnesota, University of Minnesota, USA). This construct was transfected

into one of the stable-Grm1-melanocytic clones, MASS20. Selection of IGF-1RDN-

MASS20 stable clones was performed with 75μg/ml of Zeocin™.

For induction experiments, the conditions were the same as reported (Shin et al., 2008b).

Briefly, cells were grown in glutamate/glutamine free RPMI plus 10% dialyzed fetal bovine

serum with the supplement of GlutaMax™ (Gibco Life Technologies, Invitrogen, Carsbad,

CA, USA) to minimize the effect of glutamate, the natural ligand of Grm1 for 3 days before

the cells were plated out in glu/gln free RPMI medium for induction experiments.

Src small interfering RNA (siRNA) transfection in MASS20

A pool of 4 target-specific siRNA designed to target c-Src (sc-29228) and the appropriate

control siRNA (sc-37007) was purchased from Santa Cruz Biotechnology. The cells were

used 48 hours after transfection.

Western immunoblots

Protein lysates were prepared as described previously (Cohen-Solal et al., 2002). Briefly,

media was removed and cells were washed once with ice-cold phosphate buffered saline

(PBS). After removal of PBS, extraction buffer was added directly to the plates and cells

were collected with a cell scraper. Cell extracts were incubated on ice for 20 min. Cell

debris was removed by centrifugation at 14000xg at 4°C for 20 min and supernatant was

collected to measure protein concentration and for Western immunoblot analysis.
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MTT assays

Each cell line was cultured in 96 well plates at 2x103 per well with the following conditions;

no treatment, vehicle (dimethyl sulfoxide, DMSO), riluzole and OSI-906 or a combination

of both riluzole and OSI-906. Concentration of each treatment group is stated in the figure

legends. Viable cells were measured at Day 4 and Day 7. At designated time points, 0.1

volumes of 5mg/ml Thiazolyl Blue Tetrazolium Bromide (Sigma) in 1x phosphate-buffered

saline were added to growth medium, incubated for 4h at 37°C and then solubilized

overnight with equal volume of 10% sodium dodecyl sulfate/0.1N HCl. A 96 well plate

reader (Infinite 200 Tecan USA, Durham, NC, USA) was used to measure absorbance at

550nm with a reference wavelength of 750nm.

Immunoprecipitation/Coimmunoprecipitation

For immunoprecipitation, protein-A/G-agarose beads were used (Santa Cruz Biotechnology,

Santa Cruz, CA, USA). Procedures were performed as per manufacturer’s instructions.

Briefly, lysate was incubated with rabbit anti-IGF-1R for 1hr in 4°C. 20μL of Protein-A/G

agarose beads were added and incubated overnight at 4°C. After collecting the pellets by

centrifugation at 2500 rpm for 5min at 4°C, the pellets were washed four times with Triton-

X-100 buffer. Washed pellets were then mixed with 40μl of 1x electrophoresis buffer and

boiled for 5min. Samples were centrifuged and loaded for SDS gel electrophoresis.

A similar procedure was carried out for coimmunoprecipitation. Lysates were pre-cleared

with protein A/G agarose beads and goat serum before they were incubated with anti-

mGluR1 goat polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Subsequently, samples were loaded for SDS gel electrophoresis and probed with a P-IGF-1R

antibody.

Allograft assay

The Institutional Animal Care and Use Committee at Rutgers University approved all

animal studies. Nude mice were purchased from Taconic (Hudson, NY, USA). To assess the

effect of siGrm1 and siAKT2 on Grm1-induced tumorigenesis of MASS clones, 106 cells

from each stable siGrm1siAKT-MASS clone were injected subcutaneously into each of the

dorsal flanks of 6 week-old male immunodeficient nude mice (Taconic, Hudson, NY, USA).

Appearance of the tumor was monitored daily and measured twice a week. When the tumor

volumes reach 10mm3, mice were divided randomly into experimental and control groups.

Mice in the experimental group were fed with doxycycline (0.2% w/v) containing drinking

water and the control group was fed with regular drinking water. Drinking water was

changed twice a week. Tumor volumes were measured twice a week with a vernier caliper

and calculated by the formula (d2 × D/2), D is the large number and d is the smaller one.

Similarly, to determine the effect of disrupted IGF-1R signaling in MASS clones, 106 cells

from one vector control and two stable IGF-1RDN-MASS20 clones were injected

subcutaneously into each of the dorsal flanks of 6 week-old male immunodeficient nude

mice (Taconic, Hudson, NY, USA). Tumors were monitored and measured as described

above.
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For the xenograft studies with riluzole and OSI-906, human melanoma cells were injected

into both dorsal sites of each mouse at 106 cells per site. Once tumor volumes reached 10

mm3, mice were divided randomly into no treatment and treatment groups. The treatment

groups received either vehicle(DMSO), riluzole(10 mg/kg), OSI-906(30 mg/kg) or the

combination of riluzole(5 mg/kg) and OSI-906(15 mg/kg) by oral gavage daily. The doses

of oral riluzole and OSI-906 were based on published reports (Kim et al., 2012; Lee et al.,

2011).

Statistics

Statistical analyses were performed using a paired one-tailed Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Recent reports implicate metabotropic glutamate receptors in melanomagenesis,

activating mutations in GRM3 and overexpression of mGluR5. Our group was the first to

show that ectopic expression of mGluR1 can induce spontaneous melanoma development

in a transgenic mouse model. Subsequently, PI3K/AKT signaling was identified as one of

the downstream targets of mGluR1. Here, we demonstrate a novel pathway for mGluR1-

mediated tumorigenesis involving the transactivation of IGF-1R. Disrupted IGF-1R

signaling in stable Grm1-melanocytic cells led to the ablation of mGluR1-induced AKT

activation and reduced tumor growth. We propose that IGF-1R activation represents a

previously overlooked key pathway involved in the mechanisms by which mGluR1

exerts its transformative properties.
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Figure 1. Reduced tumorigenicity in MASS20 cells by siRNA to Grm1 plus AKT2
(A) Western immunoblots: siGrm1-siAKT2-MASS20 clones were grown in the presence or

absence of the inducer of siRNA, doxycycline, for the indicated time points up to 7 days.

Expression of Grm1 and AKT2 was suppressed in the presence of doxycycline (4μg/ml). (B)

Simultaneous suppression of Grm1 and AKT2 were assessed by inoculating two different

inducible siGrm1-siAKT2-MASS20 clones (106cells/site) into immunodeficient nude mice.

The inducer, doxycycline (0.2%w/v) was supplied in the drinking water. Approximately,

80–90% of tumor volumes were suppressed in siGrm1-siAKT2-MASS20 clones. (C)

Western immunpblots: Levels of phosphorylated IGF-1R peaked at Day 10 post-initial

appearance of MASS20 allografts.
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Figure 2. Activation of mGluR1 transactivates IGF-1R
(A) Time-course of L-Quisqualate-(10μM) induced IGF-1R phosphorylation in MASS20

(top panel). Pre-treatment with mGluR1-specific antagonist, Bay 36–7620 (10 μM)

abolished this transactivation (middle panel). IGF-1R was not activated by L-Quisqualate in

melan-a Vector cells. (B) MASS20 cells treated with or without L-Quisqualate (10μM) for

30min then lysed with Triton-X100 buffer and immunoprecipitated with IGF-1R specific

antibody followed by immunoblot with phosphorylated IGF-1R antibody (bottom panel).

(C) Western blot analysis of P-IGF-1R coimmunoprecipitated from MASS20 with mGluR1

antibody before and after the activation of mGluR1. (D) MASS20 cells were pre-treated

with IGF-1R inhibitor, PPP for 1hr at indicated concentrations before treatment with L-

Quisqualate (10μM). (E) MASS20 cells were pretreated with Src inhibitor PP2 (10μM) for

1hr, and then treated with L-Quisqualate (10μM) for 15 min.
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Figure 3. Functional IGF-1R is required for mGluR1-mediated tumorigenicity
(A) Expression of c-Myc-tagged truncated IGF-1R mutant in IGF-RDN-MASS20 clones

was visualized by immunoblotting for c-Myc tag. (B) Activation of AKT in IGF-1 treated

parental MASS20 cells. Truncated IGF-1R mutant in MASS20 cells inhibits IGF-1(5ng/ml)-

induced AKT activation (bottom panel). (C) One vector control and two different

IGF-1RDN-MASS20 clones were inoculated into immunodeficient nude mice.

Approximately, 35% reduction of tumor volumes in IGF-1RDN-MASS20 clones as

compared to Vector-MASS20.
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Figure 4. Suppression of growth of mGluR1-expressing human melanoma cells with riluzole and
OSI-906
(A) MTT assays of C8161 (B-RAFwild-type), 1205Lu (B-RAFV600E), WM239A (B-

RAFV600D) with glutamate release inhibitor, riluzole and IGF-1R inhibitor, OSI-906 or

combination of both compounds. (B) Effects of riluzole and OSI-906 on phosphorylated-

AKT and phosphorylated-ERK levels. C8161 (Ril; 10μM, OSI; 25μM) and 1205Lu (Ril;

10μM, OSI;10μM). (C) Xenografts of C8161 (B-RAFwild-type) and 1205Lu (B-RAFV600E).

The groups were no treatment (NT), vehicle (Veh; DMSO), riluzole (10mg/kg), OSI-906

(30mg/kg), or the combination of riluzole (5 mg/kg) and OSI-906 (15mg/kg). All agents

were given daily by p.o. gavage. Each treatment group was compared to vehicle group,

p<0.0005, t-test, n=10 in each group.

Teh et al. Page 16

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Increased phospho-IGF-1R expression in non-responding patients of Phase 0 and
Phase II riluzole trials
(A) Paired tumor samples from pre-treatment and post-riluzole treatment were analyzed for

P-IGF-1R or P-AKT expression by Western immunoblots. A reduction in levels of P-

IGF-1R and P-AKT was detected in Phase 0 responder (Patient 9) and Phase II patient with

stable disease (Patient 1). In contrast, non-responders in Phase 0 (Patient 6 and 12) and

Phase II (Patient 3) riluzole trials showed elevated P-IGF-1R and P-AKT levels or unaltered

P-AKT in Patient 6. The blots were subsequently stripped and probed with IGF-1R and

AKT antibodies as control. (B) Proposed signaling pathways activated by mGluR1 and

mediated by IGF-1R transactivation (Adapted from review article(Teh and Chen, 2012)).
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