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Abstract

Metabotropic glutamate 1 (mGlu) receptor has been proposed as a target for the treatment of
metastatic melanoma. Studies have demonstrated that inhibiting the release of glutamate (the
natural ligand of mGlul receptors), results in a decrease of melanoma tumor growth in mGlul
receptor-expressing melanomas. Here, we demonstrate that mGlul receptors, which have been
previously characterized as oncogenes, also behave like dependence receptors by creating a
dependence on glutamate for sustained cell viability. In the mGlul receptor-expressing melanoma
cell lines, SK-MEL-2 (SK2) and SK-MEL-5 (SK5), we show that glutamate is both necessary and
sufficient to maintain cell viability, regardless of underlying genetic mutations. Addition of
glutamate increased DNA synthesis while removal of glutamate not only suppressed DNA
synthesis, but also promoted cell death in SK2 and SK5 melanoma cells. Using genetic and
pharmacological inhibitors we established that this effect of glutamate is mediated by activation of
mGlul receptors. The stimulatory potential of mGlul receptors was further confirmed in vivoin a
melanoma cell xenograft model. In this model, subcutaneous injection of SK5 cells with ShRNA
targeted downregulation of mGlul receptors resulted in a decrease in the rate of tumor growth
relative to control. We also demonstrate for the first time, that a selective mGlul receptor
antagonist, JINJ16259685 [(3,4-Dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-(cis-4-
methoxycyclohexyl)-methanone], slows SK2 and SK5 melanoma tumor growth /in vivo. Taken
together, these data suggest that pharmacological inhibition of mGlul receptors may be a novel
approach for the treatment of metastatic melanoma.
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Introduction

Results

Melanoma accounts for less than 5% of skin cancers, but is responsible for the majority of
skin cancer-related deaths®. The 5-year survival rate is 98% for localized melanomas, but if
diagnosed once distant metastases have occurred, the survival rate decreases to 15%?%. This
aggressive disease is often resistant to conventional therapy?-3, and as a result, there is an
urgent need for the development of better therapies.

Previous studies have identified metabotropic glutamate 1 (mGlul) receptor as a potentially
novel target for the treatment of metastatic melanoma*-11 . mGlu1 receptors belong to a
family of G-protein coupled receptors (GPCRs), which includes eight subtypes categorized
into three groups based on sequence homology and pharmacology2-13. A role for mGlu
receptors has been suggested in cancers in addition to melanoma®?, including triple negative
breast cancer!®>16, colorectal adenocarcinomal’, glioblastomal8, astrocytomal8,
medulloblastomal8, and oral squamous cell carcinomal®. All mGlu receptor subtypes are
activated by glutamate, which is released at elevated concentrations by many cancer
cells*20-23_ This increase in glutamate release may act in an autocrine loop*22-23, involving
mGlul receptors, which can promote the growth*23 and invasion?? of tumors.

Glutamate release inhibitors have been used to selectively slow the growth of melanomas
expressing mGlul receptors*7:10.11 syggesting that there may be an important role played
by glutamate in melanoma cell proliferation. However, a direct link between glutamate
availability and the status of mGlul receptor expression has not been shown. In the present
study, we show that the expression of mGlul receptors in SK-MEL-2 (SK2) and SK-MEK-5
(SK5) melanoma cells confers a dependence on glutamate for sustained viability and DNA
synthesis, regardless of the presence of other common mutations. In addition, both targeted
knockdown of mGlul receptors using ShRNA and pharmacological inhibition with a non-
competitive mGlul receptor antagonist, selectively inhibited viability of melanoma cells
expressing mGlul receptors /n vitro. In a xenograft model, SK5 melanoma cells with down-
regulated mGlul receptor expression grew slower than native SK5 melanoma cells or those
with a scrambled shRNA control plasmid. Finally, we showed for the first time that an
mGlul receptor antagonist decreased the rate of tumor growth in two xenograft mouse
models of melanoma. From these studies, we conclude that mGlul receptors are a plausible
therapeutic target for the treatment of metastatic melanoma.

Glutamate is necessary and sufficient to sustain the viability of melanoma cells that
express mGlul receptors

There are increasing data suggesting that glutamate and mGlul receptors may play a role in
the growth and proliferation of melanoma cells*11, However, due to the heterogeneity of
melanoma, further studies are necessary to determine if there is a direct link between
glutamate-stimulated proliferation and mGlul receptor protein expression. In the present
study, SK2 and SK5 cells were used to determine if the presence of glutamate is necessary
and/or sufficient to maintain the viability of melanoma cells expressing mGlul receptors.
These specific cell lines were selected because SK2 cells have an NRAS mutation11:23,
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while SK5 cells contain a BRAF mutation11:24, both common mutations that might alter the
effects of mGlul receptors on viability and growth.

To begin assessing whether depletion of glutamate affects melanoma cell growth, the cell
lines were transferred to a medium containing dialyzed serum, which lacks all low molecular
weight (MW) compounds (MW<10,000) including glutamate. Under these conditions SK2
and SK5 melanoma cell viability decreased by 74% and 77%, respectively, as compared
with growth in full serum (Fig. 1). Replacement of glutamate increased cell viability of SK2
(EC50=4.3mM) and SK5 (EC5q=3.4mM) human melanoma cells (both of which express
mGlul receptors!123.25) in a dose-dependent manner (Fig. 1). In contrast, the effect of
glutamate on UACC930 melanoma cell viability (which do not express mGlul
receptors*11.23) was ambiguous and did not fit to a dose-response curve (Fig. 1). Human
melanocytes, which also lack expression of mGlul receptors 4-6:26.27 \yere tested, and in
those cells high concentrations of glutamate not only failed to sustain cell viability, but
instead, induced cellular toxicity (EC5p=4.1mM) (Fig. 1).

The effect of glutamate depletion and addition on cell viability was also tested in two
melanoma cell lines that originated from the same patient, but differ in their level of
expression of mGlul receptors: C81-61 and C816128, Like SK2 and SK5 cells, C8161
melanoma cells express mGlul receptors; however, C8161 cells are wild type for BRAF and
NRAS. C8161 cell viability was reduced 83% in dialyzed serum relative to dialyzed serum
containing 10mM glutamate (Fig. 6 bottom). The effect of glutamate depletion was less
pronounced in C81-61 melanoma cells, which lack mGlul receptors. In these cells, viability
was only reduced 30% in dialyzed serum relative to dialyzed serum containing 10mM
glutamate (Fig. 6 top).

Because dialyzed serum lacks many factors in addition to glutamate, we assessed whether
selective enzymatic depletion of glutamate using glutamate pyruvate transaminase (GPT)2°
decreased melanoma cell viability. The levels of glutamate were measured by the Amplex
Red Glutamic Acid/Glutamate Oxidase Assay Kit in cultures of SK2, SK5, and UACC930
melanoma cells in the presence and absence of GPT. As shown in Fig. 2A, GPT effectively
removed all measurable traces of glutamate from SK2, SK5, and UACC930 growth media.
Consistent with the results using dialyzed serum, which showed that melanoma cells
expressing mGlul receptors are more sensitive to glutamate, this selective removal of
glutamate significantly decreased SK2 and SK5 melanoma cell viability to approximately
zero, as measured by MTT assay (Fig 2B). In contrast, GPT only reduced the mGlul
receptor negative melanoma cell line (UACC930) to 40% relative to full serum (Fig. 2B).
Taken together, the glutamate removal assays (either using dialyzed serum or full serum with
GPT) suggest that melanoma cells that express mGlul receptors become dependent on
glutamate and as a result exhibit increased sensitivity to both its withdrawal and addition.

Therefore, to determine how glutamate affects the proliferation index of melanoma cells, we
performed a 5-bromo-2'-deoxyuridine (BrdU) incorporation assay in the presence and
absence of glutamate. In the BrdU assay, cells were incubated with BrdU, which is
incorporated instead of thymidine into newly synthesized DNA. The amount of BrdU
incorporation over time, which is an indicator of the rate of DNA synthesis, was measured
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by chemiluminescence. SK5 cell BrdU incorporation in dialyzed serum, which lacks
glutamate, was significantly reduced relative to full serum at 3, 5, and 7 days post-treatment
(Fig. 3). Addition of 10mM glutamate to dialyzed serum resulted in an increase in DNA
synthesis relative to dialyzed serum alone, which became more pronounced over time (Fig.
3).

Using flow cytometry we next assessed the effects of glutamate depletion on apoptosis in
SK5 and UACC930 melanoma cells. SubG1 analysis using ethanol fixation and propidium
iodide was used to estimate the fraction of apoptotic cells, identified by increases in DNA
fragmentation and decreased DNA content3%:31. Incubation of SK5 melanoma cells in
dialyzed serum led to an increase in the fraction of cells undergoing apoptosis, relative to
full serum, and the addition of 10mM glutamate to dialyzed serum reversed this effect (Fig.
4A). In contrast, in UACC930 melanoma cells (which lack mGlul receptors) neither
incubation in dialyzed serum nor the addition of glutamate to dialyzed serum had an effect
on apoptosis (Fig. 4B). These results are fully consistent with the hypothesis that mGlul
receptor positive melanoma cells become reliant on glutamate for survival and that increased
levels of glutamate can promote proliferation by stimulating DNA synthesis.

Glutamate activation of mGlul receptors is required for sustained SK5 melanoma cell
viability in vitro

Since glutamate dose-dependently increased viability only in melanoma cells expressing
mGlul receptors, we next tested whether or not an mGlul receptor antagonist could inhibit
this effect. INJ16259685 [(3,4-Dihydro-2H-pyrano[2,3-b]quinolin-7-ylI)-(cis-4-
methoxycyclohexyl)-methanone], a selective32 non-competitive32 mGlul receptor
antagonist, that to our knowledge has never been used in cancer cells, dose-dependently
decreased cell viability in response to stimulation with glutamate in SK2 (1C5p=109uM) and
SK5 (IC59=105uM) melanoma cells. Identical concentrations of the antagonist only partially
inhibited the viability of UACC930 melanoma cells (Fig. 5). At the highest concentration
tested (178 uM), JINJ16259685 decreased cell viability of SK2, SK5, and UACC930 cells by
71%, 86%, and 19% respectively, relative to viability in dialyzed serum containing 10 mM
glutamate. This suggests that JINJ16259685 is decreasing SK2 and SK5 melanoma cell
viability primarily through blockade of mGlul receptors. To confirm these results,
experiments were repeated using two melanoma cells lines originating from the same
patient: C81-61 (no mGlul receptors) and C8161 (moderate mGlul receptor expression)Z8.
Treatment of these cell lines with INJ16259685 significantly inhibited C8161 melanoma cell
viability, without affecting C81-61 melanoma cell viability (Fig. 6). These results
demonstrate that JINJ16259685 effectively decreases melanoma cell viability /in vitro by
selective inhibition of mGlul receptors.

To further confirm the role of mGlul receptor activation in maintaining melanoma cell
viability, we specifically downregulated mGlul receptor expression in SK5 cells using
ShRNA (SK5-shRNA-mGIuR1). shRNA targeted to mGlul receptors effectively decreased
mGlul receptor protein expression (Fig. 7A), and quantification from two independent
experiments performed in duplicate (Fig. 7B) confirmed a significant reduction in mGlul
receptor protein by 83% in SK5-shRNA-mGIluR1 cells relative to native SK5 cells. The
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scrambled shRNA control plasmid (SK5-SCR-shRNA) did not reduce mGlul receptor
protein levels. Moreover, sShRNA targeted to mGlul receptors, but not scrambled shRNA,
abolished the stimulatory effects of glutamate on SK5 melanoma cell viability (Fig. 7C).
These data are consistent with the pharmacological inhibition experiments performed with
JNJ16259685 and further indicate that mGlul receptor positive cells are highly dependent
on both the expression of mGlul receptors and glutamate for proliferation.

mGlul receptor activity is required for melanoma growth in vivo

To test whether mGlul receptor activity was important for melanoma cell growth /n vivo, a
xenograft mouse model was used whereby athymic nude mice were injected subcutaneously
in the flanks with either native SK5 cells, SK5-shRNA-mGIluR1 cells, or SK5-SCR-shRNA
cells. The time to tumor formation was assessed by manual palpation and tumor growth was
quantified by caliper measurements (n=6 tumors). Tumor initiation was delayed for the SK5-
ShRNA-mGIuR1 cells as it took 14 days for all of the tumors to become palpable, versus 7
days for native SK5 cells and 9 days for SK5-SCR-shRNA cells (Fig. 8A). Furthermore,
SK5-shRNA-mGIuR1 tumors grew significantly slower than untransfected SK5 tumors and
SK5-SCR-shRNA tumors, while the rate of growth between native SK5 and SK5-SCR-
ShRNA tumors was not significantly different (Fig. 8B). Representative photographs of final
tumors volumes (22 days post-injection) are shown in Fig. 8C. dUTP nick end labeling
(TUNEL) staining of histologic sections of the tumor masses revealed a significant increase
in apoptosis in SK5-shRNA-mGIuR1 tumors versus SK5-SCR tumors (Fig. 8D-E). Taken
together, these results demonstrate that knockdown of mGlul receptors decreases the rate of
SK5 tumor initiation (Fig. 8A) and SK5 tumor growth (Fig. 8B), which can be explained, at
least partially through an increase in apoptosis (Fig 8D-E).

Next, we tested whether pharmacological inhibition of these receptors using the non-
competitive mGlul receptor antagonist INJ16259685 would decrease the rate of SK2 and
SK5 tumor growth in mice. The first trial (n=3) showed a statistically significant decrease in
the rate of SK2 (Fig. 9A) and SK-5 (Fig. 9B) tumor growth in the 10mg/kg JNJ16259685
treated group relative to the DMSO control group. We repeated this study with additional
animals (n=6) and JNJ16259685 again significantly decreased the rate of SK2 (Fig. 9C) and
SK5 (Fig. 9D) tumor growth. These /in vivo results identify mGlul receptors as a possible
pharmacological target for the treatment of metastatic melanoma.

4. Discussion

Deregulation of glutamate signaling has been implicated in the growth and invasion of
various cancers33:34, This deregulation can manifest as an elevation in glutamate release,
which is seen in melanomas*©:35, gliomas20-22:36  preast cancers34, and prostate
cancers3437 or through genetic alterations of glutamate receptors as seen in
melanomas®38-39 and colorectal carcinomas?’. In this study we determined that sustained
glutamate signaling is required for the maintenance of mGlul receptor positive human
melanoma cell viability /n vitro, as selective glutamate depletion severely decreased cell
viability and addition of glutamate dose-dependently restored this suppression. Additionally,
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reduction of mGlul receptor signaling /7 vivo reduced melanoma xenograft growth,
demonstrating potential clinical significance of these results.

mGlul receptors have been shown to play a role in both the transformation of melanocytes
to melanoma and the proliferation of melanomas 7 vitro and in vive*6°, Human
melanocytes and benign nevi do not express mGlul receptors, however mGlul receptors are
expressed in 80% of human melanoma cell lines and 65% of primary to metastatic biopsies®.
The genetic and epigenetic mechanisms that suppress mGlul receptor expression in
melanocytes can be deregulated in melanomas, leading to the expression of mGlul
receptors28. This regulation appears to have a direct impact on tumorigenesis, as transfection
with mGlul receptor cDNA was shown to transform mouse melanocytes into melanoma
cells, characterized by TPA independence, anchorage independent growth, glutamate

release, and tumorigenic potential /n7 vivcP. Xenografts of mouse melanocytes expressing
mGlul receptors, formed tumors that were dependent for growth on the continued
expression of mGlul receptors®. In a separate study, induced knockdown of mGlul receptors
in vivo, decreased melanoma tumor volume relative to control®. Additionally,
pharmacological antagonism of mGlul receptors using BAY36-7620%11 and LY 3673854,
blocked the growth of mGlul expressing melanoma cells in vitro*11. These published data
are consistent with our results where downregulation of mGlul receptor signaling, using
either shRNA or pharmacological inhibition with a selective32, non-competitive32 mGluil
receptor antagonist (JNJ16259685), decreased SK2 and SK5 melanoma cell viability /n vitro
and reduced tumor growth /n vive.

To our knowledge, the non-competitive mGlul receptor antagonist, JNJ16259685 has never
been used to treat cancer cells; however, it has been tested for behavioral effects on anxiety?
and memory*! jn vivo. Based on the doses used in these studies, we chose to use 10mg/kg of
JNJ16259685. This non-competitive antagonist was used, instead of a competitive
antagonist, to prevent the need for extremely high, and possibly toxic concentrations that
would be needed to compete with the reported high levels of glutamate released by
melanoma cells#6:35,

A previous study from our group has demonstrated that, in neurons, mGlul receptors exhibit
the properties of dependence receptors, inducing death in the absence of the endogenous
agonist, glutamate, and promoting survival in its presence®2. This pro-apoptotic, signaling
pathway is often inhibited during tumor progression#3. One mechanism for this inhibition,
which is seen in breast cancer#344, non-small-cell lung cancer#34%, and neuroblastomas?*3:46
is to constantly produce and release the ligand of the dependence receptor in order to prevent
apoptosis*3. Melanomas have been reported to release elevated levels of glutamate®6:35,
which would inhibit the pro-apoptotic, negative signaling cascade through mGlul receptors.
When SK5 melanoma cells were grown in dialyzed serum, which lacks glutamate, this not
only led to a reduction in DNA synthesis, but also resulted in an increase in the percentage
of apoptotic cells, relative to full serum. Addition of glutamate to dialyzed serum, not only
re-activated the proliferative signaling pathway leading to an increase in DNA synthesis, but
also blocked the negative, pro-apoptotic signaling pathway. In contrast, removal of glutamate
did not promote apoptosis in melanoma cells lacking mGlul receptors. Further evidence that
mGlul receptors may act as dependence receptors in melanoma comes from comparing the
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effect of selective glutamate depletion on melanoma cells that express mGlul receptors
(SK2 and SK5) to those that lack mGlul receptor expression (UACC930 cells). SK2 and
SKG5 cells had no viability in the absence of glutamate, while melanoma cells lacking mGlul
receptors were viable; however, they exhibited an overall slowing of growth rates without
significant increases in apoptosis. This decrease in proliferation following extracellular
glutamate depletion in melanoma cells that lack mGlul receptors may result from reduced
stimulation of other glutamate receptors, such as ionotropic glutamate receptors, which have
been shown to contribute to proliferation in other cancers?’. Moreover, while GPT treatment
depletes extracellular glutamate, it cannot be excluded that under these conditions
intracellular glutamate concentrations may be affected, which could alter cellular
metabolism resulting in decreased cellular viability.

This stimulatory effect of glutamate, seen in mGlul receptor-expressing melanoma cell
lines, was not observed in immortalized human melanocytes. Instead, glutamate significantly
decreased cell viability in a dose-dependent manner (Fig. 1). It has been shown in neurons
that high concentrations of glutamate can induce toxicity through activation of ionotropic
glutamate receptors*8. Because melanocytes originate from the neural crest?27:33 express
ionotropic glutamate receptors?’49, and do not express mGlul receptors*6:26.27 jt is
possible that in melanocytes glutamate is promoting toxicity through NMDA and/or AMPA
receptor activation. In contrast, in UACC930 melanoma cells, which also do not express
mGlul receptors, addition of high glutamate concentrations had no toxic effects. As NMDA
and AMPA receptor activation has been shown to increase proliferation in various cancers®’,
it is possible that in transformed cells ionotropic glutamate receptors may lose their toxic
potential and acquire the ability to sustain cell growth.

In conclusion, our results demonstrate that specific melanomas are dependent on the
presence of glutamate and mGlul receptors for proliferation. While the mGlul receptor
antagonist JNJ16259685 did not fully inhibit melanoma tumor growth, our results suggest
that INJ16259685 or other non-competitive mGlul receptor antagonists may be useful as
adjuvants in the context of other melanoma treatments. However, we do not expect that
JNJ16259685, as such, would be a useful drug for the treatment of melanomas since its
pharmacodynamic properties, shown here, and the reported pharmacokinetics32 are not
optimal. Nevertheless, INJ16259685 further identifies mGlul receptors as a potential
therapeutic target and could serve as a lead compound for the synthesis of new therapeutic
molecules. Additionally, success has been achieved in melanoma treatment through
combination of MAPK pathway inhibitors to delay resistance to monotherapy. For example,
in an open-label study two inhibitors of the MAPK pathway were combined (dabrafenib
150mg 2X/day with trametinib 2mg/day) and increased progression free survival and rate of
complete or partial response, relative to dabrafenib monotherapy®C. Our laboratory has
demonstrated using transfected CHO cells that glutamate activation of mGlul receptors
causes sustained stimulation of the MAPK pathway®?, and as a result aberrant expression of
mGlul receptors in melanomas may be an additional resistance mechanism to current
MAPK inhibitors. In addition, because the mGlul receptor antagonist JNJ16259685 slows
the rate of growth in BRAF (SK5) and NRAS (SK2) mutant melanomas, and BRAF
inhibitor resistance often develops through mutations in NRAS and expression of mutant
BRAF splice variants®2, we hypothesize that mGlul receptor antagonists could be useful for
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to test in the future, both preclinically and clinically, whether combining mGlul receptor
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melanomas that express mGlul receptors. Furthermore, because mGlul receptors are
involved in the growth of other cancers'®16:53 our results suggest that mGlu1l receptor
antagonists may not only be useful for the treatment of melanoma, but may also be useful in
the treatment of additional types of cancer.

2. Materials and Methods

Materials

DMEM, RPMI 1640, PBS, fetal bovine serum, dialyzed fetal bovine serum, and antibiotic-
antimycotic for cell cultures were purchased from Life Technologies (Carlsbad, CA).
Glutamate and JNJ16259685, were purchased from Tocris Bioscience (Briston, United
Kingdom). Compounds for melanocyte media including 12-O-tetradecanoylphorbol-13-
acetate (TPA), 3-1sobutyl-1-methylxanthine (IBMX), endothelin 1, and human stem cell
factor were purchased from Sigma-Aldrich (St. Louis, MO).

Cell Cultures

SK2 and SK5 human melanoma cell lines were obtained from Lombardi Comprehensive
Cancer Center Tissue Culture Shared Resource (Georgetown University, Washington, DC).
UACC930, C81-61, and C8161 melanoma cells were generously provided by Dr. Suzie
Chen (Rutgers University, Piscataway, NJ). HERMES 2 immortalized human melanocytes
were purchased from the Wellcome Trust Functional Genomics Cell Bank (University of
London, London, United Kingdom). Cells were cultured in 6% CO, at 37 °C on 60 mm
dishes from MidSci (St. Louis, MO). Melanoma cells were cultured in DMEM (high
glucose) containing 10% fetal bovine serum, 2 mM glutamine and antibiotic—antimycotic.
Melanocytes were cultured in RPMI 1640 growth media supplemented with antibiotic—
antimycotic,10 mM HCI, 200 nM TPA, 300 uM IBMX, 10 nM endothelin 1, 10 ng/mi
human stem cell factor, 10% fetal bovine serum, and 2 mM glutamine (Life Technologies).

Pharmacological treatments

Cells were plated at 2 000 cells/well on a 96-well plate in a final volume of 100 pl. The next
day, the medium was replaced with fresh complete medium or medium containing dialyzed
serum and glutamate with or without antagonist was added to the cultures. The selective,
non-competitive, mGlul receptor antagonist JINJ16259685 was dissolved in DMSO and
equal amounts of DMSO were added to controls (1% final). Glutamate was dissolved in
equilmolar solution of NaOH and pH was adjusted to 7.4.

Assessment of Cell Viability (MTT)

After 7 days of treatment, medium was removed and cells were incubated for 40 minutes at
37 °C with 0.2 mg/ml of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide; Life Technologies). The solution was removed and 70 pl of DMSO was added to
dissolve the formazan product, which was measured colorimetrically on a plate reader
(Envision, Perkin-Elmer, Waltham, MA) as described previously®1.
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Glutamate depletion

Cells were plated at a density of 2 000 cells/well in 96-well plates in complete media and
after 24 hours cells were treated with glutamate pyruvate transaminase (GPT) (Roche,
Indianapolis, IN) (35pg/ml) in the presence of 10 mM pyruvate (Life Technologies). GPT
converts glutamate and pyruvate into a-ketoglutarate and alanine, which effectively depletes
glutamate from the medium.

Glutamate release assay

Cells were plated in 96-well plates, in 100 pl of complete medium. Concentrations of
glutamate in medium were measured using fluorescence-based Amplex Red Glutamic Acid/
Glutamate Oxidase Assay Kit (Life Technologies) without amplification (without GPT and
alanine addition). In short, 50 pl of solution were combined with 50 pl of an Amplex Red
working solution (100uM Amplex Red + 0.25U/mL HRP, 0.08 U/mL of L-glutamate
oxidase in 10mM Tris-HCI, pH 7.5). A standard curve of glutamate was used to calculate the
concentration of glutamate in each well. MTT assay was used to immediately assess cell
viability.

BrdU Incorporation

DNA synthesis was measured in SK5 cells using the Cell Proliferation ELISA, BrdU kit
(Roche). In short, cells were plated in 96-well plates in complete media and 24 hours later
treated with dialyzed serum with or without glutamate. Three, five, or seven days later BrdU
labeling solution was added for two hours. Cells were fixed and denatured before addition of
anti-BrdU-POD working solution. Chemiluminescence was measured on a plate reader
(Envision).

Cell-cycle analysis

SKG5 cells were plated at a density of 53 000 cells per well on 6-well plates and 24 hours
later treated with fresh serum, dialyzed FBS, or dialyzed FBS containing 10mM of
glutamate. After 7 days, cells were collected, washed with PBS, fixed in 75% ethanol,
treated with RNase A solution (Sigma-Aldrich), and labeled with prodidium iodide (Sigma-
Aldrich) for 30 minutes at room temperature and then 1 hour at 4°C as previously
described30. Cell cycle analysis was done by the Flow Cytometry & Cell Sorting Shared
Resource at the Lombardi Cancer Center (Georgetown University, Washington, DC) using a
LSRFortessa (Becton Dickinson, Franklin Lakes, NJ). Data was modeled using ModFit
(\ferity Software, Topsham, ME).

ShRNA plasmid to mGlul receptors

Four different plasmids encoding shRNA to mGlul receptors as well as a scrambled control
plasmid were purchased from GeneCopoeia (Rockville, MD). shRNA was targeted to
sequences (starting base listed) 722 (cacgttggataagatcaac), 1507 (aggtcaggtcatttgatga), 1978
(9agtgctgaacattgatga), and 2690 (ggaagtctaccttatctgc).

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gelb et al. Page 10

Transfection of plasmids

SKG5 cells were plated at 50% confluency in 24-well plates. 24 hours later, cells were
transfected using Lipofectamine 2000 (Life Technologies) with either a mixture of four
shRNA plasmids to mGlul receptors or the scrambled control plasmid (total 500ng/well).
Stable cell lines were created using 2 ug/mL of puromycin dihydrochloride (Life
Technologies).

Western blotting

SKG5 cells, SK5 cells expressing a scrambled plasmid, and SK5 cells expressing ShRNA to
mGlul receptors were grown in 10-cm dishes until they reached 90% confluency. Cells were
washed with ice-cold PBS and then harvested into 3 mL of 10 mM Tris, 5 mM EDTA
(Fisher Scientific, Pittsburgh, PA), 5 mM EGTA (Sigma-Aldrich) (TEE), and 1X protease
inhibitor cocktail (Sigma-Aldrich). Samples were sonicated and centrifuged (30,000 g for 15
minutes) at 4°C and the pellet was resuspended in 500 ul of TEE. Samples were sonicated
again and centrifuged (30,000gx for 30 minutes) at 4°C and the pellet was resuspended in 60
ul of TEE. A Bradford assay (Bio-Rad, Hercules, CA) was used to measure protein
concentration. All samples were diluted to 50 ug/20ul in 10% glycerol (Life Technologies),
62.5 mM Tris HCL (pH 6.8), 2% SDS (Sigma-Aldrich), 0.01 mg/mL bromophenol blue
(Fisher Scientific), and 20 mM dithiothreitol (Sigma-Aldrich). 50 ug of protein sample were
added to each well in a 4-20% Tris-Glycine Gel (Life Technologies) and proteins separated
at 125 V for 90 minutes. Proteins were transferred to Immobilin-FL membranes (Millipore,
Billerica, MA) at 100 mA for 3 hours. Membranes were blocked for 1 hour in Odyssey
blocking buffer (LI-COR BioSciences, Lincoln, NE) and antibodies were added against
mGlul receptor (Upstate/Millipore) and p-actin (Sigma-Aldrich) for 24 hours at 4°C.
Proteins were visualized using fluorescently labeled secondary antibodies (LI-COR
BioSciences), and molecular weights and protein levels were calculated using the Odyssey
infrared imaging system software.

Growth of SK5 Cell Xenografts in vivo

The animal protocols were approved by the Institutional Review Board for the Use and Care
of Animals and the Animal Care and Facilities Committee of Georgetown University.
Approximately 108 melanoma cells (SK5, SK5-SCR or SK5-shRNA) were subcutaneously
injected into the flanks of 4 month old nude C57/BL6 mice (n=6 tumors). Tumor length (),
width (b), and height (c) were measured by a blinded researcher three times per week with
an electronic vernier caliper. Tumor volume was calculated using, V = (1t/6)(a*b*c).

Immunohistochemistry

The Histopathology and Tissue Shared Resource at The Lombardi Cancer Center
(Georgetown University, Washington, DC) performed the standard dUTP nick end labeling
(TUNEL) immunohistochemistry. Tumor slices were imaged with the Olympus BX61
microscope with Olympus D70 camera and acquired using the DP controller software
(Olympus, Center Valley, PA) at a resolution of 144 pixels per inch. Image resolution was
enhanced to 300 pixels per inch using Adobe Photoshop and quantitative assessment was
performed on 3 random fields from each tumor.

Oncogene. Author manuscript; available in PMC 2018 March 15.
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Pharmacological treatment in vivo

Approximately 10% SK2 or SK5 melanoma cells were subcutaneously injected into the
flanks of 4 week old nude C57/BL6 mice. The next day (day 1) mice were split into two
groups and subcutaneously injected (starting on day 1) five times per week with either (1)
JNJ16259685 (dissolved in DMSO and diluted in PBS) or (2) vehicle control (5% DMSO in
PBS) (Trial 1: n=3, Trial 2, n=6). Five times per week a blinded researcher measured tumor
volume as above.

Calculations and Statistics

For dose-response data, curves were fitted by nonlinear regression using a four-parameter
logistic equation and GraphPad Prism was used to calculate ECsg’s and 1Cgq’s. For
antagonist data, statistical significance was assessed using linear regression to determine if
the slope from shown data points was different from zero. One-sample Student’s t-test was
used when comparing data to a set-value of zero, while two-sample Student’s t-test was used
when comparing two groups. One-way ANOVA followed by Bonferroni post-hoc test was
used when comparing more than two groups. For /n vivo data, average tumor size and
standard error of mean were plotted as a function of time. The day of melanoma cell
injection was set as day zero. Once measureable tumors were present, the slopes of the lines
were determined by linear regression. GraphPad Prism was used to test whether the slope
was affected by treatment. Statistical significance was deemed as p<0.05.
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Figure 1. Glutamate dose-dependently increases cell viability of melanoma cells expressing
mGIlul receptors

A, Dose-response curves of glutamate-induced cell viability in SK2 cells, SK5 cells,
UACC930 cells, and melanocytes. All values are normalized to full serum (set at 100% cell
viability). Dashed line represents growth in dialyzed serum lacking glutamate. Addition of
glutamate to dialyzed serum dose-dependently increased cell viability (as measured by MTT
assay) after 7 days, in SK2 (EC5p=4.3mM) and SK5 cells (EC5g=3.4mM) as calculated by
the four-parameter logistic equation in GraphPad Prism. The four-parameter equation did
not fit the UACC930 data. In melanocytes, glutamate decreased cell viability
(ECsp=4.1mM). All data points are means from at least two independent experiments
performed in triplicate with error bars representing standard error of mean (SEM).
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Figure 2. Glutamateis necessary for SK2 and SK5 melanoma cell viability
A, Glutamate pyruvate transaminase (GPT) treatment for 7 days completely depleted

glutamate from serum-containing media in cultures of SK2, SK5, and UACC930 melanoma
cells. B, Glutamate removal decreased SK2, SK5, and UACC930 cell viability at 7 days
after GPT treatment as measured by an MTT assay. Values were normalized to full serum
without GPT treatment (set at 100% cell viability) for each cell line. All data points are
means from at least two independent experiments performed in triplicate with error bars
representing SEM. [Glu], glutamate concentration, *p<0.01 assessed by 2-sample t-test.
#p<0.01 (different from 0) assessed by 1-sample t-test.
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Figure 3. Addition of glutamate to dialyzed serum increases DNA synthesisin SK5 melanoma
cells

BrdU incorporation is reduced in dialyzed serum (Dial) relative to full serum, and is
stimulated by the addition of 10mM glutamate (Dial+Glu) at 3, 5, and 7 days post-treatment.
Values were normalized to full serum (set at 100% cell viability). All data points are means
from at least two independent experiments performed in triplicate with error bars
representing SEM. *p<0.01 compared to dialyzed serum and #p<0.01 as compared to serum
as measured by one-way ANOVA and Bonferroni post-hoc test.
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Figure 4. Addition of glutamate to dialyzed serum suppresses apoptosisin SK5 melanoma cells
Effect of dialyzed serum (D) and dialyzed serum containing 10mM glutamate (D+G) for 5 to

7 days on the fraction of apoptotic cells in the subG1 phase of the cell cycle. All values are
means from at least two independent experiments with at least 20 000 cells per experiment
with error bars representing SEM, and are expressed as fold changes of the fraction of cells
in SubG1 relative to full serum. p<0.01 as measured by one-way ANOVA for SK5
melanoma cells, but not UACC930 cells. *p<0.01 as compared to dialyzed serum by
Bonferroni post-hoc test.
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Figure 5. Pharmacological inhibition of mGlul receptorsin vitro, effectively decreases viability of
melanoma cellsthat express mGlul receptors

A, Dose-response curves of mGlul receptor antagonist, JNJ16259685 in dialyzed serum in
the presence of 10mM glutamate in SK2, SK5 and UACC930 melanoma cells. JNJ16259685
significantly decreased cell viability in SK2 (1C5p=109uM) and SK5 cells (1C57=105uM)
(p<0.01), but not in UACC930 cells (p=0.31) relative to dialyzed serum containing 10mM of
glutamate and 1% DMSO (set at 100% viability). All data points are means from at least
three experiments performed in triplicate with error bars representing SEM. Statistical
significance was assessed using linear regression to determine if the slope was different from
zero.
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Figure 6. Glutamate withdrawal and pharmacological antagonism preferentially inhibits
viability in mGlul receptor expressing melanoma cells

Viability of C81-61 (no mGIuR1) and C8161 (mGIuR1*) melanoma cells in dialyzed serum
(D), dialyzed serum containing 10mM glutamate (D+G), and dialyzed serum containing
10mM glutamate and 40 uM JNJ16259685 (D+G+JNJ). Values were normalized to dialyzed
serum containing 10mM glutamate (dashed line- set at 100% cell viability). All data points
are means from at least two independent experiments performed in triplicate with error bars
representing SEM. *p<0.01 compared to dialyzed serum containing 10mM glutamate as
measured by one-way ANOVA and Bonferroni post-hoc test.
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Figure 7. Knockdown of mGlul receptors abolishesthe ability of glutamate to stimulate SK5
melanoma cell growth in vitro

A, Representative Western blot of mGlul receptor expression (130kDa), with p-actin as a
loading control (48kDa), in native SK5 cells (lane 1), SK5 cells transfected with a scrambled
shRNA control plasmid (SCR) (lane 2), and SK5 cells transfected with a combination of
shRNA plasmids targeted to mGlul receptors (shRNA) (lane 3). Images were cropped to
improve clarity. B, Quantification of mGlul receptor protein, expressed as a percent of
mGlul receptor protein present in native SK5 cells, from 2 independent experiments
performed in duplicate with error bars representing SEM. C, Viability of native SK5 cells,
SK5 scrambled shRNA (SCR) cells, and SK5 shRNA (shRNA) cells after a 7 day incubation
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in the absence or presence of 25mM glutamate. Data points are means from at least three
independent experiments with error bars representing SEM. *p<0.01, as assessed by 2
sample t-test.
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Figure 8. Knockdown of mGlul receptors suppresses SK5 melanoma tumor growth in vivo
A, Tumor formation measured by palpation was delayed after knockdown of mGlul

receptors. All melanoma cell xenografts (n=6) of SK5, SK5-SCR-shRNA (SCR) or SK5-
ShRNA-mGIuR1 (shRNA) cells formed tumors 7, 9 or 14 days after melanoma cell

injection, respectively. B, Rate of tumor growth, as calculated by linear regression, is
significantly decreased in SK5 cells with downregulated mGlul receptors (s#RNA) relative
to native SK5 cells and SK5 cells transfected with a scrambled shRNA control plasmid
(SCR). P-values on the slope were SK5 vs. SCR (p=0.14), SK5 vs. shRNA (p<0.001), and
SCR vs. shRNA (p<0.0001). Average tumor volumes on final day of the experiment (day 22)
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were 508, 336, and 161 mm?3 in SK5, SCR, and sShRNA tumors, respectively. Data points
represent average tumor volumes with error bars representing SEM (n=6 tumors). C,
Representative photographs of mice (day 22) with tumors labeled with cell-type and volume
of tumor (mm3). D, Quantification of TUNEL staining from SK5-SCR-shRNA (SCR) and
SK5-shRNA-mGIuR1 (shRNA) tumor tissue at final day (day 22) of the experiment. Data
points represent average percentage of TUNEL stained cells at 60X magnification of at least
400 cells. Horizontal lines represent median percentage of TUNEL staining, which is
increased in SK5-shRNA-mGIuR1 (shRNA) tumors relative to SK5-SCR-shRNA (SCR)
tumors (p=0.03), as measured by 2-sample t-test. E, Representative photographs of TUNEL
stained tissue with arrows indicating examples of apoptotic, TUNEL stained cells.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gelb et al. Page 25

Trial 1 (n=3):

A B
= 300- SK2 p<0.05 1000- SK5 p<0.05
& O Untreated O Untreated l
é & JNJ (10mg/kg) 4 JNJ (10mg/kg) 6
Q 200-
E 5
S 500
> 1004
|
£
lE 0- T ! !! T 1 o-jl T T T )
10 15 20 25 5 10 15 20 25

Days post xenograft
Trial 2 (n=6):

c D
= SK2 p=0.01 SK5 p<0.01
E 1500 ‘O Untreated - -.“ 10004 O Untreated
:; - JNJ (10mg/kg)" & JNJ (10mg/kg)
§ 1000-
g 5004
S 5001
S
S
= 0-

16 20 25 30

Days post xenograft

Figure 9. Pharmacological inhibition of mGlul receptors significantly decreases SK2 and SK5
melanoma tumor growth in mice
JNJ16259685 (10mg/kg dissolved in DMSO and diluted in PBS) or vehicle control (DMSO

in PBS) was subcutaneously injected into the flanks of athymic mice and tumors were
measured 5 times/week. JNJ16259685 treated mice had a significantly decreased rate of
tumor growth relative to vehicle treatment, as calculated by linear regression, in trial 1 (n=3
tumors) in (A) SK2 cells (p<0.05) and (B) SK5 cells (p<0.05) and in Trial 2 (n=6 tumors) in
(C) SK2 cells (p=0.01) and (D) SKS5 cells (p<0.0001). R? values: Trial 1; SK2:
untreated=0.78, 10mg/kg JNJ=0.60. SK5: untreated=0.83, 10mg/kg JNJ=0.82. Trial 2; SK2:
untreated=0.89, 10 mg/kg JNJ=0.94. SK5: untreated=0.96, 10mg/kg JNJ=0.96. Data points
represent average tumor volumes with error bars representing SEM.
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