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1 Abstract

Melanoma is the most dangerous type of skin cancer, largely
due to its propensity for recurrence and metastasis, even after
removal of malignant tissue. When melanoma reaches advanced
stages, the disease becomes refractory to many types of therapy,
which has created a need for novel therapeutic strategies to com-
bat the disease. Our group focuses on the oncogenic function of a
neuronal receptor, metabotropic glutamate receptor 1 (mGluR1).
When mGluR1 is aberrantly expressed in melanocytes, elevated
levels of extracellular glutamate mediate the constitutive ac-
tivation of the receptor to promote cell proliferation. We are
exploring the potential synergistic efficacy when combining a
glutamatergic signaling inhibitor with a checkpoint inhibitor
antibody.

Melanoma, a type of skin cancer arising from the uncon-
trolled growth of the pigmented cells of the epidermis, is the
most dangerous form of skin cancer. This year, the American
Cancer Society expects over 85,000 new cases of melanoma to
be diagnosed and about 10,000 people to die from the disease.
Skin abnormalities, such as moles or freckles, are common,
melanoma, though, is likely to undergo changes over time
including variations to color, size, or symmetry of a skin lesion.
Over the past three decades, the number of melanoma cases in
the United States has continued to increase. Health professionals
have advised the public that if concern arises regarding a new
or evolving nevus, visiting a dermatologist can help determine
whether treatment is necessary [1].

When melanoma is diagnosed at its earliest stages, surgical
resection of the malignant tissue is the most common treatment
and often results in patients surviving melanoma-free for many
years after the initial diagnosis. However, compared to other
types of cancer, melanoma has a high incidence of recurrence.
Another dangerous characteristic associated with re-emergence

of melanoma is the propensity to metastasize to vital organs,
particularly the brain and lungs. Once melanoma recurs or
metastasizes, the disease becomes much more difficult to treat.
At this stage, surgery is no longer a viable treatment option,

therefore patients may undergo various forms of chemotherapeu-
tic and/or radiation therapies [2].

Whole Brain Radiation Therapy (WBRT) is commonly used
in patients with brain metastases, however, patient survival rate
was not drastically improved, as compared to patients who re-
ceived only palliative care [3]. Additionally, WBRT has been
shown to negatively impact quality of life for some patients re-
ceiving this treatment as an adjuvant to other therapies [3,4].
Because of these drawbacks, WBRT has been limited to use in
patients with widespread or large volume brain metastases.

One radiation treatment alternative to WBRT, is Stereotactic
Radiosurgery (SRS), also known as CyberKnife or Gamma Knife
treatment. This modality delivers high-dose radiation by using
multiple radiation beams that converge at a defined point where
the tumor is located. Utilizing radiation beams in this grid-like
manner allows delivery to a specific region, while preventing high
doses of radiation exposure to adjacent, noncancerous areas [2].
Delivery systems permit treatment of multiple metastases, how-
ever, only recently have the data emerged supporting its use for
brain metastases [2,5]. Recent studies have shown comparable
improvements to survival in groups with a single secondary tu-
mor versus groups with as many as ten secondary tumors, how-
ever, melanoma-specific responses to this therapy have yet to be
investigated [2,5].

Another risk of melanoma is high resistance to traditional
therapies like radiation. To combat this problem, the focus of
melanoma treatment has shifted towards therapies targeting spe-
cific mutations identified as “drivers” of disease. Many cases of
melanoma can be attributed to aberrant activation of signaling
cascades responsible for regulating cell growth, like the Mitogen-
Activated Protein Kinase (MAPK) pathway. Activating mutations
in components of this signaling cascade promote deregulated cell
proliferation and suppression of apoptosis. Sorafenib, a multi-
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kinase inhibitor, has been used to target multiple steps in the
MAPK pathway and is FDA approved for treating several can-
cers including kidney and liver [6]. Vemurafenib and dabrafenib
are both used to treat melanoma patients with a point muta-
tion substituting glutamic acid for valine at amino acid reside
600 within the BRAF gene, the most common mutation associ-
ated with melanoma. Vemurafenib was the first oral targeted mu-
tant BRAF inhibitor approved by the FDA to treat patie-nts with
unresectable or metastatic melanoma expressing mutated BRAF
[7]. Metastatic melanoma patients experienced increased over-
all survival when treated with vemurafenib versus dacarbazine,
a cytotoxic chemotherapeutic agent, and 37% of patients saw
regression of intracranial tumors [8, 9]. Dabrafenib received
FDA approval shortly after vemurafenib and achieved improved
progression-free survival and anti-tumor activity for intracranial
lesions in the 30-40% range [2].

Despite initial success with targeted therapies, many pa-
tients experience disease recurrence or stop responding to treat-
ment. This high recurrence rate suggests melanoma can cir-
cumvent signaling blockades resulting from targeted therapy
by inducing new, novel mutations, which allow the disease to
progress. For this reason, identifying alternative treatment tar-
gets for melanoma remains critical.

Our lab was the first to focus on the role of a normal neu-
ronal receptor, metabotropic glutamate receptor 1 (gene: GRM1,
human; Grm1, mouse; protein: mGluR1) in melanoma develop-
ment and progression. A transgenic mouse model, TG-3, devel-
oped pigmented lesions on the skin surface with progression to
distant organs, including lymph nodes, brain, and lungs. Histo-
logical analysis confirmed the lesions as melanoma, while molec-
ular gene mapping identified an insertion of several copies of the
transgene, clone B, into intron 3 of the gene encoding mGluR1.
Subsequent protein and RNA assessment studies showed that
mGluR1 expression was detected in tumor-bearing ears, but not
in noncancerous ear tissue. We hypothesize that ectopic expres-
sion of a neuronal receptor, mGluR1, in melanocytes, a cell type
where mGluR1 expression is not endogenous, results in tumor
development. To test our hypothesis on the causative role of
Grm1 in melanoma development, we generated another trans-
genic mouse line featuring Grm1 cDNA under the control of a
melanocyte-specific dopachrome tautomerase promoter. As this
transgenic model developed melanoma lesions very similar to the
TG-3 model, we conclude that ectopic Grm1 expression alone is
sufficient to induce spontaneous metastatic melanocytic neoplasia
in vivo [10]. Further investigation identified mGluR1 expression
in over 80% of human melanoma cell lines and 60% of human
melanoma biopsies [11].

To elucidate how mGluR1 expression affects downstream
signaling pathways, our lab transfected exogenous mouse Grm1
cDNA into immortalized, nontumorigenic, mGluR1-negative
mouse melanocytes made from C57BL/6, melanA. Several sta-
ble Mass clones were isolated and were shown to be very tu-
morigenic in both immune-competent syngeneic C57BL/6 and
immune-compromised nude mice. We observed robust tumor for-
mation, angiogenesis, and invasiveness to lung and muscle tissue.
Functionality assays showed functional and sustained Grm1 ex-

pression, which was required to maintain the tumorigenic pheno-
type and establish autocrine loops with enhanced levels of extra-
cellularglutamate, the natural ligand of mGluR1, for constitutive
activation of the receptor [12, 13]. Signaling through mGluR1
results in the generation of second messengers, inositol triphos-
phate (IP3) and diacyl glycerol (DAG). IP3 causes the release
of calcium from the endoplasmic reticulum and DAG stimulates
protein kinase C (PKC) which activates the MAPK and PI3K/AKT
signaling cascades to promote cellular proliferation and inhibit
apoptosis [12]. Once the connection between mGluR1 and down-
stream pathways promoting cell proliferation was established, we
investigated compounds capable of suppressing or reversing this
effect. The cell membrane localization of mGluR1 makes it an
attractive therapeutic target [11]. Our lab, with clinician collabo-
rators, investigated Riluzole, an FDA-approved therapy for Amy-
otrophic Lateral Sclerosis (ALS), as a potential inhibitor for glu-
tamatergic signaling in preclinical studies. Riluzole functions by
inhibiting glutamate release from neurons and noncompetitively
blocking its uptake by post-synaptic neurons, therefore prevent-
ing neuronal glutamate toxicity [14]. Our group showed that
Riluzole could disrupt glutamatergic signaling in tumor cells by
disrupting glutamate release to the extracellular environment of
mGluR1 expressing melanoma cells, limiting the availability of
the ligand to maintain receptor activation [15]. One consequence
of reduced extracellular glutamate is a decrease in cell growth, as
has been shown for many transformed cells including melanoma
[16]. This preclinical work has been translated to the clinic in
the form of phase 0 and phase II trials for patients with advanced
melanoma [17, 18]. Riluzole administration to these patients re-
sulted in suppression of MAPK and PI3K/AKT signaling and tu-
mor involution for 34% of patients, independent of BRAF/NRAS
mutational status, however, inhibition of mGluR1 signal trans-
duction alone failed to change clinical outcomes in patients with
advanced melanoma. Currently, we are exploring therapeutic op-
tions using Riluzole in combination with other targeted therapies
like vemurafenib and rapamycin, radiation therapy, and novel im-
munotherapies [19, 20].

Immunotherapy seeks to activate or enhance a patient’s im-
mune response against tumor-specific antigens, allowing the im-
mune system to target cancer cells specifically [21]. Melanoma
has received special attention regarding immunotherapy because
melanoma is considered to be one of the most immunogenic types
of cancer. As early as the 1970s, researchers reported sponta-
neous regression of primary and metastatic melanoma. This ob-
servation led researchers to conclude that melanoma can be rec-
ognized and sufficiently destroyed by the immune system [22].
Decades later, the promise of novel immunotherapy drugs hopes
to promote disease regression in a large proportion of patients.

One of the earliest immunotherapies used to treat
melanoma was administration of high-dose interleukin-2 (HD
IL-2), a cytokine promoting T-cell proliferation, in high doses
[23]. About 16% of melanoma patients enrolled in a clinical trial
showed durable responses to HD IL-2 treatment [24]. Similar re-
sults were observed in a renal cell carcinoma clinical trial, which
led to FDA approval of HD IL-2 treatment for both immunogenic
diseases. The promising results of clinical trials were eventually
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overshadowed by the high toxicity in many patients. Lower doses
of IL-2 showed fewer adverse effects, but were inferior to HD IL-2
treatment in generating durable anti-tumor responses [25].

Novel immunotherapies seek to enhance an immune re-
sponse from cytotoxic T-cells in cancers where T-cell activity has
been reduced or shut down. To prevent cytotoxic T-cells from de-
stroying normal cells within our bodies, many cells express sur-
face proteins allowing interaction with T-cells. When activated
T-cells encounter somatic cells expressing these proteins, an in-
hibitory signal is generated within the T-cell, suppressing its cy-
totoxic effects. This interaction, called an immune checkpoint,
protects us from autoimmune responses and allows for periph-
eral tolerance. Recent studies show that some cancer types, like
melanoma, also express these immune checkpoint proteins, al-
lowing them to evade immune responses [26]. Drugs like ipili-
mumab and pembrolizumab/nivolumab seek to block this inter-
action by inhibiting the protein receptors CTLA-4 and PD-1, re-
spectively. Ipilimumab has been shown to improve median over-
all survival up to 10 months for melanoma patients. Melanoma
patients treated with pembrolizumab in clinical trials showed a
26% tumor response rate, while nivolumab treatment gave 32%
objective response rate with durable responses lasting longer than
six months in about a third of patients who initially responded to
therapy. These findings led to FDA approval of all three drugs to
treat patients with advanced stages of melanoma, particularly pa-
tients who had stopped responding to targeted therapies. Some
patients eventually stop responding, notably those treated with
ipilimumab alone, leading researchers to explore therapies utiliz-
ing immunotherapy drugs in combination with radiation or tar-
geted therapies [19]. The goal is to identify treatments applicable
to disease in a greater proportion of patients, while also limiting
disease recurrence or resistance to monotherapies.

Current work in our lab seeks to combine our knowledge of
melanoma animal models and the efficacy of Riluzole treatment
with information available about PD-1 inhibitors to further in-
vestigate treatments for advanced melanoma. Recent analysis of
two independent cohorts revealed patients with melanoma char-
acterized by a high mutational burden showed improved, durable
responses and progression-free survival after undergoing PD-1 in-
hibition treatment [27]. Previous work in our lab identified sub-
stantial levels of γH2AX, a phosphorylated histone variant asso-
ciated with DNA double-stranded breaks, in Riluzole treated cell
lines [19]. By inducing high levels of double-stranded breaks,
Riluzole treatment may help create a high mutational burden in
melanoma lesions, sensitizing cells to concurrent treatment with
PD-1 inhibitors.

To explore this question, we subcutaneously inoculated the
tumorigenic Mass cells generated in our lab into both flanks of
C57BL/6 mice and waited for tumors to become palpable before
initiating treatment. Our monotherapy treatment groups include
Riluzole, and anti-PD-1 treatment, while our combination ther-
apy group includes both Riluzole and anti-PD-1 inhibitor treat-
ments. We hope to observe significant changes in tumor volume
between monotherapy and combination therapy groups. By using
checkpoint inhibitors with targeted therapy, we hope to identify
treatment regimens capable of achieving anti-tumor responses

without demonstrable toxicities in animal models for metastatic
melanoma. Our goal is to generate preclinical data supporting the
use of combination treatments in clinical trials for patients with
advanced melanoma.
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